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Abstract

Atherosclerosis is a chronic inflammatory disease that develops as a consequence of progressive

entrapment of low density lipoprotein, fibrous proteins and inflammatory cells in the arterial

intima. Once triggered, a myriad of inflammatory and atherogenic factors mediate disease

progression. However, the role of pro-inflammatory activity in the initiation of atherogenesis and

its relation to altered mechanical stresses acting on the arterial wall is unclear. Estimation of wall

shear stress (WSS) and the inflammatory mediator NF-κB is consequently useful. In this thesis

novel ultrasound tools for accurate measurement of spatiotemporally varying 2D and 3D blood

flow, with and without the use of contrast agents, have been developed. This allowed for the

first time accurate, broad-view quantification of WSS around branches of the rabbit abdominal

aorta. A thorough review of the evidence for a relationship between flow, NF-κB and disease

was performed which highlighted discrepancies in the current literature and was used to guide

the study design. Subsequently, methods for the measurement and colocalization of the spatial

distribution of NF-κB, arterial permeability and nuclear morphology in the aorta of New Zealand

White rabbits were developed. It was demonstrated that endothelial pro-inflammatory changes

are spatially correlated with patterns of WSS, nuclear morphology and arterial permeability

in vivo in the rabbit descending and abdominal aorta. The data are consistent with a causal

chain between WSS, macromolecule uptake, inflammation and disease, and with the hypothesis

that lipids are deposited first, through flow-mediated naturally occurring transmigration that,

in excessive amounts, leads to subsequent inflammation and disease.
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Chapter 1

Introduction

1.1 Motivation

The term atherosclerosis describes a chronic inflammatory condition in which the accumulation

of lipid, cells and fibrous proteins build up a plaque within the arterial wall [1]. Over time

the plaque grows, hardens and eventually narrows the arterial lumen, limiting the net flow of

oxygen-rich blood to essential organs and parts of the body. Atherosclerosis is the underlying

cause of many cardiovascular diseases such as coronary heart disease, carotid artery disease,

peripheral artery disease, chronic kidney disease and coronary microvascular disease; or put

simply atherosclerosis is the main cause of heart attacks, strokes and adult premature mortal-

ity worldwide [2]. Risk factors such as smoking, obesity [3], plasma hypercholesterolemia but

probably not dietary cholesterol [4, 5] and the progression of disease from atheroma to a severe

clinical incident [6] are all well understood. Nuclear factor ’kappa-light-chain-enhancer’ of ac-

tivated B-cells (NF-κB), a mediator of the inflammatory response, has been demonstrated to

regulate the cross-talk between cytokines, adhesion molecules and growth factors at early stages

and throughout the development of atherosclerosis [7–9]. However, the onset of disease and the

mechanism of the initiation of atherogenesis, including the role of NF-κB, are not understood.

The focal nature of atherosclerosis – it develops preferentially at specific arterial sites - sug-

gests that local flow patterns and its derivatives influence disease formation and progression [10–

12]. Atherosclerosis mainly develops in areas of curvature, narrowing and branching of arteries,

where the flow is loosely described as being disturbed. Wall shear stress (WSS) characteristics are

believed to lead to lesion genesis [13, 14] and to evoke an inflammatory response of the endothe-

lium through activation of surface receptors and transcription factors e.g. NF-κB [15, 16]. Local
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flow regimes also define morphology, and other aspects of the phenotype and metabolism of the

endothelial cells (EC) lining the luminal surface which can lead to disease prone regions [17,

18]. Early findings attributed the focal distribution of atherosclerosis solely to WSS magnitude

and direction [19], but recent findings have highlighted the importance of spatial and temporal

variations of shear stress on ECs [20, 21]. As a result several flow characterizing indices have

been developed such as directionality (OSI) [22], spectral power index [23] or particle residence

time [14]. Additionally, the atherogenic attributes of low WSS and high OSI flow regimes have

been challenged by a proposed age-dependence of disease distribution; lesion patterns change

with age. This transition can be best explained by a multidirectional WSS index (transWSS)

that characterises deviation from a single flow axis [24, 25]. However, consistent and universal

spatial correlations of disease development and WSS metrics cannot be made [20].

If any one of these metrics alone cannot be universally correlated to disease, what then,

one might ask, is the initial trigger for atherogenesis and which roles do abnormal flow and

pro-inflammatory activity play in this context? Is it that an enhanced permeability of the vessel

wall [26, 27] or the occurrence of an inflammatory response [1, 28] causes the initial endothelial

dysfunction triggering the disease? Does lipid intrusion into the wall induce vessel inflammation

or vice versa; and does flow set this process in motion? Does it cause inflammation? Is NF-κB

activated and up-regulated due to flow?

This thesis aims to understand the relation between blood flow and pro-inflammatory changes

in arterial endothelium through measurement. But first tools to measure blood flow and to

quantify inflammation have to be developed and evaluated.

1.2 Thesis outline

Chapters of this thesis are split into two groups, relating to inflammation or the measurement

of flow. The subject each chapter addresses is written in red font colour after each paragraph.

Each chapter includes a more specific introduction to the topic and a short background section.

Some explanations might be repeated/ summarize the previous text for the purpose of letting

each chapter be a standalone work in its own right.

Chapter 2 provides a general introduction to the topic. This includes a description of the

arterial vasculature, the pathology of atherosclerosis and the use of arterial permeability as a

surrogate for lesion development. Subsequently, arterial inflammation and the stress-mediated
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response of the endothelium are described with particular focus on NF-κB. This is followed

by a discussion of the relation between atherosclerosis, inflammation and the flow of blood.

Finally, the thesis aims and objectives, and the scientific contributions of the work are presented.

(inflammation & flow)

Chapter 3 addresses the current knowledge of quantifying pro-inflammatory changes (NF-

κB) and its relation to disturbed flow in a systematic literature review. A particular emphasis

is placed on whether findings of a relation between inflammation and flow required external

systemic stimuli and if and to what degree similar findings can be made without such a stim-

ulus. Most importantly, the chapter assesses the shortcoming and opportunities of the current

literature and acts as a motivation for the development of novel tools to measure blood flow and

inflammatory activity. (inflammation)

Chapter 4 presents the first body of practical work to measure blood flow. Here, the devel-

opment and optimisation of contrast enhanced flow velocity and WSS mapping in vivo in the

abdominal aorta of rabbits is presented. First some basic principles of plane wave ultrasound,

contrast agents, clutter filtering and ultrasound image velocimetry (UIV) are given. Second,

the optimization of the 2D UIV application and the development of accurate WSS measure-

ment, including an accurate wall tracking algorithm are presented. The developed techniques

are validated against a realistic pulsatile simulation with moving vessel walls and manual wall

localization. Subsequently, the use of 2D UIV to map large scale 2D WSS metrics in vivo is

demonstrated in a variety of vascular geometries. This chapter comprises the draft of a published

journal paper (see Section 2.6.3). (flow)

Chapter 5 demonstrates an alternative method to measure blood flow. Here contrast free

two-dimensional UIV is shown to measure flow and WSS in vivo in the abdominal aorta of

rabbits. First, the historical role of contrast agents is elaborated and advantages of microbubble

contrast agents in imaging flow and WSS are juxtaposed with the combined use of native blood

speckle tracking and clutter filtering. Contrast free UIV is compared to other technologies e.g.

Doppler vector flow imaging, and optimal parameters required for singular value decomposition

(SVD) clutter filtering, the magnitude of the mechanical index and the signal to noise ratio

(SNR) are investigated. The accuracy of flow and WSS measurement is validated in silico and

compared in vivo in a number of rabbits. This chapter comprises the draft of a published journal

paper (see Section 2.6.3). (flow)

Chapter 6 presents a dimensional shift in measuring blood flow. Here a fully three-dimensional
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contrast enhanced flow velocity and WSS mapping algorithm is developed and its efficacy is

demonstrated in silico, in vitro and in vivo in the abdominal aorta of rabbits. Previously only

possible with computational fluid dynamics (CFD) simulation or phase contrast magnetic reso-

nance imaging (MRI), the developed method can measure 4D WSS. First, a brief introduction

to transducer design, their function and limitations are presented. Subsequently some back-

ground is given to the matrix array ultrasound transducers and practical implications. On this

basis the development and optimisation of 4D contrast-enhanced flow velocity (image sequence,

algorithm, measurement) and WSS mapping is demonstrated. This chapter comprises the draft

of a published conference proceeding (see Section 2.6.3). (flow)

Chapter 7 presents the second part of quantifying pro-inflammatory changes and first prac-

tical work on measuring inflammation. Here a method to map the intra-cellular distribution of

NF-κB and the uptake of bovine serum albumin (BSA) around the intercostal ostia of NZW

rabbits using 2D projected confocal scanning laser microscopy is developed. Based on previ-

ous work, albumin uptake is used as a surrogate for disease and acts as spatial reference for

the distribution of NF-κB. In addition relative and absolute nuclear alignment and cell shape

indices are determined. First, the basic principles of immunofluorescence imaging and fluores-

cence confocal laser scanning microscopy are explained. On this basis the development and

optimisation of confocal imaging methods is presented to image regions around the aortic ostia

of intercostal arteries in the rabbit. Last, spatial correlations between the distribution of BSA,

NF-κB translocation and nuclear alignment are made. (inflammation)

Chapter 8 summarizes the findings of this project and suggests future work. (inflammation

& flow)
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Chapter 2

Background

In the following, a general introduction to the components of the arterial vasculature, high-

lighting the endothelium as an endocrine organ, is given. On this basis, the pathogenesis of

atherosclerosis, known mechanisms of its progression, patterns of the disease, and its impact

on public health are discussed. Findings about albumin permeability, and the possibility that

its pattern of uptake could be used as a surrogate for the pattern of atherosclerotic lesion and

possibly inflammation, are summarized. The causal links between atherosclerosis, inflammation,

flow of blood and its derivatives are introduced. WSS metrics that are believed to determine

lesion genesis are presented and patterns of WSS in sites prone to disease are shown. Arterial

inflammation and the WSS-mediated response of the endothelium are described. A particular

focus is put on describing the pathway and expression of NF-κB as the inflammatory marker

used in this thesis. Finally, the aims and objectives, the impact and the scientific contributions

of this work are presented.

2.1 Arterial vasculature

2.1.1 Arterial morphology

This description follows [29, 30] unless otherwise stated. The vascular system of the body

primarily serves as a conduit for the transport and distribution of oxygen, nutrition, metabolites

and hormones. It is also responsible for removal of waste material and for thermoregulation.

According to size, location and composition the vessels can be classified as follows: arteries (the

largest of which is the aorta), arterioles, capillaries, venules and veins (the largest of which are
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the venae cavae). Aside from the single layered capillaries, all blood vessels are made of three

layers or tunicae: adventitia, media and intima. These vascular layers, shown in Figure 2.1, are

made of endothelial cells, elastin fibers, collagen fibers, and smooth muscle cells (SMC). The

adventitia also contains fibroblasts, adipocytes, nerves and its own blood vessels, termed vasa

vasorum. The relative distribution of medial components between different vessel types governs

the musculoelastic properties; the ability of a vessel to modulate pressure, flow and resistance.

Atherosclerosis is the disease of large and medium-sized arteries and occurs unevenly in the

arterial tree [6, 31]. The micro vasculature and veins do not develop lesions, probably due to

low local haemodynamic loads [32], low blood pressure and their thin walls. As the diameter

of a vessel decreases, flow velocity and blood pressure decrease. In veins, velocity and pressure

can reduce close to zero. Arteries characterised by their medial composition are either elastic or

muscular arteries. Most larger-diameter arteries near the heart are considered elastic arteries.

They possess recoiling properties, enabling them to fulfil a Windkessel function, which helps

to maintain a steady blood pressure in the peripheral circulation and reduces left ventricular

after load and relaxation [33]. When arteries undergo division into smaller arteries the ratio of

medial elastin to SMC decreases and wall tissue becomes less elastic. Muscular arteries include

coronaries, cerebral, femoral and renal arteries. They are responsible for the distribution of

the blood into the peripheral organs. With age, blood pressure and the force against systolic

distention increase both in elastic and muscular arteries. Arteries become stiffer, compromising

the functional integrity of the arterial vasculature [34].

2.1.1.1 Three arterial tunicae

The arterial system contains an estimated 10 - 15 % of total blood volume. Due to a nearly

uniform functional requirement, e.g. the need to resist high pressure in the systemic arteries, the

composition of the wall is homogeneous to a certain extent. The three morphological distinct

layers, shown in Figure 2.1, intima, media and adventitia are concentrically arranged and define

the shape and size of the lumen (which can depend on tone as well as anatomy) [36]. The

inner most tunica, the intima, is lined by a continuous monolayer of endothelial cells attached

to a basal membrane via endothelial membrane-bound integrins and provides a semi-permeable,

0.5 - 1.5 µm thick barrier between the wall and the blood. The approximately 80 nm thick

basal membrane connects the endothelium over a layer of proteoglycan and dendritic cells to the

internal elastic lamina (IEL), a sheet of elastic fibres [37]. The basal membrane consists mainly
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Figure 2.1: Diagram of the three-layered structure and major components of the normal arterial wall.
The intima consists of an endothelial monolayer which provides a non-thrombogenic surface against which
the blood flows. The tunica media regulates the internal diameter of the vessel. Helically arranged fibres
reinforce the intimal and the medial layer. The adventitia provides functional support. Transversely
isotropic fibres provide the vessel’s elasticity while the vasa vasorum runs through the adventitia. Illus-
tration inspired and adapted from [35]

of Collagen IV, laminins and proteoglycans. EC, a layer of membrane-bound macromolecules

and the basal membrane together form the intima layer visible under a confocal microscope as

shown in Figure 2.2. In some arterial territories the thickness of the intima is not uniform e.g.

bifurcations or curvature and the IEL may be absent [38]. The main task of the intima is fluid

and solute transport, regulation of thrombosis and vessel tone, and the recruitment of leukocytes

from the blood. Vasodilator nitric oxide (NO) and the vasoconstrictor endothelin-1 (ET-1) are

examples of endothelium-derived regulators that govern the arterial tone through control of the

SMC in the media [39]. The intima is the most affected layer in an atherosclerotic lesion, which

commonly is preceded by a thickening of the intima [40]. Note not all intimal thickening leads

to lesions.

The IEL forms the boundary between the intima and the media. The media consists of

alternating sheets of elastic lamina and elongated SMC embedded in collagen fibrils as seen in

Figure 2.1. These alternating lamellae create a muscularelastic fascicle, the number of which is

proportional to the vessel diameter. The ratio of medial elastin to SMC determines the ability

of the vessel to contract and its elastic compliance [41]. In muscular arteries the pitch of the

muscularelastic fascicle is larger and SMC are more elongated which facilitates rapid contraction
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Figure 2.2: Rabbit arterial wall and vasa vasorum. Volume is stretched in radial direction for better
visualization. Volume size 1551 µm by 1551 µm by 323 µm. (A) illustrates the top view of the tissue
sample imaged by a confocal microscope. Speckled patterns show the nuclei of the endothelial cells lining
the inner wall. (B) shows the bottom view of tissue sample with the distribution of smaller and larger
vessels of the vasa vasorum. (C) illustrates the three layers of the artery and two distinct lines marking
the IEL and EEL. Own image of rabbit aorta acquired with confocal microscope.

and dilatation [42]. SMC are activated and relaxed by several chemical messengers, for example

binding of ET-1 to receptors on the cell surface or the binding of NO to intracellular guanylate

cyclase. In both cases, diffusion or convection of the endothelium-derived signalling molecule

through the fenestrated IEL and lamellae is required. The activation of SMC also occurs through

release of transmitters from nerves in the neighbouring adventitia.

Separated from the media by the external elastic lamina (EEL), which is the outermost elastic

lamina, lies the tunica adventitia. It is composed of a loose composition of fibrous tissue and

admixed elastic and collagen fibres as depicted in Figure 2.2. The adventitia of larger vessels

is innervated by nerves and harbours the vasa vasorum an intramural network of arterioles,

capillaries and venules [43]. Three types of the vasa vasorum exist: internae, externae and

vasorae. The vasa vasorum internae originates from the lumen of the vessel itself and supplies

the vessel wall. The vasa vasorum externae originates from a different vessel lumen nearby and

the vasa vasorum vasorae originates within the vessel wall and provides venous drainage of the

8



vessel walls [44]. Besides fibroblasts, the adventitia also contains leukocytes, mast cells and

mesenchymal stem cells. On its outside the adventitia continuously merges into perivascular

fat tissue which provides the vessel with vasoregulatory adipokines such as adipocyte derived

relaxing factor (ADRF) [45]. Figure 2.2 illustrates the layers described above in a rabbit thoracic

aorta; note how IEL and EEL stand out separating the tunicae.

2.1.2 Endothelium

The description of the metabolic and synthetic function of the endothelium follows [46–48] unless

otherwise stated. The endothelium is a monolayer of ECs that line all vessels of the lymphatic

and circulatory system. The EC layer constitutes the only contact point between tissue and

blood or lymph and their circulating cells under normal circumstances. The total mass of the

endothelium in the adult human body ranges between 1 - 1.5 kg [48–51] and constitutes a 350

- 6000 m2 surface area for exchange and transfer [47, 52]. The endothelium of the circulatory

system is thought to be of key importance in the pathogenesis of atherosclerosis. The EC in

the circulatory system is lined by glycocalyx, a layer of membrane-bound macromolecules. The

glycocalyx height ranges between 100 - 1000 nm, that is it can be as thick as the endothelial

monolayer itself. The glycocalyx in turn is covered by the endothelial surface layer (ESL),

where plasma macromolecules become immobilised. Macromolecules of the glycocalyx include

(glyco-)proteins, glycolipids and proteoglycans [52]. The glycocalyx forms a charged, mesh-like

framework for the ECs to bind and repel plasma proteins. Macromolecules larger than 70 kDa

cannot bind to the glycocalyx.

ECs are usually flattened and orient along the axis of straight segments of arteries but not at

branch points. The normal shape of an EC is shear dependent [53–55]. Table 2.1 summarizes EC

dimensions found in different species and at different locations of the vascular tree; including

length, width, height and surface area. Significant heterogeneities are observed for all shape

parameters and across species. If more than one value was measured, values have been averaged

despite different location in the vascular tree. The values are ordered by species and year of

publication.

2.1.2.1 Endothelial phenotype and function

Besides their morphological heterogeneity, ECs vary physiologically and phenotypically along

the vascular tree and between the arterial and venous system depending on their main task
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Table 2.1: Average endothelial cell dimensions in human, NZW rabbits and bovine species.

Year Species Length Width [µm] Height [µm] Area [µm2]
[47] 2019 Human 30 - 50 1 - 30 0.1 - 10 -
[56] 2011 Human 22 - 26 5 - 13 - 71 - 245
[51] 2010 Human 100 10 0.5 -
[52] 2000 Human - - 0.3 -
[57] 1980 Human (fetus) 40 - 150 10 - -
[58] 1981 NZW rabbit 53 - 85 10 - 18 - 365 - 906
[59] 1980 NZW rabbit 63 - 76 15 - 19 - 729 - 789
[60] 1985 Bovine 35 - 60 16 - 24 - 565 - 699

[61]. The endothelium as a whole is an endocrine organ with a semi-permeable membrane.

ECs can exert autocrine, paracrine and endocrine actions to the blood or to the subendothelial

extracellular matrix; thereby mediating vasomotor tone, blood viscosity, leukocyte adhesion,

inflammation, angiogenesis and hemostasis [62]. An endothelial dysfunction in any one of these

tasks may explain the initiation, progression and perpetuation of atherosclerosis. Figure 2.3

depicts an overview of all metabolic and synthetic functions of the endothelium and respective

mediators.

Figure 2.3: Metabolic and synthetic function of the endothelium through secretion or activation of vas-
cular mediators. Illustration adapted and combined from [48, 62]

In response to humoral and mechanical stimuli ECs regulate vasomotor tone through syn-

thesis and release of vasoactive mediators. Changes in fluid shear stress, which is proportional

to shear rate and blood viscosity, are counteracted through flow regulating arterial contraction

and dilatation [63]. Vasoactive mediators NO, prostacyclin (PGI2), endothelial-derived hyper-
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polarizing factor (EDHF) and ET-1 govern the relaxation and contraction of vascular SMCs.

Constitutive release of NO maintains the vessel in its normal state of marginal vasodilation,

EDHF hyperpolarizes SMCs causing cells to relax and increases blood circulation [64], PGI2 is

a relaxing factor and inhibits platelet aggregation and ET-1 is one of various peptides which

functions as a vasoconstrictor. In addition to vessel constriction, ECs can regulate shear stress

by altering blood viscosity. Endothelium-derived NO and PGI2 inhibit platelet adhesion and

aggregation, expression of 13-hydroxyoctadecadienoic acid (13-HODE) promotes platelet de-

aggregation and expression of thrombomodulin converts thrombin to an anticoagulant enzyme

thereby altering blood viscosity [65]. Exposed to high (but not pathologically elevated) shear

stress, anti-inflammatory, anti-thrombotic and anti-proliferative phenotypes of ECs develop.

This is typical for ECs in straight segments of arteries, where flow is laminar and uniaxial,

with shear rates from 10 to 70 dynes/cm2 or 1 to 7 Pa. By contrast, disturbed flow with low,

time-variant, multidirectional shear stress induces pro-inflammatory, pro-oxidant, pro-apoptotic

and pro-thrombotic ECs phenotypes. This phenotypical transformation is mediated through a

sensory network of mechanotransducers of ECs in response to shear stress and is pivotal in the

development of disease [66–69].

In its healthy state the endothelium possesses antithrombotic properties. The endothelium is

covered in rich heparin-like sulphated glycosaminoglycan molecules that activate anti-thrombin.

The formation of platelet and fibrin thrombi are regulated through von Willebrand factor and

tissue factor. PGI2 and heparin regulate fibrinolysis and ECs bind lipoproteins and hormones.

Proliferation of vascular SMCs, migration, vasculogenesis and angiogenesis are regulated through

vascular endothelial growth factor (VEGF) [70] and insulin like growth factor (IGF) [71]. More-

over, VEGF mediates microvascular hyperpermeability which has been linked to angiogenesis

[72].

2.1.2.2 Transport across endothelium

ECs function as a barrier to the flux of water, small solutes and macromolecules from the blood

to surrounding tissue. In certain organs, such as the liver or bone marrow the endothelium

is sinusoidal or fenestrated and highly permeable for all macromolecules, and even circulating

cells. In other areas and under normal physiological conditions, endothelial permeability is low

and selective. The transport of water, solutes and cells through the endothelium occurs by

various transport routes. These transport mechanisms can be categorised into paracellular and
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transcellular pathways [73]. In paracellular pathways, they pass through intact or disrupted

junctions between neighbouring cells, as depicted left in Figure 2.4. In transcellular pathways,

molecules cross the cell through transcytosis e.g. active carrier mediated vesicles, interconnected

vesicular vacuolar organelles (VVO), aquaporins or transcellular diffusion shown on the right

in Figure 2.4. Paracellular transport through highly selective intercellular tight junctions (TJ)

mainly occurs in microvascular endothelium of the blood-brain and blood-retinal barrier, where

the tight junctions form a continuous seal (zona occludens) between neighbouring EC. Due to

their small width, between 2 and 3 nm, TJs permit passage exclusively for small hydrophyllic

solutes such as ions (< 1kDa/ ~0.5nm). 20 nm wide adherens junctions (AJ) occur between

neighbouring cells in other parts of the circulation. AJs permit passage of larger macromolecules

such as albumin (~66kDa/d = 8− 13nm), but not LDL (d = 22− 29nm). Responsible for the

barrier function of AJs are intercellular adhesion proteins vascular endothelial (VE)-cadherin,

junction adhesion molecules (JAM) and platelet-endothelial cell adhesion molecule (PECAM)-1.

Endothelial intercellular junctions (IJs) can be temporarily compromised or can increase in size

due to cell death or proliferation. Breaking of junction strands leads to a width larger than 20 nm

and hence to leaky IJs, which permit all macromolecules, including LDL [74], and some cells to

extravasate. Leaky junctions may be up to 1000 nm wide [75]. The three-pore model prediction

concludes 91 % of LDL and 80 % of albumin uptake are carried through leaky junctions or

AJs, and only a small fraction undergoes transcellular transport [76]. Transcellular transport

mainly occurs through individual vesicle-mediated transcytosis, by clusters of interconnected

VVOs, through aquaporins or diffusion. Diffusion happens almost exclusively in capillaries,

venules and, to a lesser extent, arterioles during gas exchange e.g. in the lung and metabolising

tissues. Aquaporin water channels and aquaglyceroporins transport water and glycerol across cell

membranes to balance osmotic gradients due to solute transport [77]. Receptors may be involved

in vesicle-mediated transcytosis. For example, albumin binds to albumin-binding receptors e.g.

Albondin/ gp60, gp18, gp30, SPARC [78], which leads to endocytosis, subsequent transcytosis

and finally exocytosis. Caveolae carrying engulfed macromolecules are 60 - 80 nm in diameter

and transport 9 % of LDL and 20 % of albumin across the cell. VVOs form channels with

diameters between 80 - 200 nm and span the entire thickness of vascular endothelium. VVOs

permit passage of larger macromolecules and play a pivotal role in hyperpermeability mediated

through VEGF and vascular permeability factor (VPF).

Molecular transport occurs not only across the endothelium, by intra- and intercellular
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Figure 2.4: Para- and transcellular transport pathways through endothelium. Tight junctions permit
passage only to water and small solutes such as ions. Larger adherens junctions are the most abun-
dant intercellular junctions and facilitate albumin transit. Leaky junctions are permeable to the largest
macromolecules such as LDL. Trancytosis occurs in form of vesicle mediated transport or development
of large VVO channels. Lipid-soluble molecules such as respiratory gases can diffuse directly across cells.
Illustration adapted from [79]

routes, but also between adjacent cells. ECs communicate with neighbouring EC, SMCs, leuko-

cytes and platelets through gap junctions (GJs) and connexin (Cx) hemichannels. GJs and Cxs

channels permit cell to cell transfer and excretion of intracellular mediators such as ions, amino

acids, small metabolites and secondary messengers [80]. GJs and Cx orchestrate the cellular

response to humoral, chemical or mechanical stimuli. Endothelial dysfunction as a consequence

of a disturbance can result in up-regulation of vascular cell adhesion molecule (VCAM) or in-

tercellular adhesion molecule (ICAM/ CD54) with subsequently increased leukocyte adherence,

increased cell permeability and an imbalance between vessel contracting and relaxing factors.

2.2 Atherosclerosis

2.2.1 Statistics of atherosclerosis

Atherosclerosis is the underlying cause of most major ischemic cardiovascular diseases (CVD)

e.g. coronary heart disease and infarction (CHD, heart attack), cerebrovascular disease and

infarction or haemorrhage (stroke), angina (chest pain), peripheral arterial disease (claudication)
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and renal artery stenosis (chronic kidney disease). In disease statistics, CHD and stroke are

usually represented individually and CVD summarizes all causes of mortality including less

prevalent congenital malformations, hypertensive diseases, chronic rheumatic heart diseases and

others. According to the World Health Organisation (WHO), pathophysiological atherosclerosis

is the leading cause of death worldwide with an estimated 14.1 million deaths in 2012. An

estimated 7.4 million deaths were attributed to CHD and 6.7 million were due to stroke [81].

The Global Burden of Disease Study 2013 found that in 2010 CVD accounted for 29.6 % of all

deaths worldwide, which is double the number of deaths caused by cancer [2].

2.2.1.1 Atherosclerosis mortality in Europe

In 2014, CHD and cerebrovascular disease caused a mortality of 32 % and CVD caused 46 %

across the European population. The proportion of deaths attributed to CHD and stroke was

greatest for premature deaths in age group 65 - 75 y with 18 % compared to 16 % of premature

deaths before age 65. The risk of dying due to cerebrovascular disease was significantly higher for

women compared to men with 14 % and 10 % respectively. Mortality from CHD and stroke are

generally higher in Central, Northern and Eastern Europe as illustrated in Figure 2.5. Male age-

standardized mortality rate per 100 000 population in Europe for ischemic heart disease ranges

from 47.3 in France, 101.7 in Germany, 111.1 in the United Kingdom (UK) to 642.2 in Belarus.

Female mortality rate ranges from 17.5 in France, 49.4 in the UK, 51.3 in Germany, to 373.4 in

Kygryzstan. The enclave San Marino has the lowest mortality rates of all European countries

with 30.9 and 8.4; France comes second. The 10-year change in mortality has seen significant

decreases in all European countries except Albania, Croatia (female), Kyrgyzstan, Lithuania

(male), and Turkmenistan. The case-fatality-rate (CFR) for France, Germany and UK per 100

discharges after acute myocardial infarction (6.2/ 8.9/ 7.8), after haemorrhagic stroke (24.0/

17.5/ 29.6) and ischaemic stroke (8.5/ 6.7/ 10.4) are in the midrange of European countries [82].

This data suggests a statistical relationship between wealth and disease prevalence; CHD having

a larger negative impact in poorer countries.

2.2.1.2 Atherosclerosis mortality in UK

In the UK ischemic heart disease and cerebrovascular disease accounted for 102,969 deaths or

one sixth of all deaths in the country in 2017, constituting the second biggest cause of death

behind all cancers combined [84]. From 1981 to 2009 the annual number of deceased in the UK
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Figure 2.5: CHD mortality in Europe by country in 2014. Male and female CHD death rates have been
averaged equally. Mortality rate range and color scheme has been chosen arbitrarily. Mortality is greatest
in Eastern Europe and lowest along the Mediterranean sea. Overall lowest CHD caused mortality rate of
all non-enclave countries is in France. High mortality rates in Scotland and Wales put the UK at 111.1,
49.4, and 80.3 death per 100,000 population for men, women and combined respectively. Data for spatial
visualisation of CHD mortality rates was combined from [82, 83].

due to CHD and stroke has halved from 257,539 to 131,826 [85], and since 1961 the death rates

from heart and circulatory diseases has declined by more than three quarters [86]. The biggest

drop in annual mortality of around 60,000 deaths was seen between 1991 to 2001; coinciding with

the availability of newly developed lipid-lowering statins [87]. According to the British Heart

Foundation 8.3 % of women and 14.3% of men die from CHD, illustrating the significantly higher

risk for men. On the other hand, the threat of suffering from a stroke is 25 % higher in women

compared to men and accounted for 3.4 % and 2.5 % of mortality in 2017, respectively [84]. CHD

mortality in Scotland and Wales is more than double that in southeast England. More than two

thirds of CHD and stroke mortality is attributed to age groups >75 y. 15 % of all CHD- and

stroke-related death occur in age group 65 - 74 y; the mortality of the age group 70 - 75 y in

the UK exceeds the age group 75 - 79 y in France [82]. The middle aged population between 35

15



- 64 y account for 12 % and there were only 914 deaths for 35 - 44 y in 2017 [84]. Especially the

middle aged population has seen drastic improvements in incidence rates and mortality in the

past 70 years. The chances of dying from a clinical manifestation of CVD decreased from 22 %

in 1950 to under 6 % in 2010 [3]. Similar trends can be observed in developed countries globally,

while countries which historically suffered from age-sex specific mortality e.g. HIV/AIDS have

shifted to an increase in non-communicable disease, inter alia, CHD and stroke [2]. The health

statistics and information systems of WHO projections of mortality and causes of death from

2016 to 2060 predict that CHD and stroke will remain the main cause of death worldwide with

16.3 % and 10.6 % of all deaths, a two percent decrease compared to today. In high-income

countries, Alzheimer’s disease and other types of dementia will surpass mortality of strokes by

2030 and CHD by 2060, affecting the female population the most [88].

2.2.1.3 Causes of sudden cardiac death

Two thirds of sudden cardiac death (SCD) caused by CHD occur in patients as its first clinical

manifestation or in patients in whom the disease has been identified but rated as low risk. CHD

causes 80 % of all SCD and several SCD risk indices have been developed; these include the

Framingham risk index, calcium scoring, ejection fraction, stress testing, inflammatory markers,

genetic profiles and medical imaging e.g. CT angiography. SCD caused by CHD can be grouped

into transient ischemia, acute occlusion, chronic closure or unstable plaque and is caused by

haemodynamic factors e.g. abrupt increase in demand (intense exercise) or shortening of diastolic

flow period (tachycardia), electrical factors e.g. arrhythmia, familial clustering e.g. serum lipid

abnormalities or ethnicity [89–91].

2.2.1.4 Economic burden of atherosclerosis

In 2012 the grand total direct and indirect costs of CHD and stroke in the United States of

America was estimated at 199.6 and 33.9 billion US Dollar or 320 and 54 billion Great British

Pounds (exchange rate: 1 GBP = 1.6071 USD on 12/10/2012). The costs of disease are split 61

% to 39 % for men and women, respectively, while the age group <65 y make up 63 % of the

total cost. Direct cost e.g. hospital stay, home health care and prescribed medicine constitute 60

% and lost productivity/mortality is estimated at 40 % of total cost [92]. In Europe the overall

cost to the economy is estimated at 210 billion EUR or 185.02 GBP billion a year (exchange

rate: 1 GBP = 0.88 EUR on 04/05/2020). Around 53 % is accounted for direct health care
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costs and 47 % to the loss of productivity and for informal care of people with CVD [93]. In

the UK the direct annual healthcare cost of CVD is estimated at 4.8 billion GBP, and indirect

costs e.g. premature death, disability and loss of production are estimated at 10.2 billion GBP

in 2015. Both direct cost for CHD and stroke constitute to an economic burden of 74 GBP per

capita [84]. In comparison a report by pharmaceutical company Pfizer estimates the burden of

cancer around 7.6 billion GBP a year, viz. half of CHD and stroke [94], and Alzheimer’s Society

estimates the total cost of dementia in the UK to be 26.3 billion GBP a year viz. one and two

thirds of CHD and stroke [95]. These numbers illustrate the huge impact of atherosclerosis on

society, while excluding aggravating socioeconomic factors e.g. an elevated risk for minorities

or low-income households with hard to quantify consequence for underrepresented groups and

individuals.

2.2.2 Pathogenesis of atherosclerosis

Atherosclerosis is a chronic inflammatory disease in which the progressive accumulation of lipids,

especially those carried by low density lipoprotein (LDL), fibrous proteins and inflammatory cells

in the subendothelial space of large and medium-sized arteries can lead to the build-up of a fatty

plaque or atheroma [6]. If the atheroma ruptures, a thrombus may form on the exposed tissue.

It can either block the artery where it forms, or break off and embolise further downstream

[96]. The systemic risk factors already discussed cannot explain the highly focal distribution of

atherosclerotic lesions. This characteristic has been linked to variation in mechanical stresses

acting on the arterial wall, and most frequently to WSS [11, 14, 25, 97, 98]. While consensus

prevails over the inflammatory progression of disease [99, 100] and the existence of flow related

sites of predilection, the initiation of atherosclerosis is still subject of deliberation [101].

2.2.2.1 Theories of atherogenesis

Several theories of the initiation of atherogenesis have been proposed; including lipid or insu-

dation, haemodynamic, fibrin incrustation, nonspecific mesenchymal, infection and response-to-

injury [43]. The two most accepted theories to date are the response-to-injury theory generally

associated with Ross, Glomset and Harker [28], but in principle preceded by Parker and Odland

[102] and Gutstein, Lazzarani-Robertson and LaTaillade [103] and the lipid or insudation the-

ory proposed by Virchow [26] and Anichkov (reviewed in [27]). The former theory suggests that

endothelial dysfunction promotes LDL retention into the arterial wall through an extraneous
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injury of the endothelium and a subsequent inflammatory response. The latter proposes an

enhanced permeability of the arterial wall leads to lipid accumulation and then triggering the

inflammatory cascade of the endothelium. The key difference between the two is whether lipid

intrusion induces vessel inflammation or vice versa. The haemodynamic theory is not mutually

exclusive but might be necessary or sufficient for both. Altered haemodynamics modify EC

permeability and facilitate flux of LDL into the vessel wall, and haemodynamic factors induce

arterial wall injury [104].

According to the lipid or insudation theory, atherogenesis is initiated through LDL-derived

cholesterol (LDL-C) retention and accumulation of its aggregates in the subendothelial space

at sites of lesion predilection as depicted in Figure 2.6. Isolated from plasma antioxidants,

LDL-C oxidation begins, which triggers the chemokine expression of VCAM-1 and ICAM-1 on

the overlying EC surface [6]. Monocytes in the blood stream attach to VCAM-1 and ICAM-1.

The white blood cells start to transmigrate across the endothelial layer into the subendothelial

space of the intima [105]. After proliferation and differentiation into macrophages that engulf

the oxidised LDL-C, a foam cell is formed. Progressive accumulation of foam cells leads to fatty

streaks. T lymphocytes enter the intima and mediate an innate immune response. Subsequently,

a densely packed extracellular lipid core accumulates in the intima, also known as atheroma. In

a process of remodelling to maintain a normal level of shear stress the wall expands outwards,

and the plaque expands into the medial layer. Regulated by platelet-derived growth factor

(PDGF) and other factors, SMCs migrate towards the lumen and encapsulate the plaque [106].

As growth continues SMCs produce new fibrous tissue including interstitial collagen, elastin,

proteoglycans and glycosaminoglycans, which leads to a thickening of the intimal layer [101].

The resistance of the surrounding tissue increases and a bulge in the vessel wall reduces the

cross-sectional area of the lumen. Apoptosis of SMCs and macrophages leads to the creation

of a necrotic core. Calcium deposits in the arterial wall hinder the ability of the vessel to

adapt to the increase in flow resistance [107]. Subsequent fibrous cap thinning and degradation

of interstitial collagen through matrix metalloproteinases weaken the cap which overlies the

necrotic core [101]. Henceforward, some plaques become vulnerable to rupture and the exposure

to the blood of their highly thrombogenic material. In the aftermath, an aneurysm or arterial

occlusion, stroke or heart attack can occur [43].

The lipid or insudation theory is supported by the observation that in the absence of LDL-

C, atherosclerosis does not occur [108]. Numerous studies have reported a correlation between
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Figure 2.6: Development of an atherosclerotic plaque. Extraneous activation of inflammation and LDL-C
retention in the subendothelial space leads to the expression of VCAM-1, ICAM-1 and an agglomera-
tion of monocytes on the arterial wall. There is transmigration, proliferation and differentiation into
macrophages, and then formation of foam cell by engulfing oxidised LDL. Apoptosis of foam cells leads
to a necrotic core that is encapsulated in a fibrous cap and smooth muscle cells. As it grows and outward
remodelling fails, the plaque protrudes into the vessel lumen and can become susceptible to rupture under
high shear stress. A life threatening thrombus is formed.

plasma LDL-C levels and atherogenesis [109], and LDL-C has been independently associated with

the development and progression of early systemic atherosclerosis [110]. Moreover, it has been

hypothesised that naturally occurring LDL deposition is continuous and complementary to an

intact response and only the overload of LDL initiates atherogenesis [111]. LDL is a transport

vehicle for all major lipids in serum, including glyceryl ester, cholesterol, cholesterol esters,

phospholipids and fatty acids [112]. It is one of five major groups of lipoproteins which include

ultra low density lipoprotein (ULDL), very low-density lipoprotein (VLDL), intermediate-density

lipoprotein (IDL), LDL and high-density lipoprotein (HDL). Modification of LDL, e.g. through

oxidization has been isolated as the major mechanism for recruiting and sustaining leukocyte

populations in the vessel wall [113]. Further supporting evidence for the insudation theory

comes from the success of lipid-lowering therapies e.g. bile-acid sequestrants, ezetimibe, PCSK9

and statins [101]. Despite all evidence, however, rigorous proof for the lipid or insudation

theory is still lacking [101]. Statins inhibit reactive oxygen species and posses anti-inflammatory

properties [114] and non-lipid lowering therapies e.g. antiplatelet and anti-inflammatory drugs

have also shown preventative effects.
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More uncertainty about the onset of atherosclerosis derives from the evidence for the response-

to-injury theory. Originally the response-to-injury theory hypothesized that an initial injury of

the endothelium leads to focal endothelial desquamation [28]. Studies however frequently found

intact endothelium in sites of lesions and the response-to-injury theory was modified to endothe-

lial dysfunction [115]. Endothelial dysfunction is followed by expression of surface adhesion

molecules, platelet recruitment, migration of monocyte derived macrophages, T lymphocytes

and focal intimal proliferation of SMCs mediated by PDGF. In many cases this process is fol-

lowed by the deposition of intracellular and extracellular lipids e.g. from LDL, but LDL is not

required in the initiation of early lesions. Thereafter, progress of the lesions according to the

response-to-injury theory and the lipid theory are coincident. Injury can derive from mechan-

ical stimuli, shear stress, homocysteine, immunologic stimuli, bacterial toxins or viruses [28].

Supporting evidence for this theory are Type I lesions, which are pure inflammatory lesions and

elicit only intimal macrophages filled with lipid droplets, regardless of blood LDL levels [116].

As a consequence, the mechanisms outlined in the response-to-injury theory are widely accepted

[117]. This according to [100] the Canakinumab Antiinflammatory Thrombosis Outcome Study

(CANTOS) trial is a definitive proof of this theory. In the CANTOS trial an anti-inflammatory

therapy inhibiting interleukin-1β(IL-1β) expression with canakinumab led to fewer recurrent

cardiovascular events. However, patients were selected on basis of previous myocardial infarc-

tion, and the relation between late stage atherosclerosis and its initiation remains unclear to the

reader [118]. In addition, a higher incidence of fatal infections was observed with canakinumab

than with placebo.

2.2.2.2 Atherosclerotic lesion types

Regardless of their initiation, not all atherosclerotic lesions develop into a fatal plaque, and cer-

tain lesions are only found in children and infants while others evolve during puberty or at later

stages in life, some lesions recede and most are preceded by intimal thickening (IT). Hereafter,

the description of IT and lesion development follows the collective work of [38, 119–121] if not

otherwise stated. Focal physiological adaptations in IT represent changes in WSS or wall tensile

stress (WTS) and have been found in healthy human. IT can be adaptive or reorganizational in

regions of bifurcations or curvature and is characterised by eccentric or extensive accumulation

of SMCs and matrix fibres between the endothelium and IEL. Eccentric IT is focal or patchy

and covers e.g. the outer wall of curvature. Diffuse IT is circumferential and appears to not be
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related to specific arterial geometry. The cause for IT lies in reestablishing baseline conditions

of normal WSS and WTS [122] e.g. increasing blood flow or strengthen the wall. Compared to

pathological lesions IT consists of normal elements of the arterial wall e.g. SMCs and does not

obstruct the lumen. Many lesions colocalize with IT, however atherosclerotic plagues are not

confined to regions with IT. The thickening of the intimal layer becomes pathological when sep-

arated lipid pools begin to accumulate in the extracellular space [123]. Lesions are categorized

based on their morphological characteristics and may be temporary or permanent. Lesion types

include early lesions type I and II, intermediate lesions type III and advanced lesions type IV -

VIII. Advanced lesions involve disorganization of the intima with potential and actual clinical

manifestation, intermediate lesions are clinically silent and early lesions have no or minimal

impact on the arterial wall. The progressive development from one lesion to another usually

requires additional stimuli. Type I lesions occur as early as in the first 6 months of life and subse-

quently recede. They are characterised by an increase in intimal macrophages and macrophages

filled with lipid droplets in distinct arterial territories [116]. Type II lesions or fatty streaks

show as a grossly visible discoloration of the luminal surface. Type II lesions are characterized

by a layer of macrophages filled with lipid droplets, heterogeneous droplets of extracellular lipid

within intimal SMCs and coarse particles. Progression-prone type II lesions are suffixed IIa

and progression resistant lesions are suffixed IIb. Type III lesions are the precursors of type IV

lesion and contain abnormal accumulations of lipoproteins and cholesterol esters but a lipid core

has not yet developed. Atheroma or type IV lesions contain densely packed extracellular lipid

deposits known as lipid core. Newly formed fibrous connective tissue leads to a fibroatheroma

or type V lesion. Finally, lesions are classified type VI when they are fissured. Superimposed

features of the disrupted fibroatheroma in turn differentiate between type VIa hematoma, type

VIb hemorrhage, type VIc thrombosis and type VIabc all three. Further distinction can be

made if the plaque contains an excess amount of calcium and other minerals which is classified

as type VII or calcific lesion or type VIII for fibrotic lesions with little or no lipid. The reason

for the lack of lipids include resorption of the lipid core or extension of the fibrous tissue from

adjacent fibroatheroma. In all cases advanced lesions are large enough to disrupt and deform

all three tunicae of the arterial wall.
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2.2.3 Clinical manifestations and risk factors

Numerous systemic risk factors of atherosclerosis for future hazardous cardiovascular events have

emerged over the years, including high blood pressure, high cholesterol or hypercholesterolemia,

being male, diabetes mellitus, genetic factors, age, obesity, physical inactivity, cigarette and

tobacco smoking, air pollution, unhealthy diet and frequent infections. However, most conven-

tional systemic risk indicators together predict less than half of all clinical events and many

mechanisms have not yet been elucidated. In an ongoing search for risk factors more specific

to the pathogenesis of atherosclerosis, novel mechanism have been investigated and identified

e.g. impaired fasting glucose, increased platelet reactivity, lipoproteins, inflammatory-infectious

markers and haemodynamic forces [43, 124, 125]. Atherosclerosis may involve multiple vessels

and its clinical manifestation varies according to its location in the vascular tree. Vascular terri-

tories involved however, tend to be at specific locations in the high pressure system near branch

points or curvatures. Figure 2.7 illustrates acute and chronic manifestations of atherosclerosis

specific to their location in the arterial tree.

Figure 2.7: Acute and chronic clinical manifestation of atherosclerosis according to its location in the
vascular tree. Atherosclerosis may affect multiple vessels in multiple locations. Illustration inspired and
adapted from [101], drawing of human and cardiovascular system from Vecteezy.com
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2.2.3.1 Risk factors of atherosclerosis

At first glance atherosclerosis appears to inevitable be age-related as reflected in an increased

mortality rate and aortic stiffening with age [126]. According to [127], several studies of compara-

ble populations in different environments (e.g. urban or rural) however, showed that atheroscle-

rosis is not inevitable but pathological. Atherosclerotic lesions almost exclusively build in re-

gions of elevated blood pressure. Hypertension facilitates atheroma by stimulating oxidative

stress in the arterial wall, which is an imbalance in the production and disposal of reactive oxy-

gen species (ROS) (hypertension also increases influx of lipoproteins into the wall). Increased

SMC proliferation and subsequent medial thickening further increase concentrations of oxygen

free radicals and activate redox-sensitive mechanisms in the arterial wall [113]. Genetic factors

e.g. familial hypercholesterolemia (FH) elicit variations in lipoprotein metabolism. Dysfunc-

tional or decreased numbers of LDL receptors lead to elevated plasma cholesterol concentrations

associated with atherogenesis [128]. Type 2 diabetes constitutes 90 % of all patients with di-

abetes and atherosclerosis. Diabetes causes hyperglycemia, impairing endothelium dependent

vasodilation, dyslipidemia mostly in form of high levels of plasma triglycerides and low levels of

atheroprotective HDL and LDL, leading to excess liberation of free fatty acids and an increased

production of reactive oxygen species [129]. Obesity is characterized by an accumulation of

visceral and subcutaneous fat with a multitude of atherosclerosis promoting factors. Mech-

anism of obesity-induced atherosclerosis include endothelial dysfunction, adipokine imbalance

in form of adiponectin deficiency and excess resistin with subsequent vascular inflammation,

macrophage nucleotide-binding oligomerization domain-like receptor (NLRP3) inflammasome

activation and elevated LDL uptake, altered gut microbiome inducing chronic low-grade inflam-

mation, loss of autophagic flux and oxidative stress [130]. Physical activity is associated with

higher concentrations of HDL cholesterol, lower adiposity and exercise induced shear stress pro-

motes expression of atheroprotective endothelial NO synthase (eNOS) [131]. In mice physical

inactivity increased oxidative stress and impaired endothelium-dependent vasorelaxation [132].

Air pollution-induced production of cytokines and reactive oxygen species haven been observed

through a complex mixture of particulate matter and gases able to cross epithelium of airways.

Common pollutants are fine and coarse particles, ozone (O3), carbon monoxide (CO), sulfur

dioxide (SO2), nitrogen dioxide (NO2), and lead [133]. Nicotine is associated with insulin resis-

tance and dyslipidemia and vascular inflammation [134]. Several studies with high-fat Western
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diets in mice, rabbits and Rhesus monkeys resulted in hypercholesterolemia and other athero-

prone pathologies [135]. According to the American Heart Association, saturated fat promotes

cholesterol synthesis and atherogenesis, whereas polyunsaturated fat reduces LDL cholesterol

and the risk of atherosclerosis [136]. However, studies claim even intake of large quantities of

dietary cholesterol indicates no association between plasma lipid levels and atherosclerosis. The

liver produced cholesterol exceeds what is absorbed from the diet [4, 5, 87, 135]. On the other

hand the Mediterranean diet has anti-inflammatory properties which to some extent is reflected

in lower age-standardized death rates in Mediterranean countries, whereas high red meat-based

protein, high sugar, and excess salt intake are pro-inflammatory [82, 135]. But then again re-

placing single macronutrient at all ages e.g. saturated fat with starches or sugars does not reduce

risk of atherosclerosis; a more systemic approach is required [135].

2.2.4 Disease patterns

Despite systemic risk factors and unless lipid concentrations are excessive [137, 138], the distri-

bution of atherosclerotic lesions is highly focal. Arterial territories susceptible to atherosclerosis

include arterial orifices, branching, narrowing and high vessel curvature. According to a study

between 1949 - 1998 and its interim report the most predominant site of human atherosclerotic

lesions in order of occurrence are the terminal abdominal aorta and its major branches (42.4

- 51.2 %), coronary arterial bed (29.6 - 32 %), major branches of the aortic arch (16.5 - 17.2

%), visceral arterial branches of the abdominal aorta e.g. celiac, superior mesenteric, renal (2.6

%) or a combination (5.7 %) [139, 140]. Lesions are usually isolated with the wall proximal

and distal to the lesions being largely unaffected. Moreover, lesion distributions around orifices

are often distinct in their shape. Figure 2.8 illustrates sites prone to atherosclerosis and the

distribution of lipid deposition in the aorta and around ostia of branches.

2.2.4.1 Focal distribution of atherosclerosis

The remarkable focal distribution in the vasculature and characteristic patterns of disease around

ostia are thought to be associated with arterial intramural stress [145, 147] or with various

haemodynamic profiles [143]. In this work, the emphasis lies on haemodynamic factors. Lesions

of the arterial bed occur on the outer wall of conduit vessels at bifurcations, along the inner wall

of curvature and as streaks in the long axis of the aorta as depicted in Figure 2.8. The flow divider

remains free from disease in mature vessels [148]. Depending on their site however systemic risk
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Figure 2.8: Arterial territories of atherosclerosis and distribution of lesions around branch ostia. Fatty
streaks in thoracic and abdominal aorta are illustrated in yellow colour. (A) young and (B) mature
pattern of lipid deposition in the cholesterol-fed rabbits and people around intercostal ostia. Regions
exposed to disturbed flow around major branches of the aortic arch, visceral arterial branches of the
abdominal aorta and opposite of branches have elevated levels of fat deposition. Similarly, the aortic
valves are subject to atherosclerotic lesions (on the side that is exposed to disturbed flow). Figure created
as a composite of information from [141–146].

factors pose different probability for disease occurrence and recurrence [140]. This is particular

interesting for contrasting patterns of disease at the same sites that have been associated with

changes with age in the pattern of retrograde blood flow [141]. Many studies have focused

on the intercostal ostia. In fetuses, neonates and infants, lesions initially develop distal to the

branch and in children progressively surround the intercostal ostia with a significant downstream

peak [149]. During later stages in life lesion location around the intercostal, superior mesenteric

or celiac ostia is proximal to the apex of the ostia [150] and almost appears pear shaped. In

mice, however, no age-related shift from a downstream peak to an upstream pattern has been

observed so far. Non-humanoid lesion patterns suggest that mice are not an animal model of

atherosclerosis topology with relevance to people [151]. In young normal and cholesterol-fed
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rabbits, lipid lesions occur downstream of branch points, and both upstream and downstream of

branch points in mature rabbits (can alter with strain of rabbit), linking the difference to plasma

concentrations of NO metabolites [146, 152]. Age related regulation of arterial elasticity can lead

to a slow transition from retrograde to antegrade flow and enhances extravasation of LDL in

humans due to endothelial dysfunction and extended particle residence time [153]. In contrast

advanced atherosclerotic lesion patterns in cholesterol fed rabbits show no age dependence.

Lesions in 10 month old rabbits colocalize with lesions seen in experiments with young rabbits

up to 10 weeks and more mature rabbits up to 6 month of age [154–156]. Fibroatheroma are

located distal and lateral of intercostal, celiac and renal junction to the apex of the flow divider

and regions proximal to the ostia are invariably spared. A closer look at average polar maps

of intercostal lesions however show a clear downstream spike 1.5 mm in length in rabbits fed

for 6 month compared to a much flatter curve with a maximum length of 0.5 mm in rabbits

fed for 10 month [156]. In much earlier work, similar observations of a distal lesion peak at

four weeks transforms into a symmetrical spread around the orifice at 10 weeks with a smaller

remaining distal peak [154]. Lesion patterns around celiac significantly differ from lesion patterns

at intercostal or renal ostia [156], and in fact a study with 11 week old rabbit of the same group

illustrates huge variation in lesion patterns for different intercostal arteries apart from the distal

peak [157]. Further evidence from a recent study of lesion location, distribution and morphology

in a rabbit model of familial hypercholesterolemia illustrates regional variations depending on

arterial territories. Lesions expand with age but the relative size between sites is constant from

6 - 30 month. In the carotid, lesions develop proximal to bifurcations, distal and proximal in

areas of the renal arteries and in terminal abdominal aorta [158]. An increase in lesion size

with age has been reported in men but only to a limited extent in women. The distribution

of lesions in the arterial vasculature is similar for different ethnic groups. Fatty streaks and

atheroma severity however does not colocalize between ethnic groups and suggests that internal

and external factors e.g. diet (in contrast to an earlier statement) or ethnicity influence the

extent of lesions [142].

2.2.5 Animal model and justification

Much of what is known about the onset of atherosclerosis comes from animal models. It is

yet unclear how much of that knowledge can be transferred to humans as illustrated by lesion

locations in mice [151], discussed above. Specifically, results from experiments involving familial
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hypercholesterolemia, diets with excessive amounts of lipids or mechanical grafts might not hold

true in human. In the following an overview of animal models of atherosclerosis is presented

based on [159–161] and a brief justification for the use of the New Zealand White Rabbit (NZW)

in the course of this work is given.

2.2.5.1 Animal models of atherosclerosis

Atherosclerosis is a chronic inflammatory disease and progresses through an interplay of systemic

and local factors. The ideal animal model resembles human anatomy, pathophysiology, life

expectancy and shares lesion topography. Such an animal model does not exist. However,

models that comply with subsets of characteristics do. The most important animal models for

atherosclerosis are summarized in Figure 2.9.

Figure 2.9: Main animal models of atherosclerosis and their lipid profile and lesion characteristics.

Mice are the most common animal model due to their affordability, availability and acces-

sibility e.g. experiments can be performed by a single person [162], they can be genetically

modified and their generation time is short. Wild-type mice however do not develop lesions.

Their lipid profile is rich in HDL and low in LDL and differs from humans. Dietary cholesterol

is not significantly absorbed. In genetically modified ApoE−/− mice, the apolipoprotein (apo) E

gene is missing, which leads to elevated plasma levels of VLDL and spontaneous lesion genesis.

LDL receptor knockout mice LDLr−/− have inhibited endocytosis of cholesterol-rich LDL and

develop lesions when fed with dietary cholesterol. Other mice models include hepatic lipase-

knock out, human apo B100 and human cholesteryl ester transfer protein (CETP). Rabbits are
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one of the earlier models of atherosclerosis due to their ability to develop spontaneous lesions

[163]. Rabbits share lipid properties with human including a high absorption rate of dietary

cholesterol but lack CETP and have very low hepatic lipase levels. The Watanabe Heritable Hy-

perlipidemic (WHHL) is deficient in LDL receptors and exhibits familial hypercholesterolemia.

The St. Thomas' Hospital (STH) rabbit combines hypertriglyceridemia and hyperlipidemia and

the cholesterol-fed NZW rabbit combines hyperlipidemia with reduced levels of HDL-cholesterol.

The NZW rabbit is widely used in atherosclerosis research and a range of methods to reliably

induce lesions exists [164]. Pigs exhibit humanoid levels of plasma lipids and atherosclerotic

lesions topology is similar. Experimental pigs have mutations in their lipid profile and develop

hypercholesterolemia without dietary cholesterol. Spontaneous lesion development can be accel-

erated by feeding an atherogenic diet. However, pigs are large, heavy, problematic to maintain,

expensive and do not develop severe fibroatheroma [165]. Non-human primates develop macro-

scopic and microscopic similar lesion to humans and have a humanoid lipoprotein metabolism.

Ethics, risk of extinction and cost forbid most terminal experiments with monkeys.

2.2.5.2 Justification of animal model

In the course of this work, male NZW rabbits are used. The NZW rabbit has been shown to de-

velop atherosclerosis under a normal and cholesterol-rich diet [166, 167], exhibits similar disease

patterns to humans and combines hyperlipidemia with reduced HDL-cholesterol concentrations

[168]. Male NZW are picked over females due to lower seasonal variations in cholesterol levels

and despite higher plasma cholesterol levels in females [169]. Lesion patterns are largely known

to the Weinberg lab research group e.g. [146, 151, 152] and can be used as a baseline in finding

inflammatory patterns. The aorta and conduit arteries of a NZW rabbit exhibit complex regions

of arterial narrowing, curvature and bifurcation as illustrated in Figure 2.10. The thoracic, ab-

dominal aorta and conduit arteries are accessible with ultrasound. Finally, limited funding does

not allow for larger species.
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Figure 2.10: 3D geometry from corrosion cast of young rabbit aorta and daughter vessels illustrating the
presence of branching, curvature and narrowing. Circled areas mark regions susceptible to lesion genesis.
Cast geometry courtesy of Bazigou, Rowland, Weinberg, unpublished data.

2.3 Arterial permeability

2.3.1 Arterial uptake

Imbalance of elevated vascular extravasation into the wall and efflux out of the wall leads to

augmented deposition of macromolecules and subsequent infiltration of circulating leukocytes.

The initial endothelial barrier dysfunction causing increased vascular permeability may predom-

inantly be caused by oxidative stress and its progression cannot solely be attributed to flow [170,

171].

Transport mechanism described in Section 2.1.2.2 regulate the fluid-phase resistance to trans-

port on the cell surface, through and between cells depending on molecule size, local concentra-

tion gradient or affinity to water. This short introduction to mass transport follows [75] if not

otherwise stated. Surface permeability can be characterized by the Sherwood (Sh) and Damk-

holer (Da) number, which describe dimensionless mass transfer and reaction rate respectively.

When Dar >> Sh surface transport is fluid-phase-limited, if Dar << Sh surface transport

is wall or reaction-limited. For macromolecules that pass not through but between cells, an
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alternative Damkholer number is defined based on endothelial permeability. Again Dae >> Sh

describes permeability dependent on fluid mechanical properties. Oxygen transfer is described

by yet another Damkholer number based on the wall consumption rate, whereDaw << Sh trans-

port is wall-limited. The Damkholer number differs for each species e.g. for LDL Dae = 0.02−1,

for albumin Dae = 0.027−0.1, or for oxygen Daw = 10.8−49, which means oxygen is more likely

limited by fluid-phase, compared to LDL or albumin, which are limited by the resistance of the

wall to transport. The Sherwood number on the other hand is flow dependent. For example, for

the transport of oxygen the Sherwood number at the inner curvature of a bifurcation is 25 times

smaller than at the outside location [172], coinciding with hypoxia. To characterize the rate at

which transport of water across the endothelium occurs, Starling’s law can be used. Starling’s

law relates hydraulic conductivity, with hydraulic and osmotic pressure differential across the

endothelium. Although LDL and albumin, representing the most abundant plasma protein,

are different in size and take different pathways through the endothelial barrier the percentage

relative of transportation routes is similar. 91 % of LDL and 80% of albumin uptake are carried

through leaky junctions or AJs, and only a small fraction undergoes paracellular transport [76].

It is for this reason why variations in uptake of plasma macromolecules and regions of

high penetrability can be used as a surrogate marker for LDL transport and the development of

atherosclerotic lesions [173], and possibly inflammation. The macromolecule for which transport

has been most widely investigated is bovine or human serum albumin (BSA/HSA).

2.3.2 Human serum albumin

HSA is a globular plasma protein synthesized by the liver. With a concentration of 3.5 − 5

g/dL albumin is the most abundant plasma protein. It is an antioxidant and cannot be stored

hepatically. About 9 - 15 g of HSA is produced everyday in healthy human with about half

extravasated in the interstitium. Its circulatory half-life from the intravascular to extravascular

space is 16 - 18 h at an extravasation rate of 5 % per hour [174] with subsequent return via

the lymphatic vessels. The main function of HSA is to regulate fluid distribution between body

compartments through plasma colloid osmotic pressure. It is also involved in the binding and

transport of fatty acids, drugs, toxins or NO, and in anti-inflammatory regulation through ROS

scavenging [175]. Albumin secretion is mediated by hormonal changes e.g. thyroxin, cortisol or

insulin. Deprivation of insulin rates results in significant reversible decrease of albumin synthe-

sis in rats [176]. Higher serum albumin concentrations are associated with a lower prevalence
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of coronary disease but contrary to believe no significant observations can be made vice versa

[177]. However, recent findings relate low serum albumin concentrate to increased risk of mor-

tality, poor neurological outcomes after stroke and post revascularization problems after acute

myocardial infarction [178].

2.3.3 Permeability patterns

Patterns of arterial permeability resembling those of arterial lesion sites have long been reported

and are reviewed by [75] and [173]. Labelled albumin and Evans blue dye (EBD), which binds to

and stains circulating plasma proteins, reveal both focal and regional patterns of uptake around

branches in pigs similar to patterns of lesions [179]. Around the intercostal ostia of young rabbits,

levels of rhodamine B-labelled albumin are elevated downstream [180]. Increased endothelial

mitotic rates correlate with areas of EBD accumulation [181], EBD deposition colocalizes with

albumin uptake [182] and patterns of aortic EBD match lipid deposition e.g. around branch

mouth of the intercostals [183]. Regions of high ECs turnover rates are associated with lipid

deposition and Evans-blue albumin (EBA) accumulates in these regions [184]. So called hotspots

of increased permeability to EBA can be seen downstream of branches in young NZW rabbits but

not in mature rabbits, and they cannot be explained by mitosis alone [185]. In fact, analogous to

age-related patterns of lipid deposition [146] variations in transport of fluorescent dye-labelled

albumin into the rabbit arterial wall are age dependent near branches [186, 187]. Macromolecules

cross the endothelium via different junctions. Albumin-size tracer pathway is via AJs, HDLDL-

size tracer cross at tricellular junctions and LDL-size tracers cross through the cell [18]. Exposure

to low WSS elicits increased vascular permeability to albumin in porcine iliac arteries [188].

Moreover, increased albumin deposition can be linked to atherosclerotic plaque instability [189].

2.4 Inflammation and stress-mediated response of EC

2.4.1 Mechanosensory network

The description follows [190] unless otherwise stated. The complex mechanosensory network

(MSN) is sensitive to magnitude, direction and frequency of mechanical forces. The MSN

transforms external stimuli into biochemical signals, thereby regulating multiple physiological

processes in ECs including alignment, metabolic functions and gene expression [191]. Flow-
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mediated endothelial mechanotransduction controls vascular inflammation and determines the

atheroprone or atheroprotective characteristics of healthy endothelium [96].

2.4.1.1 Mechanotransmission

Mechanical forces of blood flowing along the wall can act in the form of shear stress and stretch

forces or by modification of concentration gradients. EC shape is determined by the arrangement

of intermediate filaments, microtubules and filamentous actin (F-actin) of the cytoskeleton. In

high unidirectional flow, F-actin arranges as stress fibre bundles lying longitudinally within the

cell, and there is cell alignment and elongation. In disturbed flow, the shape of ECs is polygo-

nal and F-actin is organized as a dense peripheral (cortical) band. External forces applied on

the apical surface of ECs lead to a change in internal cellular tension. In response, displace-

ment of local surface receptors and transmission of forces via the cytoskeleton occur. Forces

in the cytoskeleton are directly transmitted to sites of adhesion including at the subendothelial

matrix, nucleus and junctions between neighbouring cells [66]. Intracellular transmission can

occur through a mechanosensory network including PECAM-1, which directly transmits me-

chanical force between adjacent cells, VE-cadherin, which functions as an adaptor for junctional

mechanotransduction and VEGFR2, which activates phosphatidylinositol-3-OH kinase [192].

ECs topography influences the magnitude of applied forces, their localization on the cell surface

(e.g. at the nuclear bulge) and the transmission of flow-induced forces [193]. As a consequence,

microscopic shear stress has been shown to deviate from macroscopic measurements and is a

function of endothelial surface geometry. Neighbouring cells do not experience the same levels

of shear stress. However, stress fibres of adjacent cells tend to form a continuum suggesting the

presence of intercelluar tension. To sustain constant change in stress due to flow-induced forces,

ECs posses a number of filtering mechanism comparable to a low-pass filter. Flow induced

realignment of cells leads to a stiffening of the cytoskeleton.

Mass transport and concentration gradients change dependent on the flow characteristics.

For unidirectional laminar flow the concentration of plasma solutes in local microscopic regions

matches the concentration in macroscopic regions. In pulsatile or disturbed flow, variable con-

centration gradients give rise to complex agonist environments and alter the agonist-receptor

interactions in different parts of the arterial tree depending on the bulk flow characteristics,

suggesting that direct forces and indirect effects of flow on EC response and lesion genesis are

not mutually exclusive.
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2.4.1.2 Mechanotransduction

The first point of contact of fluid shear stress with ECs are the glycoproteins of the glycocalyx.

Many glycoproteins are receptors or are linked to receptors in the plasma membrane and consti-

tute a microenvironment for mechanotransduction. Shear forces can displace mechanoreceptors

in the glycocalyx, which leads to a biochemical cascade at the cytoplasmic face. Subsequent

activation of secondary messengers and cytosolic transcription factors regulates the expression of

genes such as mitogen-activated protein kinase (MAPK) and NF-κB, both of which are highly

sensitive to pulse frequencies, flow magnitude, and direction [67]. A significant mechanore-

sponsive transmembrane protein is β1-integrin which can transfer mechanical stimuli across the

surface of the cell [194]. Other plasma membrane proteins that can act as a mechanoreceptor

are ion channels, G protein-linked receptors, mitogen-activated receptors and thrombomod-

ulin. Activation of ICAM-1 and VCAM-1 adhesion molecules lie downstream of a primary

mechanoreceptor. Depolarization of calcium channels inhibits calcium influx and production of

NO. Mechanotransduction in one place can lead to responses in remote regions of the cell in a

decentralised manner and with a different mechanism.

The response to a haemodynamic stimulus can be acute within seconds, acute within hours or

chronic within days. Potassium channel activation and hyperpolarisation leads to vasorelaxation

in seconds. Activation of NF-κB occurs within 20 minutes of exposure to low shear stress

around 1 Pa. Directional remodeling and realignment with flow starts within 60 minutes and

is completed after 8 hours. Downregulation of VCAM-1 and upregulation of ICAM-1 occur

between 2 to 6 hours after exposure to low shear stress, respectively. Chronic exposure to low

shear stress of 24 hours leads to stimulation of LDL metabolism and alters endothelial cholesterol

balance. The different responses of different mechanism is attributed to different pathways of

stress transmission and transduction e.g. physical distance to primary mechanosensor.

2.4.2 Vascular inflammation and NF-κB

Vascular inflammation plays a pivotal role in the progression of arterial lesions. Fluid shear

stress is known to influence the normal physiology of ECs [69][195]. Flow-mediated gene expres-

sion and mechnoactivated signalling pathways directly or indirectly determine the atheroprotec-

tive and atheroprone characteristics of the endothelium, including its inflammatory response.

Under sustained unidirectional flow and physiological WSS the expression of atheroprotective
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genes and proteins is upregulated. The activation of key atheroprotective transcriptional fac-

tors e.g. Kruppel-like factor 2, Kruppel-like factor 4 [196] and nuclear factor erythroid 2-like

2 (KLF2, KLF4, Nrf2) hinders the development of disease. Disturbed flow, with temporal and

spatial variations of WSS, is associated with acute and chronic inflammation, implicated in the

initiation and progression of atherosclerosis [1, 100, 105, 197]. Disturbed flow causes an up-

regulation of genes and proteins that promote oxidative as well as inflammatory states of the

vessel wall. Monocytes do not normally bind to healthy endothelium. According to the lipid

theory as previously described, only after LDL retention do ECs begin to express adhesion and

chemotactic molecules such as E- and P-selectins, Toll-like receptor 2 (TLR), ICAM-1, VCAM-1

and monocyte chemoattractant protein-1 (MCP-1) that promote the adhesion, migration and

infiltration of monocytes [105]. The expression of these molecules is mediated by two particu-

lar families of structurally related dimeric transcription factors NF-κB and activator protein 1

(AP-1). AP-1 regulates gene expression to mediate differentiation, proliferation, and apoptosis

[198], while NF-κB regulates immunoregulatory proteins such as ICAM-1 and VCAM-1, auto-

and paracrine acting pro-inflammatory and anti-inflammatory molecules such as tumor necrosis

factor-α (TNF-α) or IκB, and regulators of apoptosis, extracellular matrix proteins, growth fac-

tors and micro-RNAs [96, 199]. AP-1 and NF-κB are the main antagonists to KLF2, KLF4 and

Nrf2. ICAM-1 and VCAM-1 bind β2-integrin receptors antigen-1 and antigen-4 of circulating

lymphocytes, monocytes and polymorphonuclear leukocytes [190] leading to processes previously

described in section 2.2.2.1. Subsequent changes in EC and SMC proliferation and regeneration

disturb the haemostatic balance followed by the expression of procoagulatory molecules e.g.

vWF, elevated thrombin generation and enhanced platelet aggregation [69].

2.4.2.1 NF-κB complex

NF-κB are a family of redox-sensitive transcription factors containing the Rel homology domain.

They are present in the cytoplasm and translocate on activation to the nucleus. Five plus three

proteins constitute the superfamily of NF-κB transcription factors. NF-κB is active in a number

of pathophysiologies including cancer, arthritis, neurodegenerative diseases and atherosclerosis.

NF-κB complexes can be homodimers or heterodimers [200]. An NF-κB heterodimer consists

of a proteolytically processed DNA binding subunit p105/p50 (NF-κB1) or p100/52 (NF-κB2)

and a transcriptional activator RelA(p65), RelB, c-Rel or Drosophila Dorsal (from the fruit fly)

[196]. Note that NF-κB describes the superfamily but NF-κB 1 and 2 describe the DNA binding
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subfamily. Cotranslational processing of p105 or p100 by proteasomes produces a p50 or p52

protein respectively. The numeric description of subunits is equivalent to the molecular mass in

kilo Dalton (kD or kDa).

NF-κB mediates pro-inflammatory genes such as TNF-α, interleukin 1, 6 and 12 (IL) and

anti-inflammatory genes e.g. IκBα, IκBβ, IκBε or A20. The most abundant form of NF-κB

in ECs is the p50/RelA(p65) heterodimer [201]. Other complexes are p52-c-Rel and c-Rel-c-

Rel. Activation of NF-κB occurs due to genotoxic stresses, infections, hormonal stimuli, redox-

sensitive stimuli, lipid uptake into the wall or immune cell secreted cytokines like IL-1 and

TNF-α [48, 190, 202]. Haemodynamic forces do not activate NF-κB but might prime ECs for

enhanced NF-κB responsiveness [201]. Heterodimers and homodimers of NF-κB bind to 9-10

base pair DNA κB sites. Activity of NF-κB is inhibited by inhibitor of κB (IκB) [196]. Hence

activation of IκB by NF-κB, mentioned above, is a negative control loop.

2.4.2.2 Canonical pathway of NF-κB activation

Figure 2.11 illustrates the canonical or classical activation pathway of NF-κB, specifically the

p50/RelA(p65) heterodimer complex. Its description follows [196, 203] if not otherwise stated.

The classical pathways is characterized by pro-inflammatory cytokine stimulated activation,

such as by TNF-α, IL-1 or TLR. In its non-active state NF-κB can shuttle between nucleus

and cytoplasm but is primarily bound and sequestered within the cytoplasm by its inhibitor

subunit IκB [67]. This is due to the strong nuclear export signal of IκB that exceeds the

rate of import of NF-κB into the nucleus; activation reverse rates. Extraneous stimulation of

inhibitor of kappa-light-chain-enhancer of activated B cells kinase complex (IκB kinase or IKK)

leads to the proteolysis or dispatch of IκB proteins. IKK is composed of a catalytic subunit

IKKα or IKKβ and a sensing protein NF-κB essential modulator (NEMO). IκBα, which is no

longer connected to the NF-κB heterodimer, is subsequently attached to two serine residues and

separated from the NF-κB proteins. The phosphorylated IκBα is then tagged with ubiquitin

proteins and degraded by the proteasome. The freed NF-κB complex migrates into the nucleus

and binds to sites in the DNA, which start the expression of specific target genes that lead

to a pro-inflammatory or immune response. In cyclic phases, NF-κB turns on the expression

for IκBα. Synthesized IκB enters the nucleus and removes NF-κB from the DNA, creating an

auto feedback loop with oscillating levels of NF-κB activity [67, 196, 199, 204]. Subsequent NO

production further stabilizes IκB, thereby attenuating NF-κB activity [48]. The translocation
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of NF-κB starts 20 minutes post stimulus and in its transient state last for 30-60 minutes.

Figure 2.11: Canonical pathway of NF-κB activation. Extraneous activation of IKK leads to the pro-
teolysis of IκBα proteins. NF-κB migrating into the nucleus activates the inflammation cascade. New
expression of IκBα leads to a closed feedback loop with oscillating levels of NF-κB. It is the relative
concentration of NF-κB in the nucleus which can be used as a metric of inflammation.

2.4.2.3 Non-canonical pathway of NF-κB activation

The alternative or non-canonical pathway involves the p100/RelB heterodimer complex during

B- and T-cell organ development. The main difference between the canonical and alternative

pathways is the cause of stimulation. The alternative pathway is activated by TNF-superfamily

cytokines which mediate apoptosis e.g. lymphotoxin (LT), B-cell activating factor (BAFF) or

CD40 ligand but not by TNFα itself [204]. Activation of IKKα homodimer (two IKKα enzymes

instead of NEMO) leads to proteasome-mediated phosphorylation and proteolysis of p100 with

subsequent liberation and migration of the active p52/RelB subunit complex [205].

2.4.2.4 Other pathways of NF-κB activation and irregularities

Apart from the classical and alternative pathway several other pathways exists but their regula-

tion is unknown. In B and T cells and cancer cells, NF-κB is active and present in the nucleus at

all times due to chronic stimulation of IKK pathway or impeded gene encoding of IκB. Chronic

activity of NF-κB is thought to inhibit apoptosis. It is unclear in what proportion different NF-

κB complexes - p50-RelA, p52-c-Rel or c-Rel-c-Rel - contribute to the physiological response

and there is little knowledge of how NF-κB activates transcription when bound to DNA.
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2.4.2.5 NF-κB translocation

Upon activation, the freed NF-κB complex transmigrates into the nucleus to stimulate gene

transcription. This translocation can be used as a measure of pro-inflammatory activity. A pro-

inflammatory response is expected to correlate with an increase in the nuclear-to-cytoplasmic

ratio of NF-κB. In Figure 2.12 translocation of NF-κB into the nucleus of primary human aortic

endothelial cells in cell culture is illustrated. Figure 2.12 a and c show nuclear location and

morphology. Figure 2.12 b shows the healthy state of the endothelium and d shows activation of

NF-κB. In the course of this work, nuclear-to-cytoplasmic ratio of NF-κB will be used to asses

pro-inflammatory changes.

Figure 2.12: Translocation of NF-κB into the nucleus of primary human aortic endothelial cells which
have been stimulated with TNFα for 60 min under static conditions.(a) and (c) show nuclear location
and morphology. (b) shows the healthy state of the endothelium and (d) shows activation of NF-κB.
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2.5 Haemodynamics and mechanical stress

2.5.1 Disturbed flow

A striking feature of atherosclerosis, described above, is the highly focal distribution in the

arterial system, mainly occurring at sites of arterial branching, narrowing and curvature. These

regional differences are attributed to arterial wall properties and local disturbed flow profiles

[206]. Flow characteristics determine physiological properties and processes such as vascular tone

or vascular remodelling previously described in Section 2.1.2 and regulate EC alignment with

the flow [207]. The complex mechanosensory network is sensitive to the magnitude, direction

and frequency of pulsatile flow [191]. Acute changes in shear stress trigger a number of events

including pro-inflammatory activity. In atheroprotected regions, ECs adapt to acute changes

in fluid shear stress or changes do not last and pro-inflammatory processes are downregulated.

Under physiological shear stress cells align and elongate in the direction of flow. Expression of

anti-inflammatory pathways is elevated. In atherosusceptible regions however, inability of ECs

to adapt provokes a sustained immune response followed by gene expression and activation of

surface receptors [15, 16, 66], thereby priming the arterial wall to develop atherosclerotic lesions

[143]. Shear stress affects transport pathways across the endothelium for both acute and chronic

variations in the flow profile [12, 74], increasing endothelial permeability and facilitating LDL

transport to the intima in acute disturbed flow regions and vice versa for chronic disturbances

[208]. Shear stress defines morphology, phenotype and metabolism of ECs [17]. Abnormal local

flow pattern linked to distinct geometric sites can explain disease development, progression and

its formation [10, 11]. Local abnormal shear stress is believed to precede lesion genesis and can

predict progression of advanced lesions [13, 14, 209]. Additionally the dynamics of flow can work

through a second atherogenic mechanism. Mass transport characteristics of atherogenic species

within the lumen towards the wall are altered by flow-dependent concentration gradients [210].

2.5.1.1 Defining disturbed flow

The characteristics of the disturbed flow that leads to atherogenesis are not clearly defined;

opinions have changed over many decades. One theory hypothesizes that high shear stress

increases arterial permeability [157] and induces endothelial injury. (More recently, it has been

proposed that high shear stress causes the transition from stable plaque to inflamed lesion [211]).
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It has also been proposed that low shear stress causes atherosclerosis [97] with an inverse relation

between WSS and arterial endothelial permeability [212]. This theory has predominated and

locally reduced WSS is now widely accepted as atherogenic. Note that this dispute was about

the distribution of lesions, not about the distribution of WSS.

Early findings of the lowWSS theory attributed the focal distribution of atherosclerosis solely

to WSS magnitude and direction [19], but recent findings have highlighted the importance of

spatial and temporal variations of shear stress on ECs. [14, 20–25]. As of now disturbed flow

describes a flow profile that differs from physiological pulsatile flow in a straight vascular segment

and is characterised by reversing and multidirectional flow with an axial misalignment of the

main flow direction which can coincide with locally low or high velocities.

2.5.2 Wall shear stress

The description of the concepts of haemodynamics and the relation between WSS and arterial

geometry follows [213, 214] if not otherwise stated. Throughout this thesis, matrices are written

in bold/uppercase, vectors are bold/lowercase and scalars are thin/lowercase. WSS is defined as

the frictional force per unit area exerted by the flow of blood on the endothelial surface of the

vessel wall. It is the product of the near-wall velocity gradient and the viscosity of the blood.

WSS is described by the letter τw, µ is the shear dependent viscosity, Ou is the velocity gradient

or shear rate, · the dot product and n is the surface normal vector.

τw(Ou) = µ(Ou)Ou·n (2.1)

Predilection of lesions is primarily in vessels larger than 0.1 mm, in which blood viscosity can

be considered constant and average shear rates are typically above 100 s−1. In two dimensions

and assuming Newtonian rheology of blood Equation 2.1 reduces to

τw = µ
du

dy

∣∣∣∣
y=0

(2.2)

where viscosity µ is constant, y describes the distance to the wall and du/dy describes

the velocity gradient perpendicular to the wall, which is evaluated |y=0 at the wall. Under

the assumption of steady, incompressible, sub-turbulent flow (Reynolds number Re < 2320) of

a homogeneous Newtonian fluid in a rigid cylindrical tube, WSS can be estimated using the

Hagen-Poiseuille equation where Q is volume flow and r is the radius of the vessel.
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τw =
4µQ

πr3
(2.3)

However, blood flow is not steady. Furthermore, arteries branch, curve, twist, taper and

translate and their walls are viscoelastic. In such cases WSS cannot be obtained analytically

anymore. In regions of branching and curvature, the flow can detach from the vessel wall and

areas of stagnation and recirculation arise. At higher velocities, the energy loss rises thereby

increasing the stress on the arterial wall. Eddies elevate the particle residence time and create

atherogenic concentration gradients. In rare cases turbulent flow (Re > 2320) can occur in the

stenotic diseased aortic valve and ascending aorta during peak systole.

Figure 2.13: Idealized flow profiles in different segments of the artery and schematic indication of athero-
genic and atheroproctective flow regions. Green arrow marks flow with atheroproctective characteristics
of high, unidirectional WSS and red arrow marks predilection for atherogenic sites. From left to right:
open jet velocity profile develops into a parabolic flow, which is disrupted by narrowing, followed by
vortical secondary flow in curvature as depicted in section A-B and subsequent splitting into two at the
bifurcation according to Murray’s law.

2.5.2.1 Flow in a straight vessel

In Figure 2.13, an idealised isolated vessel with several flow disturbing features namely nar-

rowing, curvature and branching and the resulting velocity profiles is illustrated. Assuming a

free open jet enters the vessel the no-slip condition for viscous fluids states that at a fluid-solid

interface, the fluid velocity is equal to the velocity at the boundary and if the boundary is
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stationary it will be zero. The initially flat velocity profile changes shape with distance along

the vessel. Fluid near the wall decelerates and as a consequence of conservation of mass the

axial velocity rises to two times of the mean velocity. In this process of entering the vessel a

thin viscous boundary layer with a thickness δ roughly 1 % of vessel diameter develops near the

vessel wall. Inside the boundary layer, the fluid is subject to strong shear forces, giving rise to

WSS. Within the boundary layer, velocity accelerates from zero to the free stream velocity over

a short radial distance. Some distance downstream the viscous boundary layer grows to half

the vessel diameter. A fully developed parabolic flow with atheroprotective properties emerges

if the tube is sufficiently long and if steady laminar flow is assumed it would be Poiseuille flow.

The velocity profile of fully developed flow does not change anymore, ignoring friction, and WSS

is constant. The distance required for the flow to fully develop depends on characteristics of the

flow e.g. laminar or turbulent and the vessel diameter. Physiological pulsatile flow is usually not

fully developed [215]. Instead physiological flow is often termed nearly fully developed flow. The

percentage of skewed velocity profiles depends on arterial location and cyclic phase. In straight

segments the extent to which the pulsatile flow differs from a Poiseuille flow can be estimated by

the dimensionless Womersley number α, where ν is the kinematic viscosity and ω the angular

frequency of oscillation.

α =
D

2

√
ω

ν
(2.4)

Womersley's oscillatory flow theory is important as it describes the relation between transient

acceleration forces and friction forces, which explain the large variations in shear rate at the wall.

It also gives an insight into why experimental WSS estimation is so challenging. In Poiseuille

flow, the blood is driven by a constant pressure gradient. In Womersley flow, the pressure

gradient in its simplest form is sinusoidal. When the pressure increases, flow accelerates and,

as pressure decreases, flow decelerates. Eventually blood flow reverses as the gradient reverses

direction. If friction forces outweigh acceleration forces e.g. ω << νD2 flow can be assumed

quasi-steady. If acceleration forces outweigh friction forces e.g. ω >> νD2 inertia of fast flowing

blood prevents the flow in the centre of the vessel from reversing. A phase lag between pressure

gradient and mean flow velocity establishes. Slow flow near the wall, however, is reversed,

leading to the typical Womersley flow profile illustrated in Figure 2.14. For α < 1 the flow is

quasi steady and Poiseuille-like. For α = 1 an initial phase lag emerges but flow can still be
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considers Poiseuille-like. For α = 10 significant phase lag exists and flow is no longer Poiseuille-

like [216]. The Womersley number in the human ascending aorta during systole is around 13.2

[217].

2.5.2.2 Flow in narrowing

Arterial coarctation disrupts the nearly fully developed flow present in a straight arterial segment

by reducing the cross-sectional area as depicted in Figure 2.13. According to conservation of

mass, mean axial velocity is inversely proportional to the square of vessel radius. With a

reduction in radius the blood flow accelerates and the velocity profile becomes blunt. As a

consequence, WSS rises and reaches its maximum value at the neck area. All processes of the

Womersley flow are accelerated. In the diverging section, flow can separate and in rare cases

becomes turbulent, leading to increased viscous losses. Some distance behind the constriction a

Poiseuille flow reforms. The stenosis can taper the entire vessel or can be eccentric. Narrowing

promotes unstable plaques upstream and stable plaques downstream of the stenosis [218]. The

pressure drop over a 90 % stenosis is five times more severe then over a 80 % stenosis. As a

result clinical manifestations of ischemic diseases seem to appear suddenly when in reality they

are often not sudden but only felt suddenly due to the pressure drop being inversely proportional

to the square of vessel radius.

2.5.2.3 Flow in curvature

As flow enters the curve, centripetal acceleration interacts with the in-plane pressure gradient

leading to the development of rotational velocity components. Some distance downstream of the

two spiralling velocity components, illustrated in Figure 2.13 Section A-B, a pair of Dean vortices

develops [219]. Concurrent with centrifugal forces a centripetal force directed inward toward the

center of rotation acts on the flow, which leads to a predominantly centrifugal accelerated central

core and radial convective acceleration near the wall. Axial velocity is greatest on the outside

wall and lowest on the inside wall. The secondary flow develops in a plane perpendicular to the

central axis of curvature. The inner curvature exhibits elevated risk for atherosclerotic lesions

as it experiences low WSS and a separation of flow [220], while WSS on the outer curvature is

higher but vortical flow patterns increase multidirectionality [221]. The introduction of torsion

commonly seen in the aortic arch leads to a loss of symmetry. Dean vortices are skewed and

overall a more complex flow regime develops.
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2.5.2.4 Flow in a bifurcation

Murray's law states that the energy for transport and maintenance of blood transport is min-

imized. Volume flow and cube of the radius of a parent vessel is equal to the sum of volume

flows and the sum of the cubes of the radii of daughter vessels. Flow through bifurcations and

T-junctions combines all previous geometric properties as depicted in Figure 2.13. Flow is dis-

turbed opposite the flow divider along the outer wall [11]. WSS is greatest on the inside wall

due to a newly developed viscous boundary layer [222]. A point of zero velocity at the flow

divider, the stagnation point, enhances the effect of the increased WSS in the newly developed

boundary layer. With the flow being pulsatile, a recirculation area opposite the branch mouth

can emerge. As the angle of a branch steepens the recirculation area increases [36]. Depending

on geometry, proportion of retrograde flow and vessel size, sites upstream, downstream and

opposite to branch mouth can experience atherogenic flow characteristics.

2.5.2.5 Average wall shear stress values

The unit of WSS is dyne/cm2 or Pa with 1 Pa = 10 dyne/cm2. In the course of this work WSS

is positive for antegrade and negative for retrograde flow. In human subjects, physiological WSS

estimates range between 1 - 5 Pa [191] and under ideal conditions WSS baseline level is <1.5

Pa [122]. High WSS is atheroprotective and begins around 1.5 Pa. Low WSS promotes lesion

genesis and is estimated at 0.4 Pa [19]. In order to maintain mechanical homeostasis and keep

stresses constant at a preferred value, changes in WSS lead to arterial remodelling. Average

values of WSS however illustrate a simplified view and can only act as a rough guide. In fact

average WSS in human depends on location in the vascular tree. Mean WSS in the common

carotid artery lies between 0.95 - 1.5 Pa, in the suprarenal abdominal aorta between 0.62 - 0.93

Pa and in the common femoral artery between 0.29 - 0.65 Pa [223]. In NZW rabbits, mean WSS

is slightly higher roughly between 1 - 2 Pa. Although WSS is very low compared to other stresses

that blood vessels experience, it is widely considered to be the sole mechanical contributor to

the focal distribution of lesions. Traction stresses in microvasculature are 1000 times higher at

around 5 kPa [224] but lesions do not develop here. Circumferential and axial wall strains are

100000 times higher at around 100 kPa [225] and some studies have linked intramural stresses

to lesion development [147, 226]. However, cells can be stress shielded by the matrix and might

not exhibit a biological response [225]. To maintain stress homeostasis, luminal radius and wall
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thickness change proportionally with changes in WSS.

2.5.2.6 Deriving wall shear stress

To understand how WSS acts in a rapidly changing manner on the endothelial surface, differ-

ent phases of a Womersley flow in Figure 2.14a-c and respective shear rates Figure 2.14d are

illustrated. As previously described, shear rate is high close to the wall and rapidly decreases

further into the lumen. In its simplest case, flow velocity is representative of WSS as stated

in Equation 2.3 but this can only be justified in sections close to an ideal cylindrical geometry

and no existing phase shift between mean flow velocity and pressure gradient. The flow profile

in a Womersley flow changes significantly throughout a cardiac cycle. In this example, shear

rate varies between -700 to 2400 s−1 or -3 to 10 Pa for µ = 4.043e-3 with a peak velocity of 1

m/s. Blood flow can be measured but WSS must be calculated. To estimated WSS, three key

challenges stand out. First, shear rate is velocity dependent and velocities must be measured

with high spatiotemporal resolution. Second, shear rate is geometry dependent and must be cal-

culated perpendicular to the wall. Third, shear rate changes with distance to the wall. Under-

or overestimating the position of the wall results in drastic misinterpretation of the shear rate.

In this example, an inward offset of 50 µm leads to 20%, 48% and 0.5% error in wall shear rate

for a, b and c respectively. Furthermore, mean velocity direction can be out of phase with the

pressure gradient and hence the mean wall shear rate vector as seen in a and b. Figure 2.14a

gives a positive shear rate at the wall with a negative mean flow direction and b experiences a

negative shear rate at the wall with a positive mean flow direction. In c both shear rate and

flow direction match.

Blood flow in large arteries is pulsatile, arteries branch, curve, twist, taper and translate, and

their walls are viscoelastic. In these circumstances WSS cannot be obtained analytically. Flow

velocity and WSS do not correlate not just due to out of phase flow and pressure gradient but in

addition WSS can change due to geometric complexity. WSS must be obtained numerically with

computational fluid dynamics, which involves making simplifications and assumptions about

boundary conditions, or by measurement.

2.5.3 Characterising mechanical forces

Atherosclerotic lesions show a predilection for curvature and branching sites of the arterial tree.

Occurrence in areas of turbulence, flow stagnation, recirculation or fast oscillations between ante-
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Figure 2.14: Flow profiles and shear rates of Womersley flow in a straight, rigid vessel. WSS depends on
spatiotemporal resolution of measurement and accuracy of estimating the correct position of the wall. A
small inward offset of 50 µm can lead to large errors of up to 50 %.

grade and retrograde flow lend support to the conclusion that haemodynamic factors, specifically

some features of WSS, mediate lesion location. As a result several flow characterizing indices

have been developed such as low, mean or time average WSS (TAWSS), oscillatory WSS (OSI)

[22], spectral power index [23] or relative particle residence time [14]. Moreover, atherogenic

attributes of low WSS and high OSI flow regimes have been challenged by a proposed age-

dependent disease distribution, best described with a multidirectional wall shear stress index

(transWSS) [24, 25]. Several refinements of the metrics have been proposed. The following

description will do without all but the three major WSS characterising indices, namely TAWSS,

OSI and transWSS.

2.5.3.1 Time average WSS

TAWSS describes the time averaged magnitude of WSS the endothelial layer is exposed to during

a cardiac cycle. TAWSS differs from the mean temporal WSS if retrograde flow exists. It does

not capture bidirectional or oscillatory flow. τw describes the instantaneous WSS vector and T

one cardiac period.

TAWSS =
1

T

∫ T

0
|τw| dt (2.5)

2.5.3.2 Oscillatory Shear Index

In pulsatile flow, instantaneous WSS τw may change direction during the cardiac cycle even

if the mean velocity vector remains unidirectional. This oscillation is characterised by the

dimensionless OSI, which describes the relation between the magnitude of the mean temporal
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WSS and TAWSS. OSI can range between 0 and 0.5. OSI = 0 describes unidirectional WSS

and OSI = 0.5 describes equally strong oscillatory WSS [222, 227].

OSI =
1

2

1−

∣∣∣∫ T0 τwdt∣∣∣∫ T
0 |τw| dt

 (2.6)

2.5.3.3 transWSS

TransWSS derives from the next logical step to capture the multidirectionality of WSS [24] - e.g.,

a change of axis. As previously stated, ECs align with the flow, specifically with the direction

of the temporal mean WSS vector under laminar conditions [207, 228]. Cross-flow is assumed

to be atherogenic. TransWSS describes the mean temporal WSS component perpendicular to

the temporal mean WSS direction over the course of the cardiac cycle. TransWSS is high for

large fluctuations of a small shear vector, small fluctuations of a large shear vector or small

fluctuations of a modest shear vector over extended periods of time [25]. n indicates the surface

normal vector.

transWSS =
1

T

∫ T

0
τw·

n× ∫ T
0 τwdt∣∣∣∫ T0 τwdt∣∣∣

 (2.7)

2.5.4 Flow metric patterns

Systematic research on the relation between flow and atherosclerosis started with two contradict-

ing theories based on the magnitude of WSS, namely low or high WSS. In an earlier study local

contour changes led to an increase in turbulence behind areas of narrowing and downstream of

the flow divider on the inside wall of bifurcations, causing removal of surface coatings. Washing

away of the coating suggested a means to initiate or perpetuate endothelial injury and increase

permeability [229]. However, unphysiological turbulent flow Re > 4000 limit the validity of

these findings. Further, evidence of the atherogenic properties of high WSS was provided with

a non-traumatic intra-aortic shear stress-inducing device, leading to atherosclerotic lesions in

dogs. However, the use of WSS > 40 Pa seems excessive and although the authors claim that

the device is non-traumatic, clot formation and arrhythmia were observed [230]. Subsequent

studies investigating the high WSS theory have assessed the relationship between shear stress

and plaque development, for which plenty evidence exists [231, 232], but not lesion initiation.
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In contrast [97, 233] suggested areas of disease around the ostia of bifurcations corresponded

with regions exposed to low shear stress. Low shear stress causes modifications of mass transport

properties of the wall [187] and impairs NO production [69]. A binary classification of WSS

magnitude may be too simple an indicator to predict lesion genesis; later studies showed that

oscillatory shear patterns have a higher degree of colocalization [222, 227]. Low and oscillatory

WSS is elevated some distance downstream opposite of a branch mouth, on the inner part of

the conduit vessel and on inner curvatures [22]. Oscillatory WSS induces a smaller, more stable

plaque phenotype compared to low, non-oscillatory WSS that induces a larger, unstable plaque

[11]. A systematic point-by-point comparisons of WSS and sites of lesion however showed that

OSI too fails to predict lesion location [21] and instead transWSS as a multidirectional WSS

metric was suggested [24].

In the descending aorta of rabbits two streaks of transWSS reflect a Dean vortex pair that

develop in the aortic arch and are reinforced by local curvature [234]. Around the intercostal

branch mouth of rabbits, transWSS collocates with age dependent lesion patterns in young rab-

bits but not in mature rabbits [25]. Multidirectional transWSS cannot be consistently associated

with high or a low WSS and in some way the theory of transWSS returns to earlier high WSS

investigations. Equally large fluctuations of flow on the same axis can lead to a dominant flow

direction mediated by small circumferential flow and skew transWSS values [20]. More impor-

tantly, however, the assumption of transWSS is questioned by some as cross-flow in the way it

was defined cannot exist in areas of disturbed flow because ECs are polygonal and do not elicit

a clear orientation [69, 190, 235, 236]. But then again that conclusion might have rested on an

incomplete characterization of the flow. [237]

A recent study revisiting the high WSS theory found that a cuff in the carotid artery leads to

regions of both high and low WSS. These region significantly co-localize with atherosclerotic ECs

phenotype. Upstream of the cuff, where the low WSS occurs and downstream of the cuff, where

multidirectional and high WSS metrics generate lesions. The authors conclude that unstable

plaques develop due to changes in magnitude and not direction of WSS and stable plaques

develop vice versa [238]. If the cuff altered the properties of the arterial wall was not elaborated.

2.5.4.1 Flaw of characterising metrics

To conclude, atherogenic properties cannot exclusively be attributed to locally elevated, reduced,

oscillatory or multidirectional metrics of WSS presented here. It must be noted that this list is
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Figure 2.15: 3D rendering and en face maps of time-average WSS patterns in the NZW rabbit aorta.
(a) 13 week young NZW rabbit with elevated TAWSS levels downstream and lateral to bifurcations.
(b) Ex-breeder NZW rabbit with elevated WSS downstream of branch mouth. (c) Ex-breeder NZW
rabbit with elevated TAWSS patterns upstream of branch mouth. CFD simulation performed in Star-
CCM+ v11.02.010. En face view corresponds to dashed box. Geometries courtesy of Rowland, Weinberg,
unpublished data.

not exhaustive of all metrics but includes major metrics. The pattern of each flow metric does

not universally collocate with the pattern of lesions presented in section 2.2.4 and cannot be

used as an accurate prediction of lesion onset.

However, why haemodynamic WSS is thought to play an essential role on lesion prediliction

can be illustrated with the aid of maps of the TAWSS. Figure 2.15a-c illustrates TAWSS in

three aortic cast of a 13 week a and two ex-breeder NZW rabbits b and c. Patterns of TAWSS

magnitude, including low and high TAWSS, around the branch mouth of conduit arteries elicit

superficial similarities with lesion patterns. In the young NZW rabbit TAWSS is elevated down-

stream the ostia, in the older rabbits TAWSS is elevated downstream of the ostia. Proximal

patterns in all three cases show significant differences to distal patterns. In general distribution

of WSS around branches appears to be different from the distribution in regions that are not

prone to disease.
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2.6 Thesis aims and impact

2.6.1 Research objectives

The overarching objective of this work is to further the understanding of the initiation of athero-

genesis and to develop tools that help with the endeavor. Given the inability of any one WSS

metric to universally correlate with lesion formation and a lack of understanding in the relation

between blood flow and inflammation in arterial endothelium in the onset of disease, the thesis

works from the hypothesis that

H0: Endothelial pro-inflammatory changes are spatially independent of patterns of

wall shear stress in vivo in the rabbit descending and abdominal aorta.

The primary research aim is to answer the Null hypothesis and to acquire and correlate maps of

pro-inflammatory changes obtained from projected 2D immunofluorescence imaging with maps

of WSS acquired from two- and three-dimensional plane or diverging wave ultrasound measure-

ments. This leads to the secondary aim of

Aim: To develop and evaluate tools capable of measuring blood flow, WSS and

pro-inflammatory activity.

To achieve these objectives the research problem is split into a subset of smaller tasks which are

summarized as follows:

1. To develop and implement algorithms for tracking the vessel-wall boundary, calculating

2D-WSS from experimental flow measurements and to validate 2D-WSS in vivo

2. To optimise the contrast and non-contrast enhanced imaging and tracking parameters for

quantitative mapping of 2D-flow using 2D plane wave ultrasound

3. To develop, implement and optimise the contrast enhanced imaging and tracking param-

eters for quantitative mapping of 3D-flow using 3D plane wave ultrasound in vivo

4. To develop, implement and optimize the measurement of pro-inflammatory changes in rab-

bit arterial endothelium around intercostal branch ostia using immunofluorescence imaging
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5. To acquire and compare WSS maps with maps of the absolute level and intra-cellular

distribution of NF-κB around small and large bifurcations

2.6.2 Potential impact

The potential impact towards answering the Null hypothesis for pre-clinical and clinical ap-

plications can be briefly summarized as follows: A non-invasive and accessible tool for WSS

quantification for in vivo applications is highly valuable for both clinical and pre-clinical studies

of a range of cardiovascular diseases; it is not exclusive to atherosclerotic lesion formation. De-

spite many current and past efforts such a tool based on ultrasound imaging is still lacking. This

work could transform the way flow and WSS can be measured in vivo, improving availability

of equipment, decreasing cost, reducing acquisition times and improving spatial and temporal

resolution. As a proof of its efficacy the technique will be used to examine the relation between

WSS characteristics and inflammation in arterial endothelium, which itself could provide a ma-

jor step forward in our understanding of the fundamental mechanisms underlying atherogenesis.

Potentially these findings will help to predict lesion genesis prematurely and significantly reduce

the risk of disease and mortality.

2.6.3 Scientific Contribution

Some parts of the chapters presented in the course of this work have been published. In addition,

several contributions to other scientific work was made.

2.6.3.1 Journal paper

• Riemer, K., Rowland, Broughton-Venner, J., E., Leow, C. H., Tang, M-X., Weinberg, P.

D. (2021). Contrast Agent Free Assessment of Blood Flow and Wall Shear Stress in the

Rabbit Aorta using Ultrasound Imaging Velocimetry. Ultrasound in Medicine and Biology.

(conditionally accepted, revised, pending publication)

• Riemer, K., Rowland, E., Leow, C. H., Tang, M-X., Weinberg, P. D. (2020). Deter-

mining Haemodynamic Wall Shear Stress in the Rabbit Aorta In Vivo Using Contrast-

Enhanced Ultrasound Image Velocimetry. Annals of Biomedical Engineering, 10.1007/s10439-

020-02484-2
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• Zhu, J., Rowland, E., Harput, S., Riemer, K., Leow, C. H., Clark, B., Cox, K., Lim, A.,

Christensen-Jeffries, K., Zhang, G., Brown, J., Dunsby, C., Eckersley, R. J., Weinberg, P.

D., Tang, M-X. (2019). 3D Super-Resolution US Imaging of Rabbit Lymph Node Vascu-

lature in Vivo by Using Microbubbles. Radiology, 291(3):642–650, 2019. ISSN 15271315.

doi:10.1148/radiol.2019182593

• Zhu, J., Lin, S., Leow, C. H., Rowland, E., Riemer, K., Harput, S. Weinberg, P. D.,

Tang, M-X (2019). High Frame Rate Contrast-Enhanced Ultrasound Imaging for Slow

Lymphatic Flow: Influence of Ultrasound Pressure and Flow Rate on Bubble Disruption

and Image Persistence. Ultrasound in Medicine and Biology, 00(00):1–15,2019. ISSN

1879291X. doi:10.1016/j.ultrasmedbio.2019.05.01

• Zhou, X., Leow, C. H., Rowland, E., Riemer, K., Rubin, J. M., Weinberg, P. D., Tang,

M-X. (2018) 3D velocity and volume flow measurement in vivo using speckle decorrela-

tion and 2D high frame rate contrast-enhanced ultrasound. Ultrasound in Medicine and

Biology, 45(3):795–810, 2019. ISSN 1879291X. doi: 10.1016/j.ultrasmedbio.2018.10.031

2.6.3.2 Conference proceedings

• Riemer, K., M. Toulemonde, E. M. Rowland, C. H. Leow, M. -X. Tang and P. D.

Weinberg, (2020). 4D Blood Flow and Wall Shear Stress measured using Volumetric

Ultrasound Image Velocimetry, 2020 IEEE International Ultrasonics Symposium (IUS),

Las Vegas, NV, USA, 2020, pp. 1-4, doi: 10.1109/IUS46767.2020.9251636.

• Rowland, E., Riemer, K., Lichtenstein, K., Tang, M-X, Weinberg, P.D. (2020). A New

Method for Non-invasive Measurement of Arterial Wave Intensity, Speed and Reflection.

Artery Research. doi: 10.2991/artres.k.191224.157

• Zhang, G., Harput, S., Toulemonde, M., Broughton-Venner, J., Zhu, Jiaqi, Riemer, K.,

Christensen-Jeffries, K., Brown, J., Eckersley, R.J., Weinberg, P.D., Dunsby, C., Tang,

M-X. (2019). "Acoustic Wave Sparsely-Activated Localization Microscopy (AWSALM):

In Vivo Fast Ultrasound Super-Resolution Imaging using Nanodroplets," 2019 IEEE Inter-

national Ultrasonics Symposium (IUS), Glasgow, United Kingdom, 2019, pp. 1930-1933,

doi: 10.1109/ULTSYM.2019.8926069.

• Riemer, K., Rowland, E., Leow, C. H., Tang, M-X., Weinberg, P.D. (2018). "Measuring
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blood flow and wall shear stress in vivo using ultrasound imaging velocimetry with native

blood speckle or microbubble contrast agents", BioMedEng18, London

• Toulemonde, M., Zhang, G., Riemer, K., Weinberg, P.D., Tang, M-X. (2018). Locally

activated nanodroplets and high frame rate imaging for real- time flow visualization –

preliminary in-vivo demonstration, BioMedEng18, London

• Robins, T., Stanziola, A., Riemer, K., Weinberg, P. D., Tang, M-X. (2018). Demonstra-

tion of Vector Flow Imaging using Convolutional Neural Networks. CoRR, abs/1903.06254,

arXiv:1903.06254v1
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Chapter 3

Evidence of the relation between

disturbed flow and NF-κB activation

in atherogenesis: a systematic review

This thesis investigates the relationship between blood flow and pro-inflammatory changes in

arterial endothelium. I first analyze the current knowledge of their relation and explain how the

techniques that will be developed in the course of this thesis might add to a better understanding.

Ultimately this chapter presents the underlying motivation of the thesis. Factors considered

in this review include the timescale of pro-inflammatory activity and of measurable NF-κB

translocation into the nucleus, the magnitude and site of inflammatory activity in the arterial

tree, and the stimuli required for the initiation of inflammation. First, a brief introduction to

the main pathways in inflammation is given and the acceptance criteria for a systematic review

are laid out. Subsequently, research findings are categorized and summarized. Special attention

is paid to findings with confocal microscopy and the differences between in vitro and in vivo

observations. The authors’ interpretations are critically assessed and a conclusion is made, which

in turn will act as a guidance for the remaining work and chapters.

3.1 Introduction

A majority of coronary artery disease occurs in patients with average cholesterol levels (mean

levels in the developed world are significantly higher than modelled normal species levels suggest)

[239]. LDL-C may constitute a necessary permissive factor in atherogenesis but it appears
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unlikely that cholesterol alone activates a pro-inflammatory response because WSS is known to

influence the normal physiology of the endothelial cells [69][195] and to influence inflammation

directly. Under sustained unidirectional flow and physiological WSS magnitude, the expression

of atheroprotective genes and proteins is upregulated. The activation of key atheroprotective

transcriptional factors such as KLF2, KLF4 [196] and Nrf2 leads to anti-inflammatory activity.

Disturbed flow characterised by temporal and spatial variations of WSS is associated with acute

and chronic inflammation; both established risk factors and root of atherosclerosis [1, 100, 105,

197]. Multidirectional WSS leads to an upregulation of genes and proteins that promote oxidative

and inflammatory states of the vessel wall. Two proatherogenic transcription factors, activator

protein 1 (AP-1) and NF-κB are the main antagonists of KLF2/4 and Nrf2. NF-κB especially

plays a key role in inflammation and the innate immune response [239]. While temporal and

spatial variations or low magnitude WSS may be able to explain the patchy distribution of

disease, and inflammation can also be linked to its development, the relation between the two is

not well understood. Metrics of WSS consistently fail to predict lesion location and patterns of

disease distribution [20] and, although attributed to WSS, the extent to which pro-inflammatory

activity can be triggered through a mechanical pathway is uncertain. For example, "good" fluid

shear stress might act in a cytoprotective fashion as a mediator of NF-κB anti-inflammatory

transcripts but "bad" shear stress might not stimulate pro-inflammatory NF-κB activity [201,

240].

NF-κB is activated as a mediator of the inflammatory response and its resolution, and

is essential to the cross-talk between cytokines, adhesion molecules and growth factors. NF-

κB first discovered in 1986 [241] regulates vascular inflammation by altering expression of E-

selectin, VCAM-1, ICAM-1, interleukins such as IL-6, IL-8, cytokines such as TNFα and other

pro-inflammatory molecules in EC [242]. However, NF-κB also mediates a negative feedback

regulation through induction of IκBα and anti-inflammatory genes such as A20 or COX-2.

The effect of NF-κB on atherosclerosis is not unidirectional [242]. The classical NF-κB path-

way is characterized by pro-inflammatory cytokine stimulated activation as discussed above. In

its non-active state NF-κB can shuttle between nucleus and cytoplasm but is primarily bound

and sequestered within the cytoplasm by its inhibitor subunit IκB [67]. In response to a stim-

ulant, NF-κB is phosphorylated in the cytoplasm and dephosphorylated in the nucleus. Syn-

thesized IκB enters the nucleus and removes NF-κB from the DNA, creating an auto feedback

loop with oscillating levels of NF-κB activity [67, 196, 199, 204]. The translocation of NF-κB
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starts 10-20 minutes post stimulus and its transient state last up to 30-60 minutes [243]. A

measure of NF-κB activity is the nuclear:cytoplasmic ratio (NCR), where in an unexcited state

NCR << 1. However, flow might only prime ECs for pro-inflammatory activity and not activate

NF-κB, which can be expressed as an increased accumulation of NF-κB in the cytosol (priming).

Especially the binary like accumulation of NF-κB in the cytoplasm or the nucleus evoked with

cytokines in in vitro experiments are not likely to be achieved in in vivo, where the results lack

mechanistic understandings. Furthermore, physiological cross-talk can act as a catalyst of anti-

or pro-inflammatory response and can be difficult to model.

In this review I aim to summarize the relation between blood flow and NF-κB as an in-

flammatory and anti-inflammatory regulator in early atherogenesis. A literature search was

conducted in a systematic fashion to identify the current state of knowledge, to critically assess

the current consensus and to collate gaps in the knowledge about the relation between flow

and inflammation in atherogenesis. Specifically questions that were addressed are: How is pro-

inflammatory activity expressed in vitro and in vivo e.g. translocation or EC priming? How

are inflammatory changes measured and how is NF-κB translocation or intensity quantified? Is

flow and abnormal WSS the sole contributor or was an inflammatory stimulate such as TNF-α,

a flow cuff or extended periods of cholesterol rich diet used? Can experiments without severe

manipulation or violation of the integrity of the immune response replicate these findings? How

and against what flow/ WSS data were inflammatory changes correlated? The Null hypothesis

states: Disturbed flow does not activate NF-κB in atherogenesis. After this brief introduction

to the main protagonists of inflammation and the acceptance criteria for the systematic review

is laid out. Subsequently, research findings are categorized and summarized. Special attention is

paid to findings through the use of confocal microscopy and differences between in vitro and in

vivo observations. The authors’ interpretations are critically assessed and a conclusion is made.

3.2 Methods

A qualitative systematic review was conducted to summarize the role of NF-κB signaling in

atherogenesis and its relation to disturbed flow. The search was performed in five online

databases, namely PubMed, Web of Science, Microsoft Academic, Google/Google Scholar and

Lens for articles available between 20-25 of March 2020. The following search words/ phrases

were used in combination for each of the search engines and according to the respective search
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syntax. Asterisk was used to find variations, dash was used as an empty placeholder. The Latin

letter k was used in place for the Greek letter κ.

• Nf-κB, nuclear factor κB, nuclear factor kappa B, p65, RelA

• athero*, atherogenesis, atherosclerosis, atherosclerotic, atherogenic, coronary heart disease

• -, flow, disturbed flow, wall shear stress, WSS, TNF-α

The search was limited to articles that were published after 1970. All languages and document

types representing original research or reviews were considered, including conference papers,

journal articles and books but not conference abstracts or theses. Only articles that could be

sourced online were considered. Article titles were pre-screened and needed to contain at least

two keywords, paraphrases of keywords, or be related to at least two keywords at the reviewer’s

discretion. All downloaded articles were screened a second time and included in this review if

their abstract dealt with at least one of the following key questions:

• Relation between flow or WSS, Nf-κB and atherogenesis

• Role of Nf-κB in the initiation or during early atherogenesis

• Relation between Nf-κB, VCAM, ICAM and other signalling molecules in atherogenesis

• Relation between inflammation and atherosclerosis

All other articles were excluded. Duplicates were counted for each database. Only the final

number of articles were read fully and categorised based on the following criteria:

• Study environment: in vitro or in vivo

• Study objective: pro-inflammatory or anti-inflammatory characteristics of flow

• Cause of inflammation: cytokine, mechanical, conditioning or no external stimulus

• Methods of measurement: optical or others

• Study subject: Mouse, rabbit, human or others

3.2.1 Overview of selected literature

In total, 137 articles were found, including duplicates. A summary of all articles and their source

is listed in Table 3.1. The final number of papers removing duplicates was 125. Some additional

articles were sourced when referenced and considered relevant at the reviewers discretion.
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PubMed Web of Science Microsoft Academic Google (Scholar) Lens
Total 26 17 23 64 7

Table 3.1: Results of literature review on the role of NF-κB signaling in atherogenesis

3.3 Findings

The first part uncritically highlights significant differences between studies. The second part

summarizes major in vitro research findings and critically assesses the application of these meth-

ods. The third part continues with a critical assessment of in vivo studies and the fourth part

summarizes implications for the evidence concerning the relation between disturbed flow and

NF-κB activation in atherogenesis and differences observed between in vitro and in vivo studies.

3.3.1 Key terms and metrics

3.3.1.1 Disturbed flow was not universally defined

Atheroprone or disturbed flow were used as synonyms and covered a broad range of flow con-

ditions. Previously we defined disturbed flow as a flow profile that differs from physiological

pulsatile flow in a straight vascular segment and elicits reverse, multidirectional flow with an

axial misalignment of the main flow direction, which can coincide with locally low or high veloc-

ities. Given the broad definition, the term disturbed flow was ambiguously used in the reviewed

literature. Some studies characterised disturbed flow as that exerting low or low and oscillatory

shear stress [10, 244, 245]. Some studies defined disturbed flow as bidirectional and excessively

pulsatile flow [246] or flow with non-uniform spatial and temporal gradients of shear stress [17],

and some studies defined turbulent, separating and reattaching flow as disturbed flow [17, 243,

247]. Some studies used multidirectional flow [248]. Some studies reversed the question and

investigate the effect of anti-inflammatory flow [201] against static conditions. Many studies did

not characterize flow but flow characteristics had to be inferred from the method that was used,

such as the cone-and-plate viscometer. Most in vivo studies provided no flow information. Some

studies concluded transferability of their findings on atheroprotective flow or disturbed flow to

the other flow regimes without data. Anti-inflammatory flow on the other hand was universally

defined as unidirectional laminar flow. Similarly, agreement exists on the locations where flow

is thought to be disturbed e.g. regions of branching, bifurcations and curvature [17, 249–253].
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3.3.1.2 Shear stress magnitude

The threshold of shear stress magnitude considered to be low, physiological or high was incon-

sistent and can change between species. In some studies mean wall shear stress (WSS) of 12 -

15 dynes/cm2 was considered normal physiological WSS [243, 245, 246, 250], whereas in other

studies 10 - 12 dynes/cm2 was labelled as high shear stress [201, 254]. Low levels of WSS were

defined from 2 - 5 dynes/cm2 and high WSS was defined from 15 - 25 dynes/cm2 [10, 243, 245].

The definition of low, physiological and high WSS was ambiguous given the overlap. Moreover,

shear rates between 5-10 dynes/cm2 were not given any attention.

3.3.1.3 Atherosusceptible and -protected sites

In cell culture experiments, the flow regime and regions prone to an inflammatory response were

well defined. In vivo atherosusceptible and -protected sites were selected based on assumptions.

Neither flow nor a characterising metric was measured directly. Instead, simple fluid mechanic

assumptions e.g. Poiseuille’s law were applied to divide the aorta into regions of atheroprotective

and atherosusceptible flow e.g. inner and outer curvature of the aortic arch [250, 255]. The true

flow profile was unknown and spatial variation in flow could not be separated from temporal

variation.

3.3.1.4 Experimental time-scale

The time-scale of experiments differed significantly. The translocation of NF-κB starts 10-20

minutes post stimulus and in its transient state last up to 30-60 minutes [243, 251]. Animals

and cell cultures were exposed to acute stimuli from 30 minutes up to chronic stimuli of several

weeks.

3.3.1.5 Assessing NF-κB inflammatory activity

A majority of studies used nuclear lysate assays, flow cytometry or Western blotting. Total tran-

scriptional activity was measured through reporter assays or real-time PCR using gene-specific

PCR primers. In immunostaining, inflammatory activity was quantified by nuclear:cytoplasmic

ratio (NCR) or mean fluorescence intensity (priming) [255].
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3.3.1.6 NF-κB tanslocation in immunostaining

No common threshold or baseline of increased NF-κB activity existed nor were the results

quantitatively or qualitatively consistent between experiments. Atherosusceptibility was not

defined based on a threshold but by relative comparison. The NCR in vitro ranged between NCR

= 0.6 in presheared laminar, non-inflammatory conditions, to NCR = 0.4 - 1.3 in static conditions

without treatment, to NCR = 1.8 after TNFα stimulation in both static and presumably inactive

presheared conditions [201, 246]. Atheroprotected sites of wild type mice gave NCR = 0.05 -

1.8 [66, 255], whereas atherosusceptible sites exhibited NCR = 0.42 - 9 [66, 255].

3.3.2 Cell culture studies

In most cell culture studies, cells were preconditioned with laminar shear stress and in many

cases the inflammatory response was triggered either by a chemical stimulus or mechanically.

Only some studies did not rely on an external inflammatory or adverse stimulus and even fewer

studies did not precondition cells. Preconditioning was commonly performed under unidirec-

tional laminar flow. A degree of overlap between experiments was apparent. The following

studies are grouped according to their main findings.

3.3.2.1 Studies with cytokine stimulus

Partridge et al. [201] demonstrated that high laminar shear stress primes EC NF-κB activation.

They showed that preconditioning of human umbilical vein endothelial cells (HUVEC) under

high laminar shear stress (12 dynes/cm2 for 16-24 h) significantly altered the capacity of TNFα

(10ng/ml, 0.5 or 4 h) and IL-1 (10ng/ml) to activate inflammatory regulators but did not inhibit

nuclear localization of NF-κB nor its capacity to bind to DNA. Laminar shear stress caused low

transcript levels of pro- and anti-inflammatory regulators (VCAM-1, E-Selectin and IL-8/ IκBα,

IκBβ and A20). Under static conditions, activation was vice versa; cytoprotective transcription

was elevated. Inflammatory ICAM-1 and cytoprotective transcripts Bcl-2, MnSOD, GADD45β

and A1 were all upregulated in static and pre-sheared conditions when treated with TNFα.

Under static conditions cytoplasmic and nuclear pools of NF-κB were observed, contrary to

the exclusively cytoplasmic NF-κB in pre-sheared conditions. TNFα treated cells showed a

similar high NCR RelA ratio in both cases and full transcriptional activation was only found

with TNFα stimulus. The authors concluded that NF-κB is essential in the cytoprotective
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cascade but NF-κB does not drive the pro-inflammatory response under laminar flow with

TNFα stimulus. Similarly, Blaecke et al. described translocation with Lipopolysaccharide (LPS,

10ng/ml) induced pro-inflammatory activation in human monocytes under static conditions but

demonstrated a permeabilization depended migration [256].

3.3.2.2 Studies with mechanical stimuli

Amaya et al. [244] demonstrated threefold more elevated nuclear translocation of NF-κB in

bovine aortic endothelial cells (BAECS) in response to the superposition of pulsatile WSS (10±10

dynes/cm2) and circumferential stress (CS, 4±4%) for out of phase stresses (180°) than for when

the stress phase angle (SPA) was zero. Comparison with static conditions revealed a decrease in

NF-κB expression for SPA = 0°. WSS and CS were applied at a frequency of 1 Hz for 7 hours.

The authors concluded that asynchronous SPA induces atherogenic translocation and is able to

activate a pro-inflammatory response. Similarly, Tan et al. observed an inflammatory response

in pulmonary artery EC (PuAECs) with highly pulsatile flow characteristic of stiffened arteries,

suggesting that flow mediates between arterial stiffening and NF-κB activation [257]. Baeyens

et al. demonstrated a topological relationship between inhibition of flow-induced alignment and

pro-inflammatory activity in Syndecan 4-depleted HUVECs [258]. Unaligned cells (after 16 h

preconditioning with laminar flow) expressed higher levels of NF-κB. Several akin observations

of acute onset of shear stress induced activated a NF-κB gene were described [54].

3.3.2.3 Studies without adverse external stimulus

Li et al. [246] exposed a monolayer of PuAECs to low pulsatility (LP, pulsatility index, PI=0.4)

and high pulsatility (HP, PI=1.7) flow. PI was defined as (PI = Vmax−Vmin
Vmean

); a mean shear stress

of 12 dynes/cm2 was used for up to 24 h. NCR was significantly elevated under HP (NCR=1.8-

2.5) compared to LP (NCR=0.3-0.9) or static culture (NCR=0.4). Cells under HP conditions

showed higher apoptosis rates (40 %) and formed long projections of cytoplasmic pseudopodia.

Pre-treatment of PuAECs with various drugs that inhibit high synthesis-breakdown dynamics

of cytoskeletal elements reduced HP-induced NF-κB activation. The authors concluded that an

optimal cell polarization exists and overpolarized or oversheared EC accelerate pro-inflammatory

processes, whereas normal pulsatile flow and moderate polarization are anti-inflammatory. In an

pro-atherogenic flow regime imposed by a cone-and-plate viscometer, Harry et al. [248] showed a

3 - 8 fold increase of NF-κB activity in HUVECs compared to no flow and a 2.5 - 5 fold increase
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compared to atheroprotective flow. Nagel et al. [243] observed enhanced nuclear localization of

NF-κB in HUVECs exposed to complex spatially disturbed laminar shear stress for 30 minutes

as a function of distance from the centre of a cone-and-plate device. Average nuclear fluorescence

was significantly higher in disturbed flow regions (674, arbitrary units) compared to uniform flow

(363) and static conditions (291). Expression of the transcription factor in neighbouring cells

showed a significant variability in nuclear fluorescence with standard deviation (235) nearly half

the size of mean fluorescence (650), suggesting high heterogeneity of NF-κB translocation despite

exposure to the same flow conditions. They attributed this to topographical non-uniformity.

Petzol et al. again demonstrated flow-induced NF-κB activation in BAECs and MAECs and

phosphorylation of NF-κB mediated by focal adhesion kinase [259]. After 45 minutes in a

parallel plate laminar flow chamber, nuclear intensity of NF-κB rose by 300 - 400 % under static

conditions and shear of 24 dynes/cm2. Moreover, flow-induced activation of NF-κB was shown

by Orr et al. to be integrin-and matrix-dependent in untreated BAECs [260]. Another study

by Harris et al. demonstrated an elevated NF-κB response in cultured BAECs when exposed

to laminar shear stress (10 dynes/cm2) but not in static culture [261]. Hay et al. observed

shear stress induced NF-κB translocation via the NIK-IKK1/2 pathway in HUVECs sheared at

15 dynes/cm2 for up to 240 minutes. Cells were either left untreated or exposed to TNFα (30

ng/ml). They also reported a transient increase of DNA binding, which peaked at 30 minutes and

decreased to half in cells sheared for between 60 - 240 minutes [262]. In monkey smooth muscle

cells, Ganguli et al. showed a flow-mediated increase in NF-κB regulated gene activation and

subsequent maintenance of enhanced levels of regulated genes consistent with pro-inflammatory

changes during atherogenesis [263]. Moreover, Mohan et al. demonstrated an elevated NF-

κB response with prolonged low steady and oscillatory shear stress (2 ± 102dynes/cm2) when

compared to high shear stress (16 dynes/cm2) in human aortic endothelial cells (HAECs) [264].

3.3.3 In vivo studies

Animal studies of inflammation in vivo included systemic modification with cytokines, local

changes with constrictive cuffs around arteries, dietary stimulus or no intervention. The major

limitation of all in vivo studies was the lack of ground truth flow information.
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3.3.3.1 Studies with cytokine stimulus

Partridge et al. [201] demonstrated NF-κB dependent luciferase activity to be significantly

higher in the aortic arch (disturbed flow) than in the descending aorta (laminar flow) in NF-

κB luciferase reporter mice without any external stimuli. Elevated inflammatory activity (800

photons/sec/cm2) was measured in the aortic arch (n=3) and a baseline (500 photons/sec/cm2)

was measured in the descending aorta. When treated with TNFα (n=4, 20 ng/ml), activation

was the same at both locations and much higher (3000 photons/sec/cm2). This suggests that

NF-κB has weak constitutive activity in EC in disturbed flow in vivo and can be strongly

triggered by TNFα in either disturbed or non-disturbed flow regimes. Translocation of NF-κB

was not shown. Boven et al. showed that LPS induced endothelial priming in the inner lining

of the aortic arch of C57/BI6 mice 30 - 120 minutes after injection [254].

3.3.3.2 Studies with mechanical stimulus

Cuhlmann et al. [255] demonstrated elevated NF-κB expression in atherosusceptible sites of

murine aorta and in the carotid artery that was modified with a constrictive cuff. The inner

curvature (susceptible site) of the arch of the aorta showed significantly higher mean fluorescence

intensity, indicating RelA levels, in wild type (n=3) and JNK1 knockout (n=3) mice compared

to the outer curvature (protected site). Similarly, in the constrictive cuff model (n=3 and n=7)

fluorescence intensity was higher at susceptible sites. The proportion of RelA in the nucleus was

also higher in susceptible sites. The authors concluded that low shear stress primes EC and low

oscillatory shear stress induces translocation. However, according to the supplementary data,

the RelA signal only poorly co-localized with nuclear position with a NCR<0.42. The image

provided showed very weak and very sparse translocation of NF-κB into the nucleus. Both in

the aorta and the cuff modified artery, fluorescence intensity at the atheroprotective site was

close to zero or zero.

Keulen et al. observed NF-κB activation in regions of high and low shear stress with dis-

turbed flow when ligating the carotid artery [265] and Cheng et al. observed pro-inflammatory

activity with elevated expression of VCAM-1 and IL-6 in regions of disturbed flow upstream and

downstream of a cuff [266]. Go et al. used partial ligation of the left carotid artery (LCA) in

transgenic male mice expressing human Trx1 to demonstrate nuclear translocation in regions of

disturbed flow. They compared translocation in the left and right carotid artery (RCA). The
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presented images do not support their finding of increased translocation but rather show strong

priming in the LCA compared to the RCA [267].

3.3.3.3 Studies with dietary stimulus

Harry et al. [248] fed a Western diet for 13 weeks to Pecam1−/−Apoe−/− (n=2) and Apoe−/−

(n=2) mice aged 10 weeks at the start of the investigation. Translocation of EC NF-κB was

significantly elevated in the lesser curvature of the aorta of Apoe−/− mice, with 80% NF-

κB intensity in the lesser curvature compared to 50% in the greater curvature, but not in

Pecam1−/−Apoe−/− mice. In all cases, NCR was greater than 1. No cytoplasmic signal could

be observed in the data provided.

Hajra et al. [268] demonstrated NF-κB activity in atherosusceptible sites in the ascending

aorta and aortic arch of LDLr−/− mice treated with endotoxins (up to 100 µg 005:B5 LPS)

or fed with an atherogenic diet. In atherosuceptible sites LPS induced a significant and dose-

dependent nuclear translocation, whereas in protected sites activation was sparse or non-existent.

Dietary stimulus for 2 weeks led to high nuclear translocation in atherosusceptible and -protected

sites of wild-type mice but not in LDLr−/−. The translocation happened before any oil red

O-stainable lesions were visible. The authors conclude that hypercholesterolemia provides a

stimulus independent of haemodynamic factors. Similarly, comparison of susceptible C57BL/6

and resistant C3H/HeJ mice showed significant NF-κB-like activity [269]

3.3.3.4 Studies without adverse external stimulus

Tzima et al. [66] demonstrated a five-fold higher nuclear:cytoplasmic ratio of p65 and elevated

levels of ICAM-1 at branch points of wild-type mice (n=3) compared to athero-resistant regions.

Moreover, immunostaining was undetectable in areas of laminar flow. These data suggest that

disturbed flow in the aorta leads to constant, chronic translocation of NF-κB under normal

conditions. In contrast, Hajra et al. [268] observed 5 - 18 times higher expression levels of p65

in the cytoplasm of atherosusceptible sites in standard chow-fed wild-type and LDLr−/− mice.

Activation of EC was sparse suggesting that NF-κB transduction primed ECs but did not trigger

a pro-inflammatory response. The number of nuclei that showed elevated levels of NF-κB was

12% in susceptible sites compared to 2% in protected sites and was hypothesized to be linked to

unique local haemodynamic properties. The provided nuclear images differed from the typical

cobblestone pattern of EC and the nuclei were not round. The authors concluded that a direct
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role for haemodynamics in NF-κB activation was not established and suggest that blood flow

acts only as a mediator to the magnitude of expression.

Passerini et al. performed a biological pathway analysis in regions of disturbed flow in aortas

of eight adult pigs; the aortic arch and descending thoracic aorta were selected as regions of dis-

turbed flow and undisturbed flow, respectively. They observed up-regulation of pro-inflammatory

and antioxidant gene expression and predominantly cytoplasmic NF-κB. Comparison between

atheroprotected and -susceptible sites showed no significant differences in pro-inflammatory ac-

tivity. Remarkably, protective profiles of enhanced antioxidative expression existed in both

regions. The authors concluded that coexisting pro-inflammatory and antioxidant EC tran-

scription profiles are in balance, which suggests that flow is a mediator of inflammation and not

an activator, and other risk factors might shift the balance to lesion development. As regions

of disturbed flow and undisturbed flow the aortic arch and the descending thoracic aorta of the

adult porcine aorta were selected [270].

3.4 Discussion

The reviewed literature provides strong evidence for a relationship between blood flow and

pro-inflammatory activity but is not conclusive. Atherosclerosis is an inflammatory disease

and inflammatory expression is regulated through an NF-κB-dependent mechanism. A strong

correlation between atherosclerosis and the arterial inflammatory status has been reported [7–9].

However, whether blood flow causes a NF-κB response or simply plays a mediating role in its

expression has not been answered [271].

3.4.1 Unclear definition of disturbed flow

The ambiguity in the definition of disturbed flow and, to an extent, the contradictory findings

suggest that factors other than the absolute WSS magnitude influence pro-inflammatory activity

[252]. In fact, the biological definition of "suceptibility" is challenging and cannot simply be

defined by flow characteristics [17] especially when said flow characteristics are not known. The

arterial wall may be considered atherosusceptible when primed in a pre-lesional state and may

express below baseline NF-κB activity (atheroprotective) when exposed to laminar shear stress

for extended periods of times [251]. Moreover, when considering flow characteristics alone in the

definition of susceptible sites, other hypothesis are not considered e.g. that disturbed cyclical
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stretch plays a role in determining protective or susceptible regions [272].

3.4.2 Inconsistent WSS magnitudes

WSS magnitude can change the tendency of EC to express NF-κB. The reviewed body of work

has demonstrated inflammatory activity in regions of low shear stress, high shear stress, oscilla-

tory shear stress and even long-term laminar flow.

3.4.3 Inconsistent time-scale

The pro-inflammatory cascade regulated through NF-κB is fast and short-acting (10-30 min-

utes) [242]. Anti-inflammatory activity starts with down-regulation of NF-κB dependent genes.

In addition, flow-dependent regulation of KLF2 has been observed [273] and acute exposure

of monocytes to oxidized LDL has been demonstrated to activate NF-κB, but prolonged expo-

sure does not [240]; similar time-dependent effects in EC are conceivable. The large timescale

difference between acute and chronic experiments might explain the different findings.

3.4.4 Inconsistent findings of translocation and priming

To exert a transcriptional effect and start pro-inflammatory activity, NF-κB has to be activated

and translocated to the nucleus. Increased expression of cytoplasmic NF-κB in areas of low shear

stress, however, can indicate a priming of ECs for activation upon a pro-inflammatory stimulus

[10]. In vivo NF-κB translocation was found in less than 15 % of ECs [251] in atheroprone sites;

it was primarily priming that was observed. This suggest a mediating role of flow. NF-κB can

not only be located in ECs but also in SMCs and macrophages [274]. Interestingly, Blaecke et al.

showed that cell permeabilization for immunostaining influenced accessibility of the antibody to

NF-κB epitopes and altered the relative detection of intra- and perinuclear NF-κB signal [256].

A combination of such factors might be the reason that EC priming was mostly found in vivo

but not in cell culture studies where translocation was more common.

3.4.5 Cell culture studies and mechanism

Reductionist cell culture experiments provide an excellent tool for mechanistic understanding.

In the reviewed literature, disturbed shear stress was sufficient to trigger NF-κB translocation
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with or without external stimuli. However, in vivo flow was not sufficient to fully activate NF-

κB. Cell culture models do not model the complexity of the NF-κB pathways and its initiation.

Isolated findings could not easily be translated to general behaviour e.g. NF-κB response to

flow dependent on cell alignment [251]. NF-κB activation is mediated by IκB which in turn

is determined by IκB kinase [275]; these may have their own mediators. Secretion of NF-κB

is also activated by oxidative stress and chemokines [276]. The concentration of chemokines in

cell culture are unlikely to be achieved in tissues, and oxidative stress is also greater in culture.

Disturbed flow stimulated prolonged NF-κB activation compared to acute laminar flow which

activated NF-κB only transiently [260]. The response of single cells is also heterogeneous and

single cell dynamics under TNF-α stimulus vary significantly [277].

3.4.6 Causality and correlation

The evidence are consistent with at least a mediating role of blood flow-induced NF-κB acti-

vation on arterial inflammation. However, many studies only show correlations; interventions

are required to demonstrate causality. Around mechanical constrictions, both low and high

WSS were observed to cause a pro-inflammatory response. A mechanical cuff may alter local

blood pressure or injure the adventitia, an area that contains inflammatory cells and partici-

pates in the process of atherosclerosis [248]. The cuff may act akin to a stent, which can induct

a prolonged inflammatory response [278]. Moreover, the use of a mechanical intervention may

prove discriminatory to investigate the effect of flow given the role of inflammation in normal

host defences [239]. Similarly, while the lipid levels of both strains of mice in the study by

Harry et al. were measured to be the same (LDL=1200 mg/dL, Total Cholesterol (TC) =

1200 mg/dL, Triglycerides (TG) = 80 mg/dL), LDL and TC were significantly higher than

what was found in plasma lipid profiling of standard diet Apoe−/− mice (LDL=178 mg/dL,

TC=412mg/dL, TG=102mg/dL), higher than dyslipidemic humans (LDL = 154mg/dL, TC =

226 mg/dL, TG = 154 mg/dL) and much closer to cholesterol fed LDLr−/− mice, a model

of hypercholesterolemia [279]. Causality between disturbed blood flow and NF-κB activation

cannot be demonstrated [271].
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3.4.7 Blood flow

A larger number of cell culture studies apply laminar preconditioning and acute changes in flow

to model the effect of disturbed flow. Adaption of vascular EC to flow under laminar shear

stress downregulates the inflammatory response. In disturbed flow magnitude and direction of

WSS constantly changes and EC fail to adapt; for examples cells show a cobblestone pattern

and do not align with major WSS metrics. The preconditioning flow characteristics - laminar,

unidirectional flow - are unlikely to occur in large arteries in vivo, where flow is at least pulsatile.

Similarly, acute changes in flow direction in healthy subjects should not occur. Moreover, without

direct quantification of haemodynamic factors in vivo, it is uncertain if flow up-regulates NF-κB

expression in susceptible sites or rather down-regulates expression in protective sites.

3.4.8 Irregular findings

Tzima et al. [66] reported large rates of translocation of NF-κB that were not found in other

studies. They did not provide any information about the laboratory diet, any external stim-

ulus or explain the high NCR in atheroprotected sites. Their data suggest permanent NF-κB

activation in regions of disturbed flow, which is unlikely but could be the case [245]. The data

are not in agreement with other studies reviewed here, in which nuclear translocation was only

found with an atherogenic diet or external stimulus and only in atherosusceptible sites [17, 268].

Moreover, although very high levels of p65 expression can be observed in vivo, translocation was

only seen in a minority of EC (15 %) [268]. Similarly, the results of Cuhlmann et al., with near

zero or zero levels of RelA expression in atheroprotected sites [255], are difficult to comprehend.

NF-κB is thought to be dormant in the healthy EC and is sequestered in the cytosol at all times,

bound to IκB. It has been shown that the extent of atherosclerotic lesions shows large variation

between subjects. This is attributed to regional differences in haemodynamics and phenotypes

and could be an unlikely explanation [268, 270].

3.5 Conclusion

The roles of blood flow and inflammation in the initiation of atherosclerosis and the relation

between inflammation and blood flow are still subjects of debate [280, 281]. For example, some

depart from the mainstream sufficiently far as to suggest that atherosclerosis may represent a
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variant of cancer [282, 283]. Reductionist approaches are simple and help in mechanistic under-

standing but their simplicity and partiality does not agree with the arterial response in vivo. The

biggest limitation of experiments to date is the incompleteness of the models. Specifically, for in

vivo experiments knowledge about the flow regime characteristics of atheroprone and -protected

sites is required and simple assumptions are not sufficient. Moreover, the statistical power of

all in vivo experiments reviewed here was low. For that reason, investigations based on the

aortic arch are not desirable as they offer only a single site per animal. Instead other regions of

the arterial tree should be considered. The experiment must also be able to determine between

correlation and causality, which an arterial cuff cannot, due to the large number of variables

that are affected simultaneously. For this reason, accurate quantification of inflammation and

WSS, the latter via visualisation of arterial blood flow, are highly desirable. In the course of this

work novel methods of determining spatiotemporal varying flow and WSS will be developed and

the pro-inflammatory activity will be measured around the intercostal branches of the rabbit

aorta. Current evidence suggest that NF-κB and flow are mediators of inflammation and not

activators, but their relation is still inconclusive.
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Chapter 4

Determining two-dimensional WSS

using contrast enhanced UIV

To investigate the relation between blood flow and pro-inflammatory changes in arterial en-

dothelium we first require an accurate technique capable of measuring flow and WSS in vivo

in the rabbit abdominal aorta. The next three chapters describe the development of a tool

for accurate flow and WSS measurement starting with a 2D contrast-enhanced assessment, pro-

gressing to a contrast agent free measurement, and finishing with a 4D volumetric flow and WSS

measurement. This chapter describes the first step of broad-view WSS measurements in vivo

in the abdominal aorta of NZW rabbits using high-frame-rate, contrast-enhanced UIV that is

independent of beam angle and vessel number, branching or curvature.

The chapter begins with a summary of the basic principles of contrast-enhanced plane wave

ultrasound imaging, its difference to focused wave imaging, and methods of clutter filtering, flow

simulation and UIV. On this basis, the development and optimisation of contrast enhanced flow

velocity and WSS mapping in vivo in the abdominal aorta of rabbits are presented. Parts and

entire sections of this chapter have previously been published [284]; compare Section 2.6.3.

4.1 Principles of ultrasound imaging

This description follows [285–287] unless otherwise stated. Medical ultrasound imaging or sonog-

raphy is real-time, is non-ionizing and its cost is much lower than other medical imaging modal-

ities. Ultrasound imaging uses high-frequency sound waves to generate an image based on the

pulse-echo principle. Commonly, frequencies range between 1 MHz to 30 MHz but they can ex-
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ceed this range. Usually a short pulse is emitted from an array transducer that travels through

the medium as an acoustic wave with characteristic properties depending on bandwidth, pulse

length, frequency and attenuation. Reflection from tissue boundaries and scattering from smaller

targets due to an impedance mismatch generate an echo of which some part travels in the oppo-

site direction to the initial pulse. The echo signal is collected by the elements of the transducer

and converted into a dynamic visual brightness mode (B-mode) image. In its simplest form,

the B-mode image is formed by a superposition of relative origins of the echos based on the

time delay and simple Euclidian geometry. Beamforming both in transmission and reception

characterise the ultrasound imaging modality and its properties including field of view, signal

to noise ratio and resolution. Transmission and reception methods can be categorized by: the

shape of the wave - focused wave, plane wave or diverging wave; by its sequence - pulse inversion,

amplitude modulation or chirp-coded excitation; by frequency specificity - fundamental imaging,

second harmonic imaging or subharmonic imaging; or by its source - curved transducer, linear

transducer or synthetic aperture, to name only a few.

The high pulse repetition frequency (PRF) enables combined flow and brightness imaging e.g.

spectral Doppler, continuous or pulse-wave Doppler or colour Doppler and the use of contrast

agents has opened up new ultrasound imaging applications such as tumor perfusion imaging,

molecular imaging [288] or super resolution imaging beyond the physical resolution limit [289].

This list is just a short summary of major applications and not comprehensive of ultrasound

imaging, let alone functional or therapeutic ultrasound or imaging with 2D array transducers.

For a complete overview the reader is directed to [286].

4.1.1 Focused wave imaging

This description follows [285–287] unless otherwise stated. In A-mode, a single element trans-

ducer creates a one-dimensional scan, the amplitude of which is displayed as a function of depth

(vertical) or space (horizontal). The A-mode signal envelop reveals local differences in density

and velocity. Similarly, M-mode translates differences in density and velocity based on the rel-

ative position of its origin into a scaled one dimensional image of echo-producing features as

a function of time. This information can be used e.g. to measure blood vessel diameter over

time. M-mode is essentially a single B-mode line along time. A B-mode image transforms the

amplitude of echoes in their corresponding origin to a pixel value of certain brightness, hence

brightness mode or B-mode. The B-mode image illustrates a slice trough the body parallel to
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the direction of propagation. Originally, B-mode images were acquired by mechanically sweep-

ing a single element transducer along a field of interest. Nowadays array transducers consist of

multiple elements which allow line-by-line acquisition without moving the transducer.

Each line of the B-mode image is generated by a specific pulse-echo sequence, sequentially

line-by-line. The beam width and focal point are dependent on the beamforming in transmission.

The beam width governs contrast and spatial resolution of the image. Transmit focusing creates

a narrower ultrasound beam at depth by emitting a concave wave front. The width at the

focal point is proportional to wavelength and inversely proportional to the size of the aperture.

In linear array transducers, focusing in the elevational plane is performed using mechanical

features e.g. a curved source or acoustic lens. The focus in the elevational plane is fixed by

the geometry of the source. In the scan or lateral plane, multiple elements of the transducer

can be used for focusing specifically at the imaging depth and relative lateral position to the

transducer. To improve lateral resolution, a scan line can be divided into multiple depth zones

with each transmission pulse dynamically adjusting its focal length. Focusing in transmission

can be achieved through the selection of aperture, time delays or apodization, which reduces

side lobes but increases beam width. Similarly, dynamic receive focusing significantly improves

lateral image resolution. Signals from multiple channels are electronically delayed and summed

with a different focus/ delay for each depth; also known as delay and sum beamforming.

Each column of a B-mode image in conventional focused ultrasound is built sequentially,

which inherently limits the temporal resolution. The first line of a 128 element probe is refreshed

only after all following 127 elements have transmitted and received respective signals. Multi-

zone dynamic focusing requires multiple scans of each line and is directly linked to a decrease

in temporal resolution. The frame rate is proportional to the speed of sound and inversely

proportional to number of elements, number of focus zones and imaging depth e.g. at 100

mm depth and 128 elements with fixed focus according to fs = c
ntne2d

maximum frame rate is

roughly 60 fps (nt describes number of transmissions, ne is the number of elements and d is the

imaging depth). In practice, time-saving techniques e.g. parallel dynamic focusing of several

spaced lines can increase the speed of acquisition [290] and 100 mm is very deep. However,

most common frame rates of focused wave ultrasound are still between 30 - 60 fps because

image quality is prioritized over speed. These low frame rates do not suffice to capture the

complex spatiotemporally varying flow in large vessels with peak velocities between 1 - 4 m/s.

For example the Verasonics L11-4v probe covers a lateral field of view of approximately 40 mm
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using 128 elements. At 30 fps and 1 m/s peak velocity blood travels 33.3 mm or 83 % of the

field of view per frame or 0.26 mm per scan line which has roughly a width of 0.31 mm. At 60

fps the travel distance reduces to 42 % and at 0.5 m/s and 60 fps to 21 %. Translations this

large limit the accuracy of flow estimation in high velocity regimes with a conventional focused

wave system.

4.1.2 Plane wave imaging

This description follows [285, 286, 291] unless otherwise stated. Ultrasound applications have

always been shaped by technological innovations of hardware and software components. Me-

chanical scanning in 1960s was one of the first opportunities for real time imaging of body parts,

and the introduction of microprocessors in 1970s enabled electronic control of transducer arrays,

which allows dynamic focusing. Digital signal processing in 1980s revolutionized cardiovascular

diagnostics with Doppler flow imaging, low cost A/D converters and large bandwidth transduc-

ers in the 1990s greatly improved image quality with compound and harmonic imaging, and

miniaturization in the 2000s led to new imaging applications. Despite early conceptualisation

[292, 293], plane wave imaging has only become viable with the introduction of digital beam-

forming [294] and high-speed GPU processing in the 2010s, which allow parallel processing on

thousands of digital channels and no longer requires integrated hardware processing channels.

Plane wave imaging enables the visualisation of a large field of view at frame rates from 1kHz

up to 40kHz.

Plane wave imaging originates from the idea that instead of emitting a focused wave to build

the image line-by-line, a single pulse-echo sequence can be used to generate a plane wave that

insonifies the whole image region by simultaneous excitation of all elements as illustrated in

Figure 4.1a. The transmitted wave does not exhibit a lateral focus and only the backscattered

signal Figure 4.1b is beamformed in reception. The beamforming Figure 4.1c is performed in

software, which allows for full parallelization of the image formation [295]. For this reason plane

wave imaging is often referred to as ultrafast ultrasound. Fundamentally the frame rate of

ultrafast ultrasound is only limited by the speed of sound and imaging depth. According to

the previous example at 100 mm depth following fs = c
2d the maximum frame rate is roughly

7700 fps or around two orders of magnitude faster than in the example with the focused wave.

Analogous blood with 1 m/s peak velocity travels 0.13 mm or 0.33 % of the field of view per

frame. The small displacement allows for accurate estimation of velocities e.g. ultrasound
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Figure 4.1: Principle of plane wave imaging with single transmission: (a) Emission of a plane wave by
simulataneous excitation of all transducer elements. (b) Reception of backscattered echoes depending on
depth (c) Dynamic beamforming and reconstruction of B-mode image of rabbit kidney.

elastography [296], ultrasonic speckle velocimetry [297], flow imaging with synthetic aperture

[298] or ultrafast Doppler flow imaging [299]

As the name suggests, unfocused plane wave imaging does not focus the ultrasound beam

in transmission, which comes at the expense of reduced contrast, spatial resolution and limited

penetration depth. To increase contrast, spatial resolution and transmitted energy, several plane

waves are emitted that are tilted in respect to the surface plane of the probe. Subsequently, the

backscattered signal of all tilted plains is coherently compounded into a single high resolution

image [300]. The number of emissions and angle range are the main determinants of contrast and

spatial and temporal resolution [301]. With increasing number of transmissions at a small angle,

contrast increases and with increasing angle range the spatial resolution increases. With an

increase in the number of transmission a higher power is transmitted and temporal resolution is

decreased. To benefit from the higher frame rate in plane wave imaging, a compromise between

image quality, amount of data and frame rate has to be made. In addition motion artefacts

between angles must be compensated.
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4.1.3 Microbubble contrast agents

Ultrasound microbubble contrast agents are typically 1 - 7 µm in diameter and are made from

a lipid shell filled with gas; they are highly echogenic [302]. Microbubbles increase imaging

sensitivity in areas where the ultrasound signal is conventionally weak and are used to trace

structures, quantify transport kinetics or visualize flow. Microbubble contrast agents exhibit

unique non-linear properties because of the speed of their compression and expansion during

sonification. These properties can be used for blood flow specific imaging even with slow or no

flow, through nonlinear pulsing sequences in harmonic imaging such as pulse inversion or ampli-

tude modulation [303]. By suppressing the linear tissue signal, microbubbles are isolated from

surrounding tissue, a characteristic that makes contrast agents especially suitable for measuring

flow near the vessel wall. However, as the imaging frequency increases beyond the population

resonance frequency of the microbubbles, nonlinear imaging schemes become less effective and

instead signal filtering techniques are used. In these circumstances, the non-linear effects of

microbubble contrast agents are neglected.

Non-thermal bio effects of ultrasound can be described by the mechanical index (MI). The MI

is defined as peak negative pressure divided by the square root of the frequency of the ultrasound

wave and plays an important role in contrast imaging. A higher MI leads to higher acoustic

pressure amplitudes and corresponding larger echo amplitudes. For contrast imaging, usually

an MI between 0.05 - 0.15 but at most below 0.3 is selected to avoid microbubble destruction

due to ultrasound induced cavitation [304]. The non-linear response of a microbubble depends

both on MI and frequency and a high MI does not equate to a large non-linear response.

Besides the classic applications of microbubble contrast agents others ultrasound contrast

agents and applications exists. Nanodroplets are essentially compressed microbubbles which on

selective vaporization become visible; they play a role in super resolution imaging or extravasa-

tion and drug delivery [305]. Genetically modified gas vesicles from bacteria [306] and targeted

microbubbles can be used for molecular imaging of ICAM-1 and VCAM-1 [307] and modified

magnetic contrast agents for theranostics [308] can be used in controlled tumor perfusion quan-

tification [309] to name a few examples. Microbubbles can also be used for controlled cavitation

in order to open the blood brain barrier [310].
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4.1.4 Singular Value Decomposition clutter filtering

To better visualize microbubble contrast agents and to measure flow velocity and its derivatives,

clutter signal and noise must be suppressed. Non-linear imaging schemes minimize clutter

signal but as the ultrasound frequency increases they become less effective. Instead, digital filter

techniques are used to further enhance the SNR.

Ultrasound flow imaging data S(x, z, t) ∈ C consists of three signal components originating

from clutter C(x, z, t), fast moving blood or microbubbles B(x, z, t), and thermal and electrical

white Gaussian noise N(x, z, t), where t is the time of acquisition and x and z are the lateral

and axial coordinates, respectively [311].

S(x, z, t) = C(x, z, t) +B(x, z, t) +N(x, z, t) (4.1)

In conventional focused wave ultrasound, static spectral finite and infinite impulse response

filters (FIR/ IIR) such as a simple linear regression (SLR) or bandpass (BPF) filter are used.

They are based on the reasonable assumption that tissue and blood signal to a large extent have

different spectral characteristics. However, tissue motion induces artefacts and slow flowing

blood is temporally coherent with tissue, making both indistinguishable in the time-domain

from clutter [312]. Unlike spectral filters which use the Fourier basis to represent data, eigen-

based filters create a basis specific to the data and work on the assumption that clutter, blood

speckle and noise have not only different temporal but also spatial characteristics [313]. Tissue

is spatio-temporally coherent whereas blood and noise are spatio-temporal incoherent.

One eigen-based method is Singular Value Decomposition (SVD). SVD is a powerful matrix

factorization which has been widely applied across ultrasound research [312, 314–319]. Partic-

ularly for blood flow imaging, SVD has been extensively used to extract blood or microbubble

signal from noise and clutter at high ultrasound frequencies [320–323]. In order to use an SVD

filter on the RF-data, the signal S(x, z, t) is reorganised into a two dimensional spatio-temporal

Casorati matrix Sc ∈ Cnxnz ,nt and then factorized by SVD into a weighted, ordered sum of

separable matrices as illustrated in Figure 4.2.

Sc = U∆V ∗ (4.2)

where ∆(nxnz, nt) is a diagonal matrix and U(nxnz, nxnz) and V ∗(nt, nt) are orthonormal
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matrices of rank(nt). The diagonal entries of ∆ are called the singular values and are ordered

by size such that (σ1 ≥ σ2 ≥ ... ≥ σnt ≥ 0). The columns of U are the left singular vectors

of Sc and the row of the complex conjugated V ∗ are the right singular vectors of Sc. U and

V form the spatial and temporal orthonormal basis which describe the spatial and temporal

variance of the data. Or in other words, the SVD clutter filter identifies similar characteristics

over space and time for individual pixels. The symbol ∗ represents the Hermitian transposition

of the matrix. Mathematically, the decomposition corresponds to finding the eigenvectors and

eigenvalues of the covariance matrices ScS
∗
c and S∗

cSc

ScS
∗
c = U∆∆∗U∗ (4.3)

S∗
cSc = V∆∗∆V ∗ (4.4)

The eigenvectors can be thought of as a least square linear fit of the direction of maximal

residual variance or decreasing spatiotemporal coherence and the eigenvalues give a weighting

to how large a contribution each signal component makes to the whole data set. The row-rank

of the singular value matrix determines the number of singular values and, as a consequence,

the number of spatial eigenvectors which can be modulated along time by the complex signal

of its corresponding temporal eigenvector. This explains the use of SVD in ultrafast ultrasound

imaging with a high number of total frames.

4.1.4.1 Singular value image reconstruction

Successful SVD filtering relies on the assumption that clutter and fast moving blood or mi-

crobubbles are each represented by different subsets of singular values; that is, they must be

uncorrelated and lie on orthogonal subspaces. Because tissue will consistently move together

over time and thus exhibit high spatiotemporal coherence, it should require a low number of

spatial eigenvectors to be represented, so most of its energy - which is often orders of magnitude

stronger than that of the flow - should lie in a small subspace spanned by few spatial eigen-

vectors (σ1 − σt1). On the other hand, blood flow has less spatiotemporal coherence and will

therefore spread on a large number of singular vectors (σt1 −σt2). Lastly, noise, being randomly

distributed, will lie mostly in the subspace defined by the eigenvectors associated with the lowest

singular values (σt2 − σnt). The use of contrast agents changes the relative magnitude between
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flow and clutter and can break these assumptions. By combining only the desired singular

values, the signal S can be rewritten as the sum of the decomposition.

Sk(x, z, t) =

nt∑
k=1

σkukv
∗
k (4.5)

Each singular value σk represents the contribution of each subspace ukv
∗
k to the original

signal. Normally, filtering is performed by defining two cut off points for the spectrum: a low

value t1 is selected to reject tissue signals whose singular value magnitude is greater than t1,

and a high singular value t2 is selected to remove noise, by suppressing all singular values below

t2. The final dataset is reconstructed using all singular values whose magnitude lies between t1

and t2. Figure 4.2 graphically illustrates a cluttered ultrafast signal of a rabbit kidney that is

reshaped into a Casorati matrix, decomposed into singular vectors and values, and subsequently

reconstructed into a clutter free image.

Figure 4.2: SVD filtered acquisition of a rabbit kidney (Name: OUTO). Spatio-temporal reorganisation
of the image stack S(nx, nz, nt) into a Casorati matrix Sc(nxnz, nt). Singular value decomposition into
left U(nxnz, nxnz) and right V (nt, nt) singular vector and diagonal matrix ∆(nxnz, nt) of singular values
σk with rank(nt). Reconstruction of image from a subspace with lower singular values.

4.1.4.2 Singular value cut-off selection

The lack of a theoretically grounded methodology for the selection of singular value cut-offs t1

and t2 has long been cited as a limitation of the SVD technique and different methods have been

proposed to automate the cut-off selection. Current methods illustrated in Figure 4.3 include

an arbitrary threshold, maximisation of SNR, analysis of singular value magnitude, frequency

of the right singular vector [314] or spatial similarity matrix of subspaces [324].

In the magnitude plot of singular values, the first turning point of the curve is often described

as the ideal cut-off between tissue and flow (Figure 4.3b first dot) and the point where the graph
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Figure 4.3: Estimators of SVD cut-off value. (a) Spatial similarity matrix with three highly separable
subspaces. (b) Turning point of singular value curve defines the cut-off t1 between blood and tissue. (c)
First inflexion point of mean Doppler frequencies determines the optimal cut-off t1.

starts to decrease in a linear fashion is regarded as the cut-off between flow and noise (Figure

4.3b second dot). Similarly, the first bump in the frequency plot is thought of as the clutter to

tissue cut-off (Figure 4.3c first dot) and the point where the frequencies of the right singular

vector plateau is the cut-off between blood and noise (Figure 4.3c second dot). An arbitrary

threshold for noise can be set at -60 dB and for tissue above -10 dB.

In the course of this work, thresholds are selected based on spatial similarity of the left sin-

gular vectors Figure 4.3a. Each singular vector uk represents an image modulated along time v∗k
and weighted by a scalar σk. Assuming spatio-temporal coherence of tissue and spatio-temporal

incoherence of blood, the intensity of the spatial singular vectors |uk| should be correlated within

the tissue and blood domain, but not between them. Mathematically, spatial similarity is just

a correlation matrix of all left singular vectors,

C(n,m) =
1

nxnz

nxnnz∑
p=1

(|un(p)| − |un|)(|um(p)| − |um|)
σnσm

, (m,n) ∈ [[1, nt]]
2 (4.6)

thus creating two distinct rectangles in the correlation matrix. Unless noise is independent,

which will result in a third rectangle, it can be separated based on a minimum correlation

magnitude. The more the shapes in the correlation matrix Figure 4.3a exhibit 90°degree corners

the better the separation is between them. A much simpler calculation of the spatial similarity

matrix can be realized with the Matlab function corrcoef(U).
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4.1.5 Echo particle image velocimetry

Plane wave echo particle image velocimetry (echo-PIV), also known as ultrasound image ve-

locimetry (UIV), is the combination of B-Mode sonography and 2D particle image velocimetry

to capture a two-dimensional flow field in optically opaque geometries non-invasively. UIV orig-

inates from optical PIV and overcomes the limitation of angle dependence or limited aperture

size of Doppler methods. It is done through tracking the local displacement of particles as il-

lustrated in Figure 4.4. Echo-PIV is both used to detect fast flow [284, 325, 326] using contrast

enhanced plane wave imaging and slow flow using focused wave imaging [327, 328].

Figure 4.4: Principle of ultrasound image velocimetry. (a) B-mode image of a straight tube seeded with
microbubble contrast agent. (b) B-mode divided into square interrogation windows of equal size. (c)
FFT cross-correlation between interrogation windows of consecutive images. (d) Determination of whole-
field displacement by peak fitting of cross-correlation matrix. (e) Resulting parabolic velocity field from
displacement field with known time delay.

This description follows [329] unless otherwise stated. The basic principle of UIV is to

calculate the displacement vector of microbubbles in two consecutive B-mode images separated

by a known time delay in order to determine their velocity. Images are divided into interrogation

windows and a displacement vector for each patch is determined using cross-correlation methods,

including fast Fourier transform (FFT) and direct cross-correlation (DCC). Mathematically,

DCC can be calculated as follows
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Rk(x, y) =

m∑
i=1

n∑
j=1

wk1(i, j)wk2(i+ x, j + z) (4.7)

where w1(i, j) and w2(i+ x, j+ z) describe the interrogation windows, x and y the displace-

ment between the two interrogation windows, k the interrogation window pair and i and j pixel

coordinates. Due to DCC’s computational complexity, PIV algorithms for the most part rely

on FFT based cross-correlation [330]. The use of FFT significantly reduces computational cost

compared to DCC from O(N4) to O(N2log2N), where N describes the spatial dimensions. The

FFT cross-correlation matrix is calculated according to

Rk(x, y) = F−1[F (wk1(i, j))F ∗(wk2(i+ x, j + y))] (4.8)

where w1(i, j) and w2(i + x, j + y) describe the interrogation windows, x and y the dis-

placement between the two interrogation windows, F−1 the inverse and F the forward Fourier

transform and ∗ the complex conjugate. To find the displacement the peak location of the

correlation matrix Rk(x, y) is determined as depicted in Figure 4.4c

(ukpx, v
k
px) = argmax(Rk(x, y)) (4.9)

where ukpx and vkpx denote the displacement in pixel; with a known time delay velocities can

be derived. To improve the tracking resolution and accuracy, a sub-pixel displacement detection

e.g. Whittaker interpolator or Gaussian peak fitting can be incorporated [331, 332].

4.1.5.1 Iterative grid refining

The use of the computationally more efficient FFT for cross-correlation comes at the cost of

limitations and uncertainties. FFT on finite domains requires additional operations such as

zero padding and is susceptible to underestimating the displacement; aliasing occurs for large

displacements and a displacement range limitation ofN/2 exists. In practice, a more conservative

limitation known as the one-quarter rule is adopted, which states that any particle displacement

in an interrogation window should be less than a quarter of the interrogation window size.

To counteract limitations of FFT, most PIV algorithms apply a multi-step analysis. The

size of each interrogation window is iteratively decreased by half and the previous displacement

field is used as an initial estimated offset of displacement for its smaller successor, thus effec-
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tively overcoming the one-quarter rule by using interrogation window sizes smaller than the

displacement and increasing spatial resolution whilst reducing error and computational cost.

An iterative approach is specifically useful for high seeding density and high dynamic range of

velocities, which can be found in areas of arterial bifurcation. Instead of decreasing the size of

an interrogation window, the image can be dynamically down-sampled.

4.1.5.2 Multi-grid window deformation

Both DCC and FFT cross-correlation are first order methods and inherently only measure linear

shifts based on the average linear shift of microbbubles within a single interrogation window.

Deformation and rotation e.g. in high-gradient or non-uniform velocity fields cannot be esti-

mated. Multi-grid window deformation corrects for the occurence of second order velocity fields

by iterative deformation of the whole image or interrogation window according to a predictor

grid [333]. For the deformed cross-correlation, Equation 4.8 changes to

Rk(x, y) = F−1[F (w̃k1(i, j))F ∗(w̃k2(i+ x, j + y))] (4.10)

where w̃1(i, j) and w̃2(i + x, j + y) are shifted and deformed interrogation windows corre-

sponding to the velocity gradient of the previous iteration and are defined as

w̃k1(i, j) = wk1

x−∆s(x)

y −∆s(y)

 (4.11)

w̃k2(i, j) = wk2

x−∆s(x)

y −∆s(y)

 (4.12)

where ∆s(x) and ∆s(y) are the corresponding deformation predictor fields. The deformation

is performed through bilinear, cubic or spline interpolation. In combination, deformation and

decreasing the window to a sufficiently small size facilitate the elimination of second order effects.

With each iteration changes in the displacement between the current and previous iteration will

decrease incrementally until an arbitrary stop criterion has been met. The stop criterion was

defined as a maximum root mean square error of the velocity field between consecutive iteration.
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4.1.5.3 Incoherent ensemble correlation

Between each iteration, spurious vectors are eliminated from the displacement field [331]. Spu-

rious vectors might occur if the image quality is poor and peak correlation is lower than random

correlations, or as a result of a loss of correlation signal from fast in-plane and out-of-plane mo-

tion, or if motion blur occurs. To minimize these effects of fast-flowing microbubbles in coherent

compounded images, incoherent ensemble-correlation can be used [334]. Each low resolution

image of a multi-plane wave acquisition is cross-correlated with its respective consecutive image

in time. Subsequently, averaging the correlation planes of each low resolution image pair before

performing a peak search and estimation of the average displacement increases accuracy.

4.1.5.4 Pre-processing

To improve the SNR, a SVD clutter can be applied to each stack of low resolution images prior

to the UIV analysis.

4.1.5.5 Post-processing

Post-analysis, the displacement vector field is filtered using a proper orthogonal decomposition

(POD) [335]. POD factorizes the flow field into a series of linear modes representing the energy

in the flow. Modes with eigenvalues near zero correspond to low energy noise. Discarding

low energy modes highly decreases spatial and temporal fluctuations and improves gradient

estimation for the shear stress measurement.

4.1.6 Vessel wall segmentation

The WSR is derived from the velocity profile along the wall normal. In addition to the velocity

field, the location and orientation of the arterial wall must be determined. Image segmentation

techniques can be categorised in object localization and object detection. The former, semantic

segmentation, describes the classification of an object to a particular class, whereas the latter,

instance segmentation, assigns different objects of the same class. To track the vessel wall a se-

mantic segmentation is performed e.g. a binary mask of the lumen is determined. A number of

techniques from region based segmentation e.g. Otsu’s method [336], edge detection e.g. canny

edge method [337], clustering e.g. k-mean clustering [338] or graph-based segmentation [339]

have been demonstrated for (retinal) blood vessel segmentation. However, the unique character-
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istics of speckle pattern in ultrasound imaging do not facilitate the use of these classical methods.

Recently, convolutional neural networks (CNNs) have demonstrated precise segmentation of ul-

trasound data [340–342], but CNNs can be impractical due to their requirement of large sets of

training data. Instead a three step wall segmentation algorithm was developed as illustrated in

Figure 4.5. A manually placed mask as shown in Figure 4.5 A initiates a region based level-set

growth model as illustrated in Figure 4.5 B and subsequent peak fitting in outward direction as

demonstrated in Figure 4.5 C.

Figure 4.5: Illustration of the wall tracking algorithm. Top row illustrates the masking process, bottom
row the corresponding ultrasound image and middle section the main action. (A) setting of initial mask,
(B) sparse field method using the SVD augmented image and (C) directional peak fitting to locate the
true boundary.

The initial mask is drawn by the user and only for the first frame. This initiation is used by

the level-set method. Mathematically the level-set method can be defined as follows [343]

φ(x(t), t) = 0 (4.13)

where φ is an evolving surface which describes the front (boundary) where the surface has

no height (φ = 0). x(t) is a point x(x, y) of the front and describes its position over time and

t is time. Initially φ can be any surface that describes the initial contour (mask). The speed

at which x(t) moves can be described as the force F normal to the surface, which defines the

motion equation

φt + F |Oφ| = 0 (4.14)

where x(t) = F (x(t))n and n = Oφ/|Oφ|. To reduce the computational load of the active

contour model the more efficient sparse field method is applied [344]. The sparse field method

only solves the signed distance function near the zero-level set. A list of points that is a repre-
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sentation of φ adjacent to the zero-level set is created to evolve the contour over time based on

Chan-Vese energy. The objective of the Chan-Vese algorithm is to minimize the energy of F.

Interfaces in plane wave ultrasound imaging produce an echo much larger than the boundary

itself [345]. It is therefore necessary to fit the contour from the sparse field method to the true

boundary. A directional peak fitting is applied after the sparse field method to consistently place

the wall position relative to the peak of the echo using a distance transform of the binary sparse

field mask and peak fitting. A correction factor is applied to accommodate for the difference

between the proximal wall (top) that protrudes into the vessel and the distal wall (bottom) that

extrudes from the vessel.

4.1.7 Flow and ultrasound simulation

4.1.7.1 StarCCM+

The motion of fluids can be described by the Navier-Stokes and mass continuity equations.

These analytical solutions can be used to model simple forms of blood flow in large arteries e.g.

Poiseuille or Womersley flow. However, more complex geometries can no longer be solved ana-

lytically and numerical methods are used to approximate iterative solutions to these equations.

Commercially available computational fluid dynamics (CFD) software solves complex flow in

realistic geometries with changing parameters. In the course of this work, flow simulations are

performed with Star-CCM+ v11.02.010.

4.1.7.2 Scatter model

To translate between the flow field and the ultrasound field, a point cloud scatter model is

created. Each point is attributed a position in space and a three-component velocity vector.

Displacement of points is in accordance with desired frame rate and instantaneous velocity at

its location. The scatter model is realized as a Matlab script.

4.1.7.3 Field II

The acoustic field of a pattern of point scatters can be simulated with Field II [346, 347]. An

arbitrary ultrasound transducer and imaging pulse sequence can be calculated based on the

spatial impulse responses estimation method of Tupholme-Stepanishen. The program is limited

to linear systems theory and can calculate the ultrasound field at any given point, taking into
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account the electro-mechanical transfer function of the transducer. Field II is a freely available

toolbox for Matlab.

4.2 Motivation

Haemodynamic WSS is the frictional force per unit area exerted by the flow of blood on the inner

surface of blood vessels. It is the product of the near-wall velocity gradient and the viscosity

of the blood. WSS is known to influence the normal physiology of the ECs lining the wall and

is also thought to be critical in the development of atherosclerosis in arteries, where spatial

variation in WSS may explain the patchy distribution of disease [9–11, 21, 53]. Under steady,

incompressible, laminar flow of a homogeneous Newtonian fluid in a rigid cylindrical tube, WSS

can be estimated using the Poiseuille equation. However, blood flow in large arteries is pulsatile,

arteries branch, curve, twist, taper and translate, and their walls are viscoelastic. For vessels of

this size, blood can be assumed a Newtonian fluid but WSS cannot be obtained analytically; it

must be obtained numerically or by measurement.

Numerical simulations need and make assumptions about vessel geometry, elasticity, and

flow split, which can compromise the findings [348, 349]. On the other hand measurements

require an accurate estimation of the velocity gradient at the wall and exact tracking of the wall

location. Contrast-enhanced ultrasound image velocimetry (UIV), also known as echo Particle

Image Velocimetry (echo-PIV), is capable of broad-view, angle-independent measurement of the

instantaneous velocity field in a plane with high spatiotemporal resolution [325, 331, 350, 351];

and hence shear rate can be resolved with high spatiotemporal resolution [334, 352]. With

known location of the vessel-wall boundary, obtainable with high temporal resolution from the

same images, the WSS in the vessel can be derived [353–355].

In this chapter, 2D UIV and WSS estimation, based on an accurate wall tracking algorithm,

are validated against a realistic pulsatile simulation with moving vessel walls. The vessel segmen-

tation algorithm is validated against manual segmentation of eight in vivo acquisitions. Large

scale 2D WSS measurements in different locations of the arterial tree in vivo are demonstrated.

This include WSS measurement in a straight segment of the suprarenal abdominal aorta, which

is compared to analytically derived and simulated solutions, and WSS in two different regions

of arterial branching-locations considered to be susceptible to disease formation.
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4.3 Methods

4.3.1 Flow and ultrasound simulation

First the flow field and then the ultrasound acquisition of the flow was simulated. CFD simu-

lations (StarCCM+v11) were conducted in a straight vessel with a circular cross section and a

diameter that changed over the cardiac cycle from 2.6 to 2.8 mm. This 8 % wall displacement

was based on the average diameter waveform for the rabbit descending thoracic aortas obtained

from eight previously performed in vivo measurements illustrated in Figure 4.6. Each mea-

surement had been averaged over 3 cardiac cycles. Changes in vessel diameter were calculated

using a 1D cross-correlation algorithm at 10 positions along the vessel wall. The inlet velocity

waveforms were obtained from the same measurements (Figure 4.6). Displacement of the vessel

geometry and mesh generation conformed with the Courant criterion. In the simulation, ves-

sel diameter was prescribed uniformly over the whole length of the 60 mm long vessel through

a field function, using a mesh morpher. The wall was displaced incrementally prior to each

time step according to the diameter waveform. Frequency and viscoelastic dependencies were

ignored. The mean Reynolds number was Re = 78. A constant pressure boundary condition

was imposed at the vessel outlet. A cylindrical extension to the inlet with length (L) of 10

diameters (D) was added to generate the physiological conditions of a Womersley-like flow and

a near fully-developed boundary layer. Blood was assumed to behave as a Newtonian fluid with

density ρ= 1044.0 kg/m3 and viscosity η= 4.043 mPas. WSS was calculated for a single planar

section through the central axis. To accommodate the high pulse repetition frequency (PRF)

required for high frame rate vector flow imaging, the temporal resolution was set to 2.2e-4 per

time step, equivalent to a PRF of 4500 Hz.

To generate simulated ultrasound images of the computed flow, a Verasonics 128 element

L11-4v equivalent B-mode imaging scheme was programmed in Field II [346, 347]. Scatters were

randomly seeded in the vessel. The position Ptn−1(x, y, z) of each scatterer n in the flow region

was displaced at each time step t by its respective CFD-derived displacement vector Vtn(x, y, z)

Ptn(x, y, z) = Ptn−1(x, y, z) + Vtn(x, y, z)∆T (4.15)

Tissue and flow were modeled with a Gaussian distribution around a mean intensity. The wall

was modeled to generate a specular reflection. It was split into three layers, thereby mimicking
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Figure 4.6: Single cardiac cycle velocity and vessel diameter waveforms from in vivo acquisitions in eight
New Zealand White Rabbits. Individual waveforms were obtained in the thoracic aorta by averaging over
3 cycles. They were subsequently averaged to derive mean flow velocities (blue) and vessel displacements
(red).

Table 4.1: Field II simulation setup and scatter properties.

Field II setup
Centre frequency 6.25 MHz Transmit frequency 8 MHz
No. of elements 128 Element pitch 3.00e-4 m
Element width 2.7e-4 mm Element height 5 mm
Sampling frequency 100 MHz Elevational focus 18 mm
Number of sub-apertures 4 PRF 4500 Hz
Number of angles 3 Angle range 12

Scatter Properties Mean SD
Tissue 2.5 0.01
Inner wall layer (Intima) 0 1
Wall (Media) 2.5 0.01
Outer wall layer (Adventitia) 0 0.01
Microbubble 1.4 0.01

the response of the intima, media, and adventitia [356]. The wall thickness was uniform at t

= 200 µm in accordance with in vivo data and previous results [357]. To ensure a homogenous

density of scatterers inside the lumen in the field of view of the transducer, particles were

replaced based on their density in sub-regions. Each sub-region was a rectangle equivalent to 5

% of the length times 5 % of the width of the image; randomly placed scatterers were added to

sub-regions in which their density was too low. This compensated for scatterers leaving at the

outflows and not being replaced at the inflow. The vessel was positioned with a beam-to-flow

angle of 15°. Nonlinear effects of microbubbles were neglected. The transmit frequency was set

to 8 MHz. Table 4.1 contains a complete list of parameters.
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To validate the in vivo WSS measurements, a second CFD simulation in a straight vessel

with circular geometry was performed. Wall displacement and velocity waveforms matched the

measured values in the straight, unbranched segment of the descending thoracic aorta of a NZW

rabbit. The temporal resolution was set to 1e-3 per time step. Velocity and WSS waveforms

were directly compared between CFD simulation and in vivo UIV measurement.

4.3.2 Ultrafast plane wave imaging

A Verasonics Vantage 64/128 LE research ultrasound system with a L11-4v broadband probe was

used. Ultrasound images were acquired with a PRF of 4500 Hz. Three plane waves with angles

spanning 12° were transmitted per frame, giving a frame rate of 1500 fps. The transmit frequency

was 8 MHz and the Mechanical Index was 0.1. Contrast agents were in-house manufactured

decafluorobutane microbubbles [325, 358]. The radiofrequency data were beamformed using an

in-house delay-and-sum (DAS) beam former and further analysis was performed in MATLAB

(The Math-Works Inc., USA).

4.3.3 Imaging the rabbit abdominal aorta

Experiments were conducted on ten terminally anaesthetized specific-pathogen-free New Zealand

White rabbits (HSDIF strain, 6-24 weeks; 2.2-3.3 kg; Envigo, UK). All experiments complied

with the Animals (Scientific Procedures) Act 1986 and were approved by the Animal Welfare

and Ethical Review Body of Imperial College London. Animals were housed individually in

pens at 18-22° C on a 12-h day-night cycle, and were given a standard laboratory diet and

water ad libitum. Anesthesia was Acepromazine (0.5 mg/kg, im) followed by Hypnorm (fen-

tanyl/fluanisone, 0.3 ml/kg initially plus 0.1 ml/kg every 45 min) and Midazolam (0.1 ml/kg,

iv every 45 min). After tracheostomy, animals were ventilated at 40 breaths per minute. Body

temperature was maintained with a heating mat and monitored with a rectal probe. An ECG

signal was recorded synchronously with the ultrasound. Microbubbles were injected as a bolus

(< 25 µl/kg, iv). For culling up to 3 ml pentobarbital sodium was used per animal. To perform

the imaging, animals were placed supine, the fur around the imaging region was removed and

ultrasound gel was applied as illustrated in Figure 4.7
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Figure 4.7: In vivo experimental setup and approximate transducer position, ECG electrode placement
(blue) and area that needed to be shaved in order to perform the image acquisition (beige). The bottom
rib and kidney were used as imaging landmarks. Ventilation was via tracheostomy.

4.3.4 Ultrasound image velocimetry analysis

A purpose written 2-D echo-PIV algorithm was used to track the local displacement of scat-

terers in two consecutive images. The UIV algorithm used in this study is based on previously

published work [325, 334]. The basic principle is to calculate the displacement vector of all

microbubbles in two consecutive B-mode images separated by a known time delay in order to

determine their velocity. Images were divided into interrogation windows (32 x 32 px) and a

displacement vector for each patch was determined. The area of each interrogation window was

iteratively decreased by half three times, the previous displacement being used as an initial esti-

mate of displacement for its smaller successor; this procedure increased spatial resolution whilst

reducing error and computational cost. In addition, multi-grid window deformation [333], spuri-

ous vector elimination and sub-pixel displacement detection through Gaussian peak fitting were

incorporated to further improve tracking accuracy [331]. To minimize the effect of motion blur of

the fast-flowing microbubbles in coherent compounded images, incoherent ensemble-correlation

was performed. Each low resolution image of a multi-plane wave acquisition was cross-correlated

with its respective consecutive image in time. Subsequently, an average correlation of all low res-

olution image pairs was used to determine the displacement field. Table 4.2 contains a complete

list of parameters of the UIV algorithm used here.
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Table 4.2: Settings of 2D UIV algorithm.

2D UIV settings

No. iterations 3 Window size 32 px

No. frames ensemble averaged 11 Window overlap 50 %

Window deformation spline No. of POD modes 10

Universal outlier detection 1.5 Rel. SG filter length 0.4

Sub-pixel estimator Gaussian Lumen mask SFM + DPF

Lateral resolution 75 µm Axial resolution 52 µm

Max. pass per iteration 10 Stop criterion RMSE<10e-3

To improve the SNR, an SVD clutter filter was applied to each stack of low resolution images

prior to the UIV analysis [312]. This was done both for the simulated and experimental data.

SVD factorizes the image data into a weighted, ordered sum of separable matrices of singular

vectors and values. Due to their different spatiotemporal characteristics, it is assumed that

tissue, blood and noise are represented by different sets of singular vectors. Reconstructing the

signal using only singular vectors attributed to the flow highly increases the SNR. The selection

of the correct singular values was based on the spatial similarity of the U-vectors of the SV

decomposition [324]. Similarly, post-analysis the displacement vector field was filtered using a

proper orthogonal decomposition (POD) [335]. POD factorizes the flow field into a series of linear

modes representing the energy in the flow. Modes with eigenvalues near zero correspond to low

energy noise. Discarding low energy modes highly decreases spatial and temporal fluctuations

and improves gradient estimation for the shear stress measurement.

4.3.5 Vessel-Wall Segmentation

The abdominal aorta of the rabbit is often concealed by other vessels and signal echoes spread

into adjacent regions beyond their true location. To accurately track the vessel-wall boundary

position and orientation, a series of tracking and image augmentation steps were used. The

position of the wall was determined by the sparse field method (SFM, Matlab file exchange:

sfm_chanvese) [343, 344] and subsequent directional peak fitting (DPF) [284]. First, a contour
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image was created by subtracting the normalized flow signal from the normalized clutter signal

obtained by SVD; both had been spatially smoothed with a Gaussian smoothing kernel (σ = 1.5)

and a moving-window average. The SVD threshold were selected such that there was a gap

between the wall and flow sub-domain (typically between 10-20 singular values). In the contour

image, the SFM was used to trace the lumen boundary by solving for the signed distance

function near the zero-level set (active contour segmentation based on Chan-Vese energy) [359].

In a subsequent step, the mask obtained from SFM was expanded by peak fitting to the closest

intensity peak of clutter signal within a 20 px distance. The expansion was performed pixel

by pixel based on a signed distance map (Matlab: bwdist) in the outward direction. The

integrity of the shape of the contour was maintained by a rolling average of the displacement

of neighbouring pixels. An empirically determined displacement correction factor (ktop = 1,

kbottom = 0.6) was used to account for the difference in the leading edge of the top and bottom

wall [345]. The vessel-wall boundary positions and orientations were automatically categorized

as upper (anterior boundary) and lower (posterior boundary) relative to the transducer position.

In cases of branching, vessels were further automatically divided into primary and secondary

boundaries. Each boundary was individually filtered using a Savitzky-Golay filter to reduce the

influence of noise and location errors. To assess the differences between ground truth GT and

the proposed segmentation algorithm M , the Dice similarity coefficient (DSC) and the mean

absolute distance between the walls (MADW) were calculated

MADW =
1

n

n∑
i=1

|d(i,M,GT )| (4.16)

where n denotes the number of points of the contour of GT and M . The signed distance

function between points from GT and the closest point in M is described as d.

4.3.6 Wall shear stress and oscillatory shear index

Since the vessels of interest were larger than 0.1 mm, the viscosity of blood was assumed to be

constant [213]. To calculate the WSR, every pixel in the image coordinate system x(x, y) was

described by a velocity component u(u, v). The spatial distribution of WSS τw with a no-slip

condition imposed on the wall is as follows [334, 360]

τw = µbε̇′12 (4.17)
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where µb is the dynamic viscosity of blood at high shear rates and ε̇′12 is the fluid strain rate

tensor component oriented tangential to the wall and 12 describe the index of the strain rate

tensor. To obtain ˙ε′12, the image-oriented strain rate tensor components ε̇ij

ε̇ij =

[
δui
δxj

+
δuj
δxi

]
(4.18)

must be transformed using a transformation matrix aij at each pixel location of the vessel-

wall boundary by the angle between the wall-oriented and image-oriented coordinate systems.

aij =

 cosθ sinθ

−sinθ cosθ

 (4.19)

where ij describe the index of the strain rate tensor. Finally, the image-oriented strain

according to second-rank tensors transformation is defined

ε̇
′
mn =

2∑
i=1

2∑
i=1

amianj ε̇ij (4.20)

where m and n are the pixel coordinates of the image.

The shear rate was estimated from the two closest points to the wall of a third order

Savitzky–Golay filtered velocity profile over the vessel radius. The relative filter length was

ns = n
D = 0.4, where n describes the filter length and D the vessel diameter [334]. A one-

dimensional median filter was applied to neighboring shear rates along the luminal border for

further smoothing. To accommodate the low resolution with which the vessel wall was defined,

the pixel coordinates of the wall were interpolated (spline) and the vessel wall was parameterized.

The wall shear rate (WSR) was derived from the velocity profile along the wall normal.

Specifically, the WSR was calculated from the two points closest to the wall of a third order

Savitzky-Golay-filtered velocity profile.

The estimated WSR was median filtered by its neighbouring values (Matlab: medfilt1 ).

Measurements were taken over at least three cardiac cycles, the results being aligned by the

negative peak of each waveform.

Characterizing the oscillatory near-wall flow, the oscillatory shear index (OSIxz) is defined

OSIxz =
1

2

1−
1
T

∣∣∣∫ t0 τw,xzdt∣∣∣
1
T

∫ t
0 |τw,xz| dt

 =
1

2

(
1− τmean,xz

TAWSSxz

)
(4.21)
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where t is time, T the cardiac cycle, τw,xz the instantaneous WSS vector and TAWSSxz

the time average WSS in the imaging plane. Note that OSIxz is a measure of oscillation and

differs from the regularly formulated OSI: WSS components due to out-of-plane velocities are

not included. The same is true for TAWSSxz. Nevertheless, high OSI remains associated with

a low time average WSS, as with the conventionally-defined index.

4.4 Results

4.4.1 Ultrasound simulation in an idealized geometry

Figure 4.8 illustrates the flow computed for a cylindrical segment of rabbit thoracic aorta with

a realistic velocity waveform and moving walls, and for comparison also shows the simulated

ultrasound measurements of this ground truth. Illustrations (a-f) show the velocity profile

comparison at different points of the cardiac cycle along a central section of the image and

the position of the segmented wall (green) with its corresponding diameter. Waveforms (g-h)

illustrate the average velocity and WSS for all points of the image. The normalized mean error

over a cardiac cycle between the ground truth and the simulation of the measured average

waveforms was 0.34 % and 1.69 % for velocity and WSS, respectively. In a point-by-point

comparison, the mean error and standard deviation for velocity magnitude and flow direction

were 5.65 ± 4.61 % and 5.09 ± 15.09°, respectively. The excellent agreement between ground

truth velocity profiles and the corresponding simulations of UIV measurements is apparent in

Figure 4.8 (a-f). Furthermore, the simulated tracking of the vessel-wall boundary was accurate

throughout the cardiac cycle, with average DSC = 0.99 and MAD = 24 µm or ∼1 px.

4.4.2 Vessel-wall segmentation

Figure 4.9a summarizes the mean absolute distance between ground truth and automated vessel-

wall tracking for eight rabbit aortas in vivo. Ground truth was determined by manual segmenta-

tion, repeated three times by three observer. Vessel wall position was compared at five randomly

picked points in the cardiac cycle. The overall (eight cases) mean diameter of the rabbit ab-

dominal aorta was 2.8 mm and the maximum MADW was 137 µm. The median MADW for all

eight cases was below 97 µm with a maximum standard deviation of 19.5 µm. In all cases the

Dice similarity coefficient (DSC) was > 0.97, suggesting very similar shapes.
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Figure 4.8: Velocity and WSS waveform in an idealized geometry. (a–f) Simulated ultrasound measure-
ments of velocity profiles (and the corresponding ground truth) and vessel wall location at different points
in the cardiac cycle in a vessel with moving boundaries. (g) Simulated measurements and ground truth
velocity waveform, averaged over the whole image region. (h) WSS waveform on the upper or lower
boundary, and the mean of WSS on both boundaries, calculated from the velocity profiles. Shaded area
illustrates the standard deviation in the ROI. Vertical lines in panels (g) and (h) indicate the times for
which panels (a–f) were derived.

Examples of ground truth and vessel segmentation from a simulation and measurements

at three different locations in the vascular tree are illustrated in Figure 4.9b-e. In all cases,

there is a gap between the SFM-derived mask and the ground truth. In the SFM + DPF final

mask this gap is closed and the mask aligns with the bright wall. In the simulation Figure

4.9b, the walls of the vessel are clearly visible and well defined. In vivo the signal from the

upper boundary bulges into the lumen (e.g., Figure 4.9c); the vessel wall boundary cannot be

clearly distinguished. On the lower side, the vessel wall boundary echoes spread just as widely,

but outside the lumen area. Figure 4.9d illustrates the region around the left and right renal

arteries. Unlike Figure 4.9b-c, the wall is not straight. Figure 4.9e illustrates an example of
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Figure 4.9: (a) Mean absolute distance between ground truth wall and segmented wall for 8 in vivo
cases, averaged for 5 time points. The mean diameter of the rabbit abdominal aorta was 2.8 mm. (b–e)
Examples of the wall tracking for ground truth (green), sparse field method (red) and sparse field method
+ directional peak fitting (yellow). Tracking was performed for simulations (b), the descending thoracic
aorta (c), the abdominal aorta around the renal branch mouth (d) and the suprarenal abdominal aorta
and celiac artery (e). The anomaly arrowed in (e) is discussed in the text.

the suprarenal abdominal aorta with two generations of branching, from the aorta to the celiac

artery and thence to the gastric artery. The transition from the aorta to the celiac artery is well

defined. However, the walls of the branch lumen and the protruding lip of the flow divider are

hardly visible. In addition, the circular shape of the gastric artery (Figure 4.9e, white arrow)

suggests steeply out-of-plane alignment of the remaining conduit artery; the larger branch artery

could be extracted accurately but the protruding lip of the flow divider and the smaller conduit

artery could not.

4.4.3 Estimating flow and WSS in a real arterial segment

Figure 4.10 a-e illustrate the velocity vector field measured in a straight, unbranched segment

of the descending thoracic aorta of a NZW rabbit at different points during the cardiac cycle,

and the calculated WSS. The mean velocity and WSS waveforms are also shown. At 0.05 s into

the cardiac cycle (Figure 4.10 a), blood moved purely in the forward direction (left to right) and

with a low mean velocity and low average WSS = 0.4 Pa. At peak systole (0.1 s; Figure 4.10

b), peak velocity was v = 0.5 m
s and mean WSS = 4.4 Pa. At 0.2 s (Figure 4.10 c), following

systole, a large backward flow and a negative WSS = -1 Pa were observed. At 0.28 s, in the

later stages of diastole (Figure 4.10 d), the blood accelerated forward again with a mean WSS

= 1.2 Pa.

During systole, the average WSS was smaller on the lower boundary than the upper bound-

ary; for the remaining part of the cardiac cycle, WSS was the same for both locations (Figure
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Figure 4.10: (a-d) UIV obtained velocity and wall shear stress maps in the abdominal aorta of a New
Zealand White Rabbit at different points in the cardiac cycle. Forward flow from left to right. Color
coding of vectors indicates speed and color coding of the luminal boundary indicates WSS. (e) Average
waveforms from a single cardiac cycle. The point in time of each flow and WSS plot (a–d) is marked on
the waveform plots. The shading in the velocity waveform plot represents the standard deviation over the
whole image region. Wall shear stress measurements are illustrated for the upper and lower boundaries.
Shaded area illustrates the standard deviation in the ROI. (f) Comparison of WSS waveforms between the
in vivo acquisition (UIV) and animal matching simulation (CFD). Boundary conditions (wall displacement
and velocity profile) were extracted from the region marked by a green box in (d) and hence are different
from (e).

4.10 f). The measured TAWSSxz = 0.54 Pa was higher than the analytically derived Poiseuille

TAWSSHP = 0.46 Pa. Figure 4.10 f compares measured and simulated WSS waveforms for the

ROI illustrated by the green box in Figure 4.10 d. Wall displacement and velocity waveforms

matched the in vivo acquisition. The Pearson correlation coefficient PCCWSS = 0.99 demon-

strates close agreement between the measured and simulated WSS waveforms. In the simulation,

the vessel was assumed to be cylindrical. The measurements gave a staircase decrease in WSS

while in simulations the decrease was steady. The root mean square error and the normalized

root mean square error were 0.29 Pa and 5.16 %, respectively. The CFD-derived maximum

WSSCFD = 5.5 Pa was higher than the measured WSSUIV = 5 Pa. During backward flow the

minimum measuredWSSUIV = 1.13 Pa was higher than the CFD-derivedWSSCFD = 1.37 Pa.
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4.4.4 Estimating flow and WSS around origins of the renal ar-

teries

Figure 4.11 illustrates velocity and WSS maps around the origin in the aorta of the right and

left renal arteries. At 0.02 s into the cardiac cycle (Figure 4.11 a), the flow was purely forward

with a relatively low mean velocity of v = 0.2 m
s and average WSS = 1 Pa

During peak systole, at 0.05 s (Figure 4.11 b), the mean velocity and WSS reached their

maxima of v = 1 m/s and WSS = 7 Pa. High velocities and WSS were found both upstream

and downstream of the left renal branch. At 0.18 s (Figure 4.11 c), a large recirculation region

developed around the right renal branch mouth. The net flow appeared to be into the conduit

arteries and no forward flow in the aorta was observed, with mean WSS = 0 Pa. During diastole,

at 0.28 s (Figure 4.11 d), the flow of blood in the aorta accelerated in the forward direction again,

with mean v = 0.17 m
s and WSS = 0.7 Pa.

The TAWSSxz and OSIxz are illustrated in Figure 4.11 e and Figure 4.11 f. Regions

(delineated white -, yellow .) around the left renal branch ostium showed a high shear stress

throughout the cardiac cycle. The region around the right renal artery (blue –) had the lowest

TAWSSxz. Downstream of the right renal artery (red -.-) the TAWSSxz increased again. Low

TAWSSxz corresponded spatially with a high OSIxz and vice versa.

4.4.5 Estimating flow andWSS around origin of the celiac artery

Figure 4.12 illustrates the TAWSSxz and OSIxz in the aorta around the origin of the celiac

artery, and UIV-derived velocity and WSS waveforms at selected sites in the image. The wavy

shape of the lower wall indicates several smaller branches, such as a lumbar vessel and a renal

artery, leaving the aorta.

The maximum TAWSSxz = 3.3 Pa was observed downstream of the branch; it was similar

both in magnitude and location to the maximum at the renal ostium. However the wall upstream

of the branch experienced a substantially lower TAWSSxz = 2 Pa than at the renal ostium and

had the highest OSIxz = 0.3. As seen around the renal ateries, there was oscillatory flow

opposite the branch, where OSIxz = 0.14.

Concerning instantaneous values, blood flow velocity and WSS in the celiac artery during

systole were substantially lower than in the aorta. WSS in the aorta was highest upstream of the

branch during diastole and highest downstream during systole, despite the fact that the velocity
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Figure 4.11: (a–d) UIV obtained velocity and wall shear stress maps around the renal artery branch
mouths in the aorta of a New Zealand White Rabbit at different points in the cardiac cycle. Forward
flow from left to right. Color coding of vectors indicates speed and color coding of the luminal boundary
indicates WSS. Red arrow in (a) marks the flow divider. (e) TAWSSxz and (f) OSIxz averaged over three
cardiac cycles. Putative atheroprone and atheroprotected sites around the branch mouth are highlighted
in colored ROIs. High TAWSSxz (white -, yellow .) corresponds spatially with a low OSIxz. High
OSIxz (blue –) can be observed around the right renal branch and elevated TAWSSxz levels (red -.-)
are found opposite the left renal branch.

waveforms at the two locations were very similar. This presumably reflects differences in velocity

profile or inconsistent and uncorrelated errors in vessel tracking throughout the cardiac cycle.

4.5 Discussion

Determining WSS accurately poses two key challenges: to measure slow near-wall flow unam-

biguously and to find the exact location and orientation of the vessel wall. Results from earlier

studies give confidence in the ability of UIV to provide accurate estimates. In one study, in

vitro echo PIV performed similarly well to optical PIV, with errors in 1-D WSS measurement

for the two methods of 8 % and 6.5 %, respectively, using a third-degree polynomial curve fit

[361]. Another study obtained 1-D WSS measurements within 5 % of the reference value in

vitro; WSS measurement in vivo was conceptually demonstrated [362]. Two-dimensional shear

rate measurements have been validated in vitro against peak velocities measured by Doppler,

UIV deviating by a maximum of 6.6 % [363]. A high correlation between echo PIV and optical

PIV for WSS measurements has been observed in a realistic carotid bifurcation model using

2-D velocity vectors [353]. And clinical studies showed high repeatability [354] and low absolute
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Figure 4.12: (a) TAWSSxz and (b) OSIxz averaged over two cardiac cycles around the origin of the
celiac bifurcation. (c) velocity and (d) WSS waveform for different positions (colored ROIs) in the aorta
and its conduit artery. The color of the boxes corresponds to colors in the plots of waveform. Color
coding of the lumnal boundary indicates WSS metric values.

differences of 17.0 ± 15.3 % in WSS measurement by UIV compared to phase contrast MRI

[364]. A clinical comparison study of Doppler and UIV WSS measurement has underlined the

ability of echo PIV to measure WSS with high accuracy [355]. In these studies, WSS measure-

ments were mainly performed on single vessels parallel to the lateral direction of the ultrasound

transducer.

The present chapter demonstrates wall tracking, velocity and WSS measurements using

high-frame-rate, contrast-enhanced, incoherent ensemble-correlation UIV in vivo regardless of

the number of vessels, beam angle, vessel curvature or branching. The measured flow field was

fully two-dimensional and WSS values were obtained from velocity profiles that were locally

perpendicular to the wall.

The ability to measure WSS was first validated in a realistic in silico simulation of flow and

UIV in the thoracic aorta tilted at 15°, with flow and geometric boundary conditions based on

real data. Both 2D velocities and WSS waveforms were accurately measured in the simulations,

with a normalized mean error of 0.34 and 1.69 %, respectively. More interesting was the ability

to measure complex flow patterns: a low mean velocity bias (5.65 %) and angle error (5.09°) were

achieved, demonstrating high fidelity to the true flow. Similarly, a MADW = 24 µm illustrates

excellent tracking of the vessel boundary. Note, however, that the fully developed speckle

pattern, lack of non-linear response, uniform scatter size, two-dimensional scatter position and

rigid motion in the simulation might not fully mimic in vivo conditions.

In different segments of the thoracic and abdominal aorta in vivo the lumen shape was well
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estimated with a mean DSC > 97 % and a median MADW < 97 µm. Nevertheless, a 97 µm

offset in wall localization could potentially lead to significant inaccuracies. Previous studies have

shown that while a deviation of 80 µm leads to an error in WSS of up to only 10 % [365] a

deviation of 200 µm can give errors up to 60 % [334]. The seriousness of the error was therefore

further investigated by comparing the measured TAWSSxz = 0.5 Pa (Figure 4.10) to the value

computed from Poiseuille theory in the same geometry: TAWSSHP = 0.46 Pa. This difference

represents a relatively modest deviation of 17 %. Here, the measured WSS was compared to the

analytical solution due to the lack of a ground truth.

Indeed, the average waveform for both velocity and WSS in Figure 4.10 not only seem

plausible but are highly correlated with the simulation results with a PCCWSS = 0.99. The

root mean square error and the normalized root mean square error are 0.29 Pa and 5.16 %

respectively and WSS magnitudes are in a plausible range given the velocities. In addition,

the maximum measured TAWSSxz = 4.4 Pa over the whole image region is in agreement with

previous studies in the abdominal aorta of NZW rabbits using real time measurements from an

intravascular catheter: WSS = 5.12 Pa [366]. Discrepancies between the second CFD simulation

and the UIV experiment could be due to assumptions made in the simulation: a circular geometry

with constant diameter lengthwise, fully-developed flow and rigid motion were assumed. In the

experiment the vessel tapered, the walls bent and non-rigid motion probably occurred.

Comparing the distribution of WSS obtained in regions of branching (Figure 4.11 and 4.12)

with CFD-derived maps of WSS, the agreement is good: TAWSS can be elevated both up-

stream and downstream of a branch and the magnitude of the measured TAWSSxz and OSIxz

are in the right range [367]. Fluctuations in WSS around branch points and in areas of curva-

ture are thought to explain the patchy distribution of atherosclerosis at such sites but there is

disagreement about which aspects of the complex spatiotemporal WSS behavior are responsi-

ble. The development of methods for measuring near-wall blood flow is key to increasing our

understanding and hence treatment of this disease.

Finally, it must be noted that the biggest limitation of assessing WSS in the present study,

and in all similar studies, is the 2D nature of the measurements. If velocities are measured

in a plane that is not in alignment with the predominant flow direction, which is usually but

not necessarily the long axis of the vessel, then WSS will be underestimated, and if the vessel

is non-planar there may be more underestimation in some parts of the image than in others.

The wall locations will also not represent a true diameter. Where there is planar geometry
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and accurate alignment, but out-of-plane flow, then TAWSSxz and OSIxz may be measured

correctly but might still not be useful. Especially in regions of branching, where out of plane flow

is expected, interpretation of the measured WSS is only qualitative. Furthermore, inaccuracies

in determining the wall location in a vessel are uncorrelated and might lead to different degrees

of error of WSS measurement along the image plane. Future work should aim to derive WSS

from fully 3D measurements of flow by acquiring 4D data [351, 368], by measuring multiple

planes [369] or by using speckle decorrelation methods [370].

Despite its limitations it was demonstrated that 2D UIV can be used to map TAWSSxz

and OSIxz in the abdominal aorta of NZW rabbits. Hence 2D UIV can be used to study the

formation and progression of cardiovascular disease.
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Chapter 5

Determining two-dimensional WSS

using contrast agent free UIV

The adoption of ultrasound contrast agents into clinical practice has been limited by there

being only a small number of clinically approved contrast agents, by physician acceptance and

by a lack of industry support [371]. More importantly for the present work, it is unknown if

the mechanical interaction between microbubbles and arterial endothelium can influence pro-

inflammatory activity, and if measuring blood flow and WSS with contrast enhanced UIV might

therefore influence the arterial response. I therefore investigated the feasibility of measuring

WSS in vivo without the use of contrast agents.

This is the second of three chapters describing the development of new tools for the accurate

assessment of blood flow and WSS in vivo. It demonstrates broad-view WSS measurements in

vivo in the abdominal aorta of NZW rabbits using high-frame-rate, contrast agent free UIV,

independent of vessel number, beam angle, branching or curvature. First, some background in-

formation for the application of contrast agent free wall shear stress measurement is presented.

Different methods capable of measuring WSS without contrast agents are shown, their advan-

tages and disadvantages are discussed and the benefits of contrast agent free UIV are introduced.

On this basis the efficacy of contrast-free UIV is shown in simulation and in vivo and I compare

its accuracy to the contrast-enhanced method presented in the previous chapter. Parts and

entire sections of this chapter have been previously published; compare Section 2.6.3.
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5.1 Motivation

Cerebrovascular and coronary heart disease can be triggered by and cause local disturbances

in blood flow and haemodynamic wall shear stress (WSS, τw) [206]. For example, low, oscilla-

tory and transverse WSS are all believed to be atherogenic and might predict sites of disease

progression [209, 372]. High WSS likely plays a crucial role in aortic dilatation [373], since

regions exposed to high WSS show dysregulation of the extracellular matrix and medial elastin

degradation [374]. Intracranial aneurysms are more prone to rupture when exposed to low WSS

[375]. Thus identifying regions of abnormal flow with high or low WSS could lead to a better

understanding of the underlying pathology, identify high risk areas and improve disease outcome.

WSS is the product of blood viscosity µ and the first-order derivative of velocity (shear rate)

near the wall. Its quantitative assessment in vivo is difficult. High spatiotemporal resolution,

high dynamic range of detectable velocities, and precise localization and tracking of the luminal

boundary are required to accurately estimate the shear rate [376]. The rheology can also be

complex, but Newtonian rheology is often assumed for large arteries so that WSS reduces to

τw = µ
du

dy

∣∣∣∣
y=0

, (5.1)

where y is the coordinate normal to the wall.

In principle, Doppler ultrasound systems can be used to determine flow velocity and hence

WSS. In the simplest case, WSS can be inferred from spectral Doppler by assuming Poiseuille

or Womersley flow. Similarly, color Doppler can determine flow and instantaneous velocity pro-

files and power Doppler could be used at greater imaging depths [377–379]. However, Doppler

imaging is limited by angle dependency: velocity can only be measured along the beam direc-

tion. Finite aperture size and high velocity gradients lead to spectral broadening and errors

increase with the beam-filament angle [380]. Angle-independent Doppler vector flow imaging

(VFI) provides multidimensional velocity estimation through transverse oscillation, directional

beamforming or synthetic aperture imaging ([381–383]). Numerous VFI techniques have been

demonstrated to measure magnitude and direction of two dimensional flow [384, 385] and a num-

ber of VFI methods have been implemented in commercial systems [383]. Technological advances

even led to volumetric VFI in vitro with 2D arrays [368, 386–388]. Two-dimensional WSS has

been measured in a carotid bifurcation albeit only at manually selected locations [389]. However,
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imaging deeper structures with vector Doppler techniques can suffer from reduced temporal or

spatial resolution [383]. High flow velocities in the lateral direction or a low signal-to-noise ratio

(SNR) can lead to aliasing inaccuracies [390] and frame rates can be too low for applications

such as pulse wave intensity analysis based on arterial diameter and blood velocity [391, 392].

Plane wave contrast-enhanced ultrasound image velocimetry (CEUIV) correlates microbub-

ble speckle patterns in consecutive B-mode images at very high frame rates, as described in

the previous chapter. CEUIV has been shown to accurately measure velocities near the moving

arterial wall [352, 361, 362] and CEUIV can be used to estimate WSS accurately [284, 334,

355]. The use of microbubbles is particularly advantageous in regions where the blood signal is

weak or the blood has a similar velocity to tissue [309]. However, intravenous administration of

contrast agents can be a significant limitation [393]. Microbubble imaging can be restricted by

maximum dosage in clinical applications, whilst in preclinical studies involving small animals, it

can be difficult to find a suitable injection site and even small quantities of injected fluid might

change arterial pressure.

Contrast free UIV (CFUIV) comes at the expense of poor SNR [394]. Although the signal

from red blood cells (RBCs) can be detected within the frequency range of medical ultrasound

[328, 395], it is comparatively weak. Blood speckle intensity rises as the frequency or size of

RBC aggregates increases. Aggregation can be driven by low temperature, steady flow, low shear

stress and a high plasma concentration of macromolecules [396]. Three zones of echogenicity

as a function of the shear rate have been reported, with larger aggregates and intensity in the

center of the vessel [397]. In pulsatile flow, long aggregates are less likely to occur [328] and

temporal variation has been observed, with blood being most echogenic when flow is rapidly

accelerating [398, 399]. Nevertheless, recent advances in high frame rate (HFR) imaging and

clutter suppression have permitted the demonstration of RBC speckle tracking in neonates

[400] and UIV has been demonstrated with blood mimicking fluid [401]. The introduction of

spatiotemporal filters to HFR ultrasound significantly increases SNR [312] and can facilitate

contrast-free RBC speckle tracking. Consequently, CFUIV could solve most disadvantages of

both VFI and CEUIV.

This study is the first to demonstrate broad-view blood flow and WSS measurement with

HFR CFUIV in vivo. I first simulate Womersley flow in a straight vessel to investigate the

impact of radial intensity variation, SNR and scatterer density and aggregation on the accu-

racy of blood flow and WSS estimation. Subsequently, I optimize imaging parameters such
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as mechanical index (MI) or number of frames for achieving a high SNR after Singular Value

Decomposition (SVD)-based clutter filtering. Next, I demonstrate contrast free blood flow and

WSS measurement in vivo in the abdominal aorta of New Zealand White (NZW) rabbits and

address radial and temporal changes in intensity. Finally, I assess the accuracy of blood veloc-

ity and WSS waveforms measured using CFUIV by comparing them with data obtained with

established CEUIV methods in five rabbits.

5.2 Methods

5.2.1 Flow simulation

Initial findings showed that contrast-free flow signal is characterized by low SNR, and spatiotem-

poral changes in intensity. To assess the effect of scatter properties on the accuracy of blood

flow and WSS measurement, I modeled flow in the abdominal aorta of a NZW rabbit as Womer-

sley flow with alterations in scatter amplitude, radial intensity distribution and scatter density.

Womersley flow was simulated, based on a velocity waveform previously acquired in a rabbit

abdominal aorta. Then the ultrasound acquisition of the flow was simulated for a plane through

the central axis using Field II [346, 347].

5.2.1.1 Womersley flow generation

Womersley showed that by assuming a homogeneous, incompressible and Newtonian fluid in a

rigid, cylindrical tube with no radial movement of the fluid, the Navier-Stokes equations can be

simplified by neglecting the non-linear terms. Following He et al. [402], a periodic cross-sectional

mean velocity waveform (V̂uiv) can be expressed as the sum of a Fourier series with n harmonics.

V̂uiv = Real


n∑
j=0

V̂je
ijωt

 . (5.2)

The corresponding velocity profile can be found by the inverse Womersley method as,

u(r, t) = Real


n∑
j=0

V̂j

 1− J0(i
3/2
αjr/R)

J0(i3/2αj)(1− 2J1(i3/2αj)

i3/2αjJ0(i3/2αj)
)

 eijωt

 , (5.3)

where V̂j is the complex coefficient of the jth harmonic of the mean waveform, Jm the mth

order Bessel function of the first kind, r the radial position from 0 to R, R the vessel radius,
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and t is time. The Womersley number of the jth harmonic is denoted by αj = R
√

ωj
ν , where

ωj is the angular frequency of the jth harmonic and ν the kinematic viscosity. To accurately

capture the original input waveform n = 8 was sufficient. To introduce more retrograde flow, 0.1

m/s uniformly subtracted from the measured cross-sectional waveform, prior to decomposition.

To accommodate the difference between a parabolic and paraboloid mean, the velocity of the

measured waveform was scaled by a factor of 0.7. The Fourier coefficients of the flow waveform

used, and their corresponding frequencies and Womersley numbers, are presented in Table 5.1

up to the 8th harmonic.

Table 5.1: Fourier components of the waveform in the abdominal aorta of a NZW rabbit.

n f α V̂j
0 0 - 1
1 3.32 4.64 1.54
2 6.64 6.56 0.94
3 9.96 8.04 0.72
4 13.29 9.28 0.29
5 16.61 10.38 0.17
6 19.93 11.37 0.10
7 23.25 12.29 0.06
8 26.58 13.13 0.03

5.2.1.2 Ultrasound simulation

A Verasonics 128 elements L11-4v equivalent ultrasound imaging scheme was simulated. The

temporal resolution was 2.2e-4 s per time step, equivalent to a pulse repetition frequency of 4500

Hz. The total duration of the simulation was a single cardiac cycle 0.3 s or 450 high resolution

frames composed of plane waves yielding an angle range of 12°. The vessel was centered at a

depth of 14 mm with a diameter of 4 mm. The wall was modelled as a single 200 µm-thick

layer with 20 scatterers per resolution cell, with constant amplitude. Flow was simulated via

randomly distributed point scatterers with a normally distributed base amplitude centered at

0. The position of each scatterer was updated with each time step. Random Gaussian noise

was added to each simulation, yielding a SNR of 12 dB based on the wall signal as reference.

The base amplitude of scatterers was scaled between 0.1 to 10, giving an SNR of 1.6, 13.5, 22.3

or 44.7 dB in the flow signal after clutter filtering. Flow scatterer density per resolution cell

was altered from 0.1 to 1000. The radial intensity was kept constant or decreased linearly or
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as a power of 2 and 4 with increasing distance from the centre line [399]. When altering any of

these scatter variables the other variables were set to default values (bold values in Table 5.2).

A complete list of simulation parameters is shown in Table 5.2.

Table 5.2: Field II simulation setup and scatter properties. Bold lettering defines the default
value to be used when varying other scatter variables.

Field II setup
Centre frequency 6.25 MHz Transmit frequency 8 MHz
No. of elements 128 Element pitch 3.00e-4 m
Element width 2.7e-4 mm Element height 5 mm
Sampling frequency 25 MHz Elevational focus 18 mm
Number of sub-apertures 4 PRF 4500 Hz
Number of angles 3 Angles -6, 0, 6

Scatter Properties
Mean wall amplitude factor 20
Wall scatter density (per resolution cell) 20
Normal distributed flow amplitude factor 0.1, 0.5, 1, 10
Flow scatter density (per resolution cell) 0.1, 1, 10, 100
Radial variation factor constant, r, r2, r4

5.2.2 In vivo imaging of the rabbit abdominal aorta

5.2.2.1 Experimental protocol

HFR plane-wave images of the abdominal aorta of six specific pathogen-free New Zealand White

rabbits (HSDIF strain, mean age: 11.71 weeks; mean weight: 2.69 kg; Envigo UK) were obtained

using a Verasonics Vantage 128 LE research ultrasound system and a linear L11-4v broadband

probe. All experiments complied with the Animals (Scientific Procedures) Act 1986 and were

approved by the Animal Welfare and Ethical Review Body of Imperial College London. Animals

were housed individually in pens on a 12-hour day-night cycle and fed a standard laboratory diet.

Water was given ad libitum. Following sedation with Acepromazine (0.5 mg/kg, im), rabbits

were anaesthetized with Domitor (0.25ml/kg, im) plus Narketan (0.15ml/kg, im) and maintained

with 1/3 of the Domitor and Narketan doses every 30 minutes. Rabbit were ventilated after

tracheotomy at 40 breaths/min. A rectal probe and heating mat were used to monitor and

control body temperature. For culling up to 3 ml pentobarbital sodium was used per animal.

For imaging, the animals were turned on their back and fur from below the region of the rib

cage was shaved.
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5.2.2.2 Contrast agents

Decafluorobutane microbubbles with a concentration of 5 × 109mb/ml and 1 µm in average

diameter were prepared [403]. DPPC, DPPE-PEG-2000 and chloride salt (16:0 TAP) were

dissolved in a molar ratio of 65:5:30 and a total lipid concentration of 0.75, 1.5, and 3 mg/mL

in an excipient liquid comprised of 15 % propylene glycol, 5 % glycerol, and 80 % normal saline

[358]. A 2 ml vial was filled with 1.5 ml of this solution and via 60 s of agitation microbubbles

are formed.

5.2.2.3 Plane wave imaging

Images were acquired at a pulse repetition frequency of 4500 Hz with 3-angles spanning 12°. The

central transmit frequency was 8 MHz with a MI between 0.05 and 0.35. Non-contrast imaging

was performed before contrast-enhanced imaging. Microbubbles were injected via the marginal

ear vein in a bolus of <25 µl/kg up to a total of 0.6 ml/animal. No contrast specific acquisition

scheme was used. The radiofrequency data were beamformed using an in-house delay-and-sum

beam former. Further analysis was performed in MATLAB.

5.2.2.4 Singular value decomposition

Singular value decompostion (SVD) clutter filtering was applied to each low resolution image

stack. Cut-off points were selected manually based on spatial similarity using Matlab function

corrcoef(U) [324].

5.2.3 UIV algorithm and WSS measurement

Methods for UIV, lumen segmentation and WSS calculation have been published previously

[284, 334]. Briefly, the local displacement of microbubbles or RBCs in two consecutive images is

tracked by using an iterative window deformation cross-correlation method. Coupled with the

known time difference between the images, a velocity field is calculated. The wall shear rate

(WSR) can be derived from the velocity profile along the wall normal. The WSR was calculated

from the two points closest to the wall of a Savitzky-Golay-filtered velocity profile obtained over

half the diameter. UIV measurements were taken over at least three cardiac cycles, the results

being time-aligned.
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5.2.4 Quantitative evaluation

In simulations, the error in velocity, WSS and flow angle were calculated and averaged over

the full acquisition; velocity and WSS errors were normalised by the peak velocity and peak

WSS, respectively. SNR was averaged over multiple cardiac cycles. The ratio of clutter to signal

intensity is defined as SNR,

SNR = 20log10

(
Sflow
Stissue

)
. (5.4)

For in vivo data, the point-by-point comparison between CEUIV and CFUIV is presented as

an absolute/relative difference. To compare waveforms the root mean square error (RMSE) and

peak normalized RMSE are calculated. In addition, the Pearson Correlation Coefficient (PCC)

is used to assess the similarity of waveform shape.

5.3 Results

5.3.1 Womersley flow simulation

The appearance of scatter attributes on B-mode images is illustrated in Figure 5.1 and Figure

5.2 shows the corresponding percentage error in velocity, WSS magnitude and their angle.

The change in relative scatter amplitude was used to investigate the effect of SNR. Higher

signal amplitude gave more accurate estimates of velocity magnitude, WSS magnitude and

angle as shown in Figure 5.2,Row (1). A median error of 8% in velocity and WSS magnitude

was obtained at approximately 10 dB. The number of scatterers per resolution cell was used

as a proxy for the degree of RBC aggregation and density. Its effect on velocity and WSS

magnitude and angle is shown in Figure5.2, Row (2). The median WSS error was smallest (1.9

%) for 100 scatterers per resolution cell. Radial variation in intensity was used to mimic the

dependence of aggregation and hence of scattering on shear rate. This may represent the biggest

difference between using contrast agent or RBC speckle. WSS estimation was most accurate

for a uniform intensity distribution, with 2.7 % error, and least accurate with a linear radial

decrease in intensity, with 4.4 % error, as shown in Figure 5.2, Row(3).
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Figure 5.1: Simulated Womersley flow with different simulation parameters. (A-D) Variation in relative
scatter amplitude to investigate impact of SNR. (E-H) Number of scatterers per resolution cell to inves-
tigate impact of blood speckle intensity and aggregation. (I-L) Radial variation to investigate impact of
non-uniform intensity distribution of the vessel.

5.3.2 Optimization of imaging parameters in the rabbit abdom-

inal aorta

To minimize error in velocity and WSS magnitude, the only parameter influenced by the imaging

parameters – SNR – must be maximized. Figure 5.3 illustrates the impact of MI, the number of

compounding angles, the number of frames, frame rate and imaging depth on SNR after SVD

clutter filtering. Variation between animals is also illustrated. SNR was averaged over 1 s,

which corresponds to approximately three cardiac cycles. In all cases, it was obtained without

and with contrast agents as a reference. MI values were calibrated in a water tank, and lower

frame rates and number of frames were reconstructed from a sub-sample of the original 1500 Hz

acquisition. Figure 5.3a shows the SNR at a reference depth of 15 mm and a transmit frequency

of 8 MHz. Figure 5.3b shows SNR increases with the number of compounding angles. Figure

5.3c demonstrates that SNR varied significantly between animals and in some cases was below

the 10 dB threshold that simulations demonstrated were required for accurate velocity and WSS

estimation. The number of frames (Figure 5.3d) and frame rate (5.3e) had little impact on SNR

as long as there were sufficient frames for the SVD clutter filter and a complete cardiac cycle
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Figure 5.2: Percentage error in velocity and WSS magnitude and error in their angle. The letters
under the box plots correspond to the letters under the example images in Figure 5.1, which also shows
which parameters were varied. (1) Scatter amplitude (low-to-high SNR), (2) scatter density (low-to-high
density), (3) radial intensity (uniform to uneven). Note y-axis limits are altered between plots.

was captured. Figure 5.3f shows increasing imaging depth reduced SNR in the same animal.

5.3.3 Blood flow and WSS assessed by CFUIV in the rabbit

abdominal aorta

5.3.3.1 Maps of velocity and WSS

Figure 5.4A-F shows WSS and the velocity vector field in the abdominal aorta of a NZW rabbit

at different points of the cardiac cycle. Mean velocity and WSS waveforms are also shown. WSS

values on the top and bottom luminal boundary are very similar throughout the cardiac cycle.

Peak WSS during systole is around 5 Pa with peak velocities up to 0.6 m/s.

5.3.3.2 Radial and temporal changes in intensity

Radial and temporal changes in intensity occurred during the cardiac cycle. Figure 5.5A, B

and Figure 5.5C, D illustrate the central scan line over time for the unfiltered and SVD-filtered

dataset, respectively. Changes in intensity as a function of radial distance and phase of the

cardiac cycle for the contrast agent free acquisition are displayed on the left Figure 5.5A, C and
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Figure 5.3: Impact of imaging parameters on SNR in images of the rabbit abdominal aorta. (a) Influence
of MI on SNR repeated for three cardiac cycles. Standard error over acquisition time. (b) Influence of
compounding angles on SNR. (c) Comparison of SNR between different animals (labelled 1 - 5) at same
imaging depth and at MI=0.15 for CE and MI=0.33 for CF. (d) Influence of SVD stack size on SNR at
MI=0.14 for CF and MI=0.33 for CE in the same rabbit. (e) Influence of frame rate on CTR at MI=0.14
for CF and MI=0.33 for CE in the same rabbit. (f) Dependence of imaging depth on SNR with MI=0.14
for CF and MI=0.33 for CE for the same rabbit.

the contrast enhanced acquisition is shown for comparison on the right (Figure 5.5B, D). Figure

5.5E shows the corresponding velocity waveform and Figure 5.5F shows temporal changes in

SNR during the cardiac cycle; the minimum occurs at around zero net blood flow velocity.

5.3.4 Comparison of CFUIV and CEUIV assessments of blood

flow and WSS in the rabbit abdominal aorta

5.3.4.1 Point-by-point comparison

The first row of images in Figure 5.6 show (A) the mean velocity vector field and WSS and (B)

absolute differences and (C) relative differences between CFUIV and CEUIV measurements. The

second row of images show equivalent data for systole. The median point-by-point difference

was 0.005 m/s or 0.5% for velocity and 0.09 Pa or 9.9 % for WSS. The instantaneous difference

during systole was 0.02 m/s or 0.55% for velocity and 0.41 Pa or 10.3 % for WSS. Differences

in WSS of up to 25% were seen in some regions.
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Figure 5.4: In vivo example of contrast free UIV. (A-F) velocity vector field and WSS in the abdominal
aorta for different points of the cardiac cycle. Graphs below show mean velocity (G) and WSS (H)
waveform. Timestamps A-F correspond to images A-F. Pink and teal lines illustrate mean WSS at top
(13 mm) and bottom (16 mm) wall with standard error (shade). Blue line shows overall mean WSS.

5.3.4.2 Mean waveform comparison

Figure 5.7 shows velocity and WSS waveforms acquired with CEUIV or CFUIV in five NZW

rabbits. Waveforms were averaged over three cardiac cycles. They were manually aligned for

comparison between CEUIV and CFUIV but not between animals. The average SNR after

clutter filtering was 31.29 ±6 dB in CEUIV images and 19.41± 6.52 dB in CFUIV images. The

largest difference in mean velocity was 0.04 m/s (9.92 %) and the lowest difference was 0.01

m/s (4.42 %). The correlation coefficient between velocity waveforms was 0.99. For WSS the

difference was generally higher – between 0.2 and 0.64 Pa (5.2 to 15.42 %) – but the largest

correlation coefficient was still high with 0.993, showing that the two measurement methods gave

very similar results. The average RMSE and normalized RMSE for velocity was 0.038 ±0.01

m/s or 8.45 ±2.88 % and for WSS was 0.478 ±0.19 Pa or 11.4 ±3.87 %. Similarity of waveform

shapes was high for both velocity and WSS measurement with an average correlation coefficient

of 0.97± 0.27 and 0.93± 0.04. Note that physiological variability can lead to real differences in

cycle length.
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Figure 5.5: Radial and temporal changes in intensity. (A, B) B-Mode and (C, D) singular value decom-
position (SVD) filtered images for contrast agent free (A, C) and contrast enhanced (B, D) acquisition.
(E) Velocity waveform and (F) changes in SNR during the cardiac cycle.

5.4 Discussion

A tool for accurately assessing haemodynamic WSS in vivo would be of value in the clinic

and for understanding cardiovascular mechanics in general, but developing such tools remains

challenging. CEUIV has been shown to measure spatially and temporally varying WSS in

vivo with high accuracy [284] and has even been used in clinical settings [355]. The use of

contrast agents, however, is limited by maximum permissible dosage, patient discomfort and

limited examination times, and may lead to unwanted biological effects. In preclinical studies

involving small animals, intravenous injection requires sedation or immobilization and may alter

circulating fluid volume. In this study I demonstrated that CFUIV is capable of measuring

spatially and temporally varying blood velocity, and hence of assessing WSS, in large vessels

with pulsatile flow in vivo. The agreement with CEUIV measurements, used as a gold standard,

was excellent, with a similarity metric of up to 0.99 for both velocity and WSS.

This development permits novel applications, such as pulse wave intensity analysis that
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Figure 5.6: Comparison of CEUIV and CFUIV of instantaneous and mean velocity and WSS. (A,D)
Mean and instantaneous velocity and WSS in the abdominal aorta of a NZW rabbit. (E,F) Absolute
difference in a point-by-points comparison of velocity and WSS. (C,F) Relative difference in a point-by-
point comparison of WSS.

requires simultaneous measurement of flow velocity and wall displacement at higher frame rates

than can be achieved with Doppler VFI [390], or the assessment of arterial pathology and risk

from locally elevated WSS. Commercial VFI can now estimate WSS locally and in real-time

[385, 389] but measurements are limited by the aperture size. CFUIV may prove more accurate

and reliable for cardiac imaging or in situations where there is a high dynamic range of velocities

and/or substantial lateral flow. CFUIV relies on the effective removal of clutter, and SVD clutter

filtering, used in the present study, requires a sequence of images. Buffering of images [404],

harmonic imaging [399] or filtering methods based on machine learning may enable real-time

CFUIV.

5.4.1 Error attributed to scatter properties in simulation

Simulations showed that the relative amplitude of scatter, and hence the SNR, has the biggest

impact on the accuracy of flow andWSS estimation Figure 5.2. The error was smaller for velocity

magnitude than for velocity direction or WSS. Slow flow near the vessel wall might benefit from

independent component-based clutter filters [405]. Unless scatters were very sparse, velocity

and WSS estimation were insensitive to scatter density. Radial variation of intensity had only

a moderate impact on median WSS but a more significant impact on the spread of locally

determined WSS values, with a linear radial decrease in intensity within the vessel giving the

worst results. Although r2- and r4-dependent radial decreases in intensity might appear more

extreme from their polynomial order, they create blunt distributions that are more like the

uniform case.
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Figure 5.7: In vivo variability of velocity and WSS waveforms in five NZW rabbits averaged over whole
image region and three cardiac cycles. Waveforms have been manually time-aligned.

5.4.2 Imaging parameter in rabbit abdominal aorta

The imaging parameter that most affected SNR in a large vessel with pulsatile flow was the MI

Figure 5.3. It was limited to 0.35 in the present study solely for practical reasons (max. 40V

transmission) and should be as high as safety considerations allow. Frame rate and the number

of frames did not significantly alter the SNR within the ranges tested which is plausible for this

type of flow. CFUIV acquisitions are susceptible to attenuation and have higher variability than

CEUIV. This probably explains the depth-related reduction in SNR. CFUIV benefits from a

large number of compounding angles. However, angle incoherence in areas of fast blood flow

will limit compounding.

5.4.3 Measurement of velocity and WSS in rabbit abdominal

aorta

A previously observed bias between the top and bottom walls of the vessel [284] was no longer

apparent with improvements to the UIV algorithm. Cyclic and radial variation in B-mode

images were observed in the SVD clutter filtered images (Figure 5.5), as described before [397,

398]. The radial variation in intensity appears to be a function of scatter velocity. Particles
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near the wall slow down faster than those in the centre as the flow decelerates. The SVD filter

removes the slow moving scatterers near the vessel boundary [406] which manifests itself in the

shape of a protruding cone over time. Shear-dependent aggregation and a decrease in RBC

density towards the cell free layer may contribute to the loss in intensity. Effects of temporal

variations might be reduced with a sliding window SVD filter.

CFUIV and CEUIV measurements cannot be taken in the same animal at the same time.

The level of anaesthesia, heart rate, blood pressure and temperature can all change between the

readings, and alter blood velocity and WSS. Such variation makes an exact match of WSS as-

sessed by the two methods unlikely. Nevertheless, good agreement between CFUIV and CEUIV

was observed Figure 5.6. I consider the absolute and relative differences between the measure-

ments to be low, given that only a 200µm offset in wall location can lead to errors of up to 80

% in WSS estimation [334].

5.4.4 Limitations

In this study HFR UIV was performed at shallow depths. Like VFI, CFUIV can suffer from poor

penetration depth and its performance might have been worse in deeper vessels. Microbubble

non-linear characteristics were neglected and no contrast-specific or coded acquisition schemes

were used, which can benefit CE and CF imaging, respectively. A simple SVD filter was used but

other methods could significantly improve blood signal extraction, for example sliding window

SVD, H-SVD or ICA [405, 407]; these could have increased the SNR and hence the accuracy of

WSS assessment. I did not test different transmit frequencies, which could be a useful parameter

for optimising SNR and hence WSS accuracy. Finally, for practical reasons the MI was relatively

low; a higher MI might further benefit CFUIV.

5.5 Conclusion

In this chapter, I demonstrated that CFUIV is capable of measuring spatially and temporally

varying velocity, and hence of assessing WSS, accurately in large superficial vessels with pulsatile

flow in vivo. CFUIV agreed well with CEUIV, giving a similarity metric of up to 0.99 both for

velocity and WSS. CFUIV can be used more broadly then CEUIV, and with good accuracy if a

sufficient SNR can be achieved.
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Chapter 6

Towards three-dimensional WSS

estimation using contrast enhanced

UIV

The biggest limitation when assessing WSS in the previous two studies, and in all similar studies,

was the 2D nature of the measurements. Blood flow is three dimensional and so is WSS. To

accurately determine regions of atherosusceptible flow and to investigate the relation between

pro-inflammatory changes in arterial endothelium and blood flow a complete understanding of

local haemodynamics is required. That is particularly the case since multidirectional flow is a

putative trigger of atherosclerosis. This is the third and last chapter concerning the development

of a novel tool for the assessment of blood flow and WSS in vivo. It demonstrates 4D WSS

measurements in vivo in the abdominal aorta of NZW rabbits using high-frame-rate, contrast-

enhanced UIV, independent of vessel number, beam angle, branching or curvature. Previously

only possible with computational fluid dynamics (CFD) simulations or phase contrast magnetic

resonance imaging (MRI), 4D flow can now be captured with ultrasound. The chapter first

presents a brief introduction to transducer design, their function and limitations. Subsequently

some background is given to the matrix array ultrasound transducer used in this study and

its practical implications. Next, an introduction to current ultrasound methods capable of

4D WSS measurement is presented. On this basis the development and optimisation of 4D

contrast-enhanced flow velocity and WSS mapping in vitro and in vivo in the abdominal aorta

of rabbits is demonstrated. This work was chosen as a finalist for best student paper at the
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IEEE International Ultrasonics Symposium in Las Vegas 2020 (click here). Parts and entire

sections of this chapter have been previously published [408]; compare Section 2.6.3.

6.1 Principles of volumetric ultrasound imaging

6.1.1 Ultrasound transducers

The ultrasound transducer converts an electrical transmission sequence into ultrasonic pulses

and, conversely, translates ultrasonic echos into the electrical signal. A multitude of trans-

ducer types have been developed which operate on different center frequencies, come in different

formats and are based on different mechanisms e.g. piezoelectric micromachined ultrasound

transducers (PMUT) or capacitive micromachined ultrasonic transducer (CMUT) [409]. Differ-

ent transducers serve different applications. Categorized by their form factor, the most common

transducer types for two-dimensional imaging are linear, convex, phased array and specialised

transducer e.g. endoscopic transducer [410]. Similarly, IVUS transducers visualize a two dimen-

sional plane but with a field of view of 360°. Multi-row array transducers e.g. 1.25D, 1.5D and

1.75D enable elevational plane focusing but still form a single plane image [411]. Generating

a three-dimensional image can be done with mechanically scanned (phased) array transducers

or scanning of multiple planes [410]. Coherent and unambiguous four-dimensional (space and

time) imaging, however, can only be achieve with 2D array transducers, which either come in a

conventional 1024 (32 x 32 grid) element array or as a row-column array [412]. Single element

3D ultrasound imaging is another method worth mentioning but frame rates are low [413]. This

list is not comprehensive and only includes transducers used for imaging applications.

6.1.2 Matrix array imaging

Current data transfer rates and the size of data acquired with a 2D matrix array transducer

exceed practical limits of practicable high performance computers as of 2020. The typical large

number of transducer elements (32 x 32 grid = 1024 elements) requires advanced hardware

to connect to and be driven by. For example, a single fully addressed 32 x 32 matrix array

requires four parallel-acting Verasonics Vantage 256 research systems. The large numbers of

elements leads to thick, inflexible cables and bad ergonomics. A large element pitch limits

the maximum acceptable steering angle [414] and the size of the data leads to poor real-time
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feedback. With row-column addressed 2D arrays, the number of data channels decreases to 32

elements in emission and 32 elements in reception for each transmission. However, this comes

at the disadvantage of larger side lobes in the line spread function [412]. Another option is

to use only a sub-aperture in reception and apply multiplexing in transmission where elements

are interconnected e.g. 4 elements to one multiplexer reduces the number of channels to 8 x

32 = 256. Here, one system channel is connected to multiple transducer elements e.g. channel

1 is connected to transducer element 1, 257, 513 and 769. Through multiplexing, a single

Verasonics Vantage 256 research system can address all elements in transmission and receive

with 256 elements in reception. This implies that one wants to use the full aperture for each

transmission. There are other options to drive an array transducer, using sub or synthetic

aperture approaches, but they are outside the scope of this work. One example of sparse array

imaging by the ULIS group is 3D super-resolution imaging [415]. In this chapter I describe the

use of a Verasonics Vantage 256 system to perform 4D imaging with multiplexed elements of a

Vermon multiplexed 8 MHz 1024-Matrix array probe - 1024 elements in transmission and 256

in reception.

6.1.3 Practical implications

The basic assumptions of plane wave imaging, SVD clutter filtering and echo particle image ve-

locimetry are in principle unaffected by having a large number of elements. There are however

some practical limitations. Coherent compounding with a 2D array transducer requires a larger

number of angles compared to a 1D array transducer and steering is performed in two dimen-

sions. The maximum achievable frame rate is therefore lower, assuming the same contrast and

resolution is desired. The multiplexing of the Vermon array probe also has implications for the

map of adjustable delays and possible steering angles. In Figure 6.1 elements are color-coded.

Elements with different colours can be addressed independently. Elements with the same colour

can only be addressed collectively or individually but not simultaneously. The dark blue color

indicates a row of dead elements which is a result of space constraints in electrical wiring. In the

case of a fully addressed transmission in the x-axis, a plane wave is transmitted. In the y-axis,

four smaller plane waves are transmitted. This results in the pressure field seen on the right

in Figure 6.1. The pressure distribution is heterogenous, with three pressure peaks at depth.

Simultaneous steering in x− and y − direction is not possible.
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Figure 6.1: Multiplexed 2D array with map of adjustable delays. Multiplexed elements of the array
are in the same color. Only elements with a different colour can be addressed individually. Dead lines
between sets of 8 elements are due to the probe construction. Steering in two directions reveals that in
one dimension four smaller plane waves are created instead of one single large plane wave. Accordingly,
the pressure distribution differs qualitatively.

6.2 Motivation

As described more fully in previous chapters, atherosclerosis is the underlying cause of most

major ischemic cardiovascular diseases e.g. coronary heart disease, cerebrovascular disease,

angina, peripheral arterial disease and renal artery stenosis. Local disturbances in blood flow and

haemodynamic wall shear stress (WSS, τw) are believed to trigger and cause disease progression

[25, 206, 209, 372]. Moreover, WSS plays a crucial role in aortic dilatation [373] and intracranial

aneurysms [375]. Clinical intervention e.g. stents or surgery can lead to ischemia and bleeding

[416, 417]. The danger associated with an early intervention might outweigh the risk of disease.

The ability to accurately identify regions of abnormal flow and WSS that can pose an immediate

hazard is crucial for the risk assessment.

WSS is the product of blood viscosity (µ) and the first-order derivative of velocity (shear

rate, γ̇) near the wall. Although blood flow estimation is relatively simple, quantitative assess-

ment of WSS in vivo is difficult to perform [376]. The steep flow gradient at the wall requires

high spatiotemporal resolution in three dimensions. The location of the vessel luminal bound-

aries must be tracked precisely and near wall blood flow motion must be differentiated from the

wall displacement [418]. High frame rate vector flow imaging e.g. ultrasound image velocimetry

and transverse oscillation have been demonstrated to measure complex blood flow dynamics

and WSS for a 2D plane [284, 334, 355, 389]. However, blood flow is three dimensional and so

is WSS. Quantitative interpretation of these techniques is therefore limited to velocities in the

imaging plane. In the aorta, for example, helical flow patterns and a high proportion of cir-
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cumferential WSS have been observed [419]. Volumetric 2D speckle decorrelation methods can

acquire full volume flow information but only for a small single cross sectional view [370, 420,

421]. Flow reconstruction techniques from multiple imaging planes cannot coherently and unam-

biguously consider physiological variability between heart beats, require multiple measurements,

necessitate temporal alignment and can suffer from irregular wall motion [422–424]. Hence to

date ultrasound has not been used to directly measure three dimensional WSS. Instead WSS is

almost exclusively obtained either through computational fluid dynamics (CFD) simulation or

phase contrast magnetic resonance imaging (MRI) [425, 426].

CFD simulations have arbitrarily high resolution and must balance computational cost with

accuracy; in many cases this is done by reducing numeric complexity. Reductionist approaches

are fast but rely on simplifying assumptions such as rigid walls which may not reflect the in

vivo situation [376, 426]. In any case, CFD requires an imaging modality e.g. IVUS or coronary

angiography to obtain the vessel geometry [427, 428]. Phase contrast MRI on the other hand

is expensive. Furthermore, scanners can suffer from low spatiotemporal resolution and partial

volume effects [429, 430] and are currently not accurate enough for the conclusive assessment

of WSS distribution [426]. A high spatiotemporal resolution is especially important for WSS

estimation. A small deviation between estimated and true vessel interface between 80 - 200

µm can lead to errors between 10 - 60 % [334, 365]. Furthermore, most studies lack ground

truth. Therefore, studies which try to assess the accuracy of MRI and CFD to measure WSS

are used as a benchmark for each other or are combined to improve WSS estimation [431–433];

this underlines the need for other benchmark methods of in vivo WSS measurement.

Recent progress in ultrafast plane wave imaging and transducer design have led to 4D ul-

trasound VFI based on 3D vector Doppler and to 4D UIV (VUIV) based on cross-correlation

of consecutive image volumes. With VFI, volumetric blood flow has already been demonstrated

in vitro with a row column array [386], in vivo in the carotid bifurcation of healthy volunteers

[368, 387] and in the heart [388]. These studies relied on complex transmission schemes which

can limit the pulse repetition frequency or the sampling of a large numbers of channels; these

require powerful experimental ultrasound scanners. Nevertheless, 4D vector flow imaging has

been demonstrated and VUIV has been used to measure 4D flow in an in vitro cardiac phantom

using a micro-beamforming setup and multi cycle acquisition [434]. As far as I know, 3D WSS

has not been measured with these techniques before.

In this study I demonstrate for the first time the estimation of 4D blood flow and WSS
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with VUIV. The aim of this study is to establish 3D ultrasound as a viable alternative to

phase contrast MRI and CFD when assessing haemodynamics. I show that WSS acquired with

VUIV can support clinical decision making and might be used to investigate the pathogenesis of

cardiovascular disease in the future. I first describe an easy-to-repeat transmission scheme and

imaging setup using a common Verasonics Vantage ultrasound research scanner. I subsequently

assess the accuracy of VUIV to measure flow and WSS in a straight vessel phantom with constant

and pulsatile flow. Finally, I show that high frame rate VUIV can measure spatiotemporally

varying flow and WSS in the abdominal aorta of New Zealand White rabbits in vivo. To finish

the study, I use an anthropomorphic carotid bifurcation phantom and highlight the potential of

VUIV to measure WSS in geometries with complex flow.

6.3 Methods

Figure 6.2: Full aperture in transmission (1024 elements) and random aperture in reception (256 element).

6.3.1 Volumetric ultrafast plane wave imaging

A high frame rate tilted plane wave imaging scheme was implemented on a Verasonics Vantage

256 research ultrasound system with a Vermon multiplexed 8 MHz 1024-Matrix array probe.

The probe has a centre frequency of 7.81 MHz, an element pitch of 300 µm and a field of view

of 9.6 by 9.6 mm by depth. In transmission the full aperture (1024 elements) and in reception a

random pattern of 256 elements (Figure 6.2) was used. The transmission frequency was set to 8

MHz with a pulse repetition frequency of 9900 Hz. An empirically determined 70 microsecond

was added to the time of flight to accommodate for the switch between apertures. In total 9

angles - four in each direction (X, Y) and one at 0° yielding a range of 15° - was transmitted
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for a frame rate of 1100 Hz. No apodization was used in transmission or reception. For image

reconstruction of the straight vessel and aorta, a very fine isometric pixel size of 50 µm was

applied (rpx = dxy/6) to accommodate the high sensitivity of WSS measurement to the wall

location. For the bifurcation, 100 µm could be used due to its larger physical dimensions.

Homemade microbubbles were used as a contrast agent.

Table 6.1: Settings of 3D UIV algorithm.

3D UIV settings

No. iterations 3 Window size 64 px

No. frames ensemble averaged 11 Window overlap 50 %

Window deformation spline No. POD modes 10

Universal outlier detection 1.5 Rel. SG filter length 0.4

Sub-pixel estimator Gaussian Lumen mask SFM + DPF

Lateral elevational resolution 50 µm Axial resolution 50 µm

Max. pass per iteration 10 Stop criterion RMSE<10e-3

6.3.2 Volumetric ultrasound image velocimetry

A purpose written 3-D echo-PIV code (Matlab 2017b) based on our previous 2D algorithm was

used [284, 334]. The VUIV analysis was performed between consecutive coherently compounded

volumes after beamforming and SVD clutter filtering. Correlation volumes were ensemble aver-

aged over 11 successive volumes (0.01 s). The VUIV was done using three iterations of normalized

cross-correlation (FFT) with iterative linear window deformation, spurious vector elimination

and a purpose-written full 3D gaussian sub-pixel estimator. The volume was masked with the

vessel segmentation. Square shaped interrogation windows with an initial window size of 64/32

(3.2 mm) with a constant overlap of 50 % were used. To improve gradient estimation for the

shear stress measurement, a principal orthogonal decomposition was applied. For regularization

and up-scaling of the velocity field, I compared a sequence of steps. Figure 6.3 illustrates a cross-

sectional view of the velocity vector field with the original VUIV grid (A), up-scaled without

filtering (B), up scaled and Gaussian filtered (imgaussfilt3 ) (C), and up-scaled and using homo-

morphic transformation (HT) (imclose) and re-sampling with an anti-alias filter (imresize) (D).
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To retain the shape in velocity profile in the centre but to smooth velocities at the outer edge,

the velocity field was transformed to polar coordinates, followed by HT, re-transformation, up

and down re-sampling, spline extra- and interpolation, and finally spatial Gaussian convolution

as illustrated in Figure 6.4. All parameters of the UIV algorithm are listed in Table 6.1

Figure 6.3: Top row shows cross-section of the velocity field in a straight tube before and after regular-
ization and interpolation. Bottom row shows the velocity profile through the axes of symmetry of the
vessel. (A) original velocity VUIV grid after POD filtering but before up-scaling. (B) Up-scaled velocity
field without filtering. (C) Velocity field with Gaussian filtering only. (D) Velocity field with HT, re-
sampling and Gaussian filtering. The strong curvature of the vessel relative to coarse VUIV grid leads
to an octagonal shape in the up scaled velocity field without filtering (B). Gaussian filtering smooths the
velocity field on outer edges but does not retain the shape the of velocity profile (C). HT, followed by
re-sampling and spatial smoothing does not alter velocity in centre (D).

6.4 Vessel segmentation

The vessel segmentation for the carotid bifurcation was done manually. The vessel segmentation

of the straight tube and rabbit aorta was based on the 2D approach previously published [284].

Imaging was performed in such a way that the probe was aligned with the vessel. The lateral

direction was defined as the plane in which flow enters from the left and exits to the right and

the elevational direction was defined as the plane that flow passes through. It was assumed that

the straight vessel and aorta have a circular shape which under pressure changes its diameter

instantaneously in the field of view. First, a 2D projection of the 3D volume was created by

finding the axis of symmetry in the elevational direction, to allow for misalignment during

imaging. Next, the vessel boundaries in the 2D plane were determined [284]. Skeletonization of
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Figure 6.4: Homomorphic transformation of velocity field. (1) UIV displacement field, (2) up-scaled
velocity field in polar coordinates, (3) filtered velocity field in polar coordinates and (4) cross sectional
view of filtered velocity field. Right: Final color-coded velocity field.

the boundary information was used to determine a centre line which was in alignment with the

axis of symmetry. Along this centre line a circular shape was swept across along the centre line

and the local diameter was adjusted according to the local boundaries to create a binary vessel

mask. Subsequently, the binary segmentation was smoothed using Gaussian convolution and a

triangulated surface mesh was created. The vertices of the mesh represent the wall points for

which the wall shear stress was estimated.

6.4.1 4D wall shear stress estimation

Following [435] the WSS vector τw can be calculated for each wall point by:

τw = 2µ(ε̇ · n) (6.1)

where ε̇ denotes the rate of deformation tensor, n the inward normal vector and µ the

viscosity of blood (µ = 4.043mPa · s). Fully expanded, WSS is simply determined by the shear

rate of each component of the velocity vector field at any given point in time:

τw = 2µ
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where ˙γij = δvi
δx +

δvj
δx describes the shear rate at the wall. For each wall point in time the

local coordinate system and the surface normal were determined. Subsequently, the velocity

profile along each image coordinate was extracted and a Savitsky-Golay filter with a relative

filter length of 0.4 (n = kD/dr) was applied to each velocity profile [334]. The gradient between

the point at the wall and the second point in the velocity profile was determined to create the

rate of deformation tensor. A spatial median filter was applied to the final WSS and vectors

at the same location were averaged over 11 successive volumes (0.01 s). The accuracy of the

WSS algorithm (including conversion from binary mask to surface mesh to WSS) was validated

against a parabolic laminar flow profile u(r) = umax(1−r2/R2) (umax = 0.5m/s) and a synthetic

Womersley velocity profile [284] in a straight vessel. The error for a steady parabolic flow was

0.28 % and 0.73 % for a pulsatile Womersley flow. The small residual error can be attributed

to the raster to surface conversion and consequential inaccuracies in determining the wall point

and surface normal.

6.4.2 Experimental setup

Figure 6.5 illustrates the three experimental setups. (A) straight tube with steady and pulsatile

flow, (B) a bifurcation phantom with steady and pulsatile flow and (C) a New Zealand White

(NZW) rabbit.

Figure 6.5: Three different experimental setups for VUIV. (A) A straight tube phantom with constant or
pulsatile flow at 200 bmp and 1 ml stroke volume. (B) An anthropomorphic bifurcation phantom with
constant or pulsatile flow. (C) In vivo abdominal aorta of New Zealand White Rabbit. Illustration of
rabbit modified from [284].

6.4.3 Straight tube phantom with steady and pulsatile flow

A straight tube phantom with a diameter of 5 mm and steady gravity-driven flow was used

with three different mass flow rates (3.4 g/s, 4.8 g/s, 7 g/s). For pulsatile flow the tube was

connected to a pulsatile pump (1405, Harvard Apparatus) and driven at 200 bpm with a stroke

volume of 1 ml. The circulating water was enriched with microbubbles. VUIV mass flow rate,
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velocity and WSS measurement were compared to a beaker and scale (fluid being collected over

45 s), data from an ultrasonic flow probe (Transonic flow probe) and the analytic ground truth

obtained from the Poiseuille equation. For pulsatile flow only mass flow rate and instantaneous

mean velocity were compared.

6.4.4 Carotid bifurcation phantom

An anthropomorphic carotid bifurcation phantom [436] was used to demonstrate multidirectional

flow and WSS measurement with UIV. Flow was steady (7 g/s) or pulsatile at 200 bpm and a

stroke volume of 1 ml. Maps of velocity and WSS were only qualitatively judged.

6.4.5 In vivo abdominal aorta of NZW rabbit

Experiments in the abdominal aorta of NZW rabbits followed the protocol described in [284],

complied with the Animals (Scientific Procedures) Act 1986 and were approved by the Animal

Welfare and Ethical Review Body of Imperial College London. Measurements were conducted

on two terminally anaesthetized specific-pathogen-free NZW rabbits (HSDIF strain, 8 weeks; 2.1

kg; Envigo, UK). Anesthesia was initiated with Acepromazine (0.5 mg/kg, im) and 0.25ml/kg

im Domitor plus 0.15ml/kg im Narketan and maintained with 1/3 of the Domitor and Narketan

doses every 30 minutes. Microbubbles were injected as a bolus of up to 0.1 ml/injection and a

total of 0.5 ml/animal. Euthatal (0.8 ml/kg) was used for euthanasia. Waveform and spatial

distribution were compared qualitatively to previous work [284].

6.5 Results

6.5.1 Straight tube phantom with steady and pulsatile flow

Mass flow rate and mean flow velocity were in excellent agreement between VUIV and ground

truth for both constant and pulsatile flow (error <1 %/ 4 %). Figure 6.6 shows transverse

and cross-sectional slices of the B-Mode volume, the colour-coded streamlines of velocity, and

arrows representing WSS vectors with random spacing. In all setups, the bias of estimated

WSS ranged between 3% to 9% when compared with the analytic solution obtained using the

Poiseuille equation.
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Figure 6.6: (a) Transverse and cross-sectional slices of B-Mode volume. (b) Color-coded streamlines of
velocity and (c) arrows representing WSS vectors with random spacing. (d) Velocity and WSS overlaid.

6.5.2 Carotid bifurcation with steady and pulsatile flow

Figure 6.7 illustrates the time average distribution of velocity (A) and WSS (B) in the carotid

bifurcation phantom. On the left, flow rate is constant, and on the right it is pulsatile. Flow

(E,F) and WSS (G,H) vectors and their corresponding waveforms (C,D) are also shown. The

internal and external carotid artery experience high flow velocities and WSS with constant flow.

The distribution of flow and WSS changes with pulsatile flow. A three dimensional vortex near

the outer section of the internal carotid artery appears during diastole. The location of peak

WSS (arrows) in the internal and external carotid artery shifts with the flow direction during

systole and its location differs from the steady case.

6.5.3 In vivo abdominal aorta of NZW rabbit

Figure 6.8 demonstrates 3D blood flow and WSS mapping in the abdominal aorta of a NZW

rabbit (A). Waveform, velocity and WSS vectors are from a single cardiac cycle. At 0.06 s, flow

is in a transitional phase. WSS vectors are not aligned with one other and point in different

directions. During systole, at 0.09 s, flow has become quasi parabolic and WSS vectors start to

align in parallel to the vessel centre line. At 0.15 s, the flow is reversed and all vectors point in
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Figure 6.7: (A) Time average velocity and (B) WSS in a carotid bifurcation phantom with constant
flow rate. (C) Velocity and (D) WSS waveform with time stamps (*) corresponding to (E,F,G,H). (E,F)
Velocity vectors in the carotid bifurcation at 0.08 s and 0.14 s and (G,H) respective WSS vectors. The
bifurcation is clipped in half to visualize flow in the centre. In (F), a three dimensional vortex develops
along the outer section of the ICA labelled with the arrow.

the opposite direction. At 0.2 s, flow once again goes in the forward direction. Waveform and

distribution of velocity and WSS are in agreement with published findings [284, 366]. Velocities

estimated from a slice of the imaging volume in the vessel centre are in good agreement with

velocities estimated with the 2D UIV algorithm of this slice. Velocity waveforms correlate with

a high Pearson CC = 0.99.

Figure 6.8: (a) Transverse and cross-sectional slices of B-Mode volume. (b) Velocity and WSS waveform
in all three dimensions with four different time stamps before and during systole/ diastole. Colour-coded
velocity and WSS vectors at (c) 0.06 s, (d) 0.09 s, (e) 0.15 s and (f) 0.20 s. Image illustrates the vessel
in an isometric projection with a quarter of the vessel cut out in the center

Figure 6.9 shows screenshots of the Verasonics user interface and its real time feedback with
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a 1D linear array (A) and a 2D matrix probe (B). A snapshot of the haemodynamic distribution

of flow and WSS in the abdominal aorta near the renal bifurcation illustrates the advantage

of a 3D scan compared to a 2D measurement (C). In 2D, the viewing plane does not allow

measurement of the portion of blood flow entering into the renal arteries. The velocity in the

region of the aorta near the two renal arteries is lower compared to upstream and downstream

locations.

Figure 6.9: Screenshots of the Verasonics UI show the real time feedback with a 2D linear probe (A)
and a 3D matrix probe (B). Blue lines were drawn manually during acquisition to record the location of
vessels. (C) Flow and WSS in the region of the aorta near the two renal arteries.

6.6 Discussion

This is the first study to demonstrate the potential of VUIV to accurately measure spatiotempo-

rally varying blood flow and haemodynamic WSS in vivo using an easy-to-repeat transmission

scheme, high frame rates and a common research scanner.

Volumetric flow rate and velocity measurement in the straight tube were in excellent agree-

ment with the reference measurement (< 1 %). For WSS the error was larger - up to 9 %. Part

of the reason for this might be that the analytical ground truth relies on accurate knowledge of

the diameter [345] which can change under pressure in the PVA phantom.

Qualitatively, flow and WSS distribution in the anthropomorphic bifurcation are in agree-

ment with fluid dynamic concepts. The creation of a three dimensional vortex and high cir-

cumferential flow velocities, and the corresponding WSS distribution, were captured precisely.
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However, a lack of ground truth does not allow a conclusive statement about the accuracy of

VUIV in complex geometries.

Flow and WSS in the abdominal aorta of a NZW rabbit were in good agreement with

typical values [284, 366, 408, 437]. The dynamic behaviour of spatiotemporal varying blood

flow, including flow reversal, could be observed in detail. Unlike phase contrast MRI, the

spatiotemporal resolution of VUIV is very high. No assumptions of a parabolic blood velocity

needed to be inferred or fitted [438]. Moreover, peak velocities of of >1 m/s could easily be

tracked. This was only possible because of the simple transmission scheme, using 256 elements

in reception. Vector flow imaging methods with the same setup e.g. transverse oscillation

would not be able to measure peak velocities observed here following the minimal Nyquist pulse

repetition frequency.

Last, blood flow and WSS in the abdominal aorta around the renal bifurcation illustrate

the potential of VUIV to measure complex blood flow in complex geometries with dynamic

motion. Different from reconstruction techniques [422–424], only the accuracy of tracking the

wall and blood flow but not the reconstruction accuracy influence the measurement. Despite

this simplicity, a substantial level of uncertainty in WSS measurement remains.

6.6.1 Source of errors

Several factors can lead to errors in WSS measurement. The main source of error is attributed

to uncertainty in wall location. Low contrast, an uneven distribution of intensity and strong

side lobes complicate accurate tracking of the vessel wall. Here, a very simple solution for

wall tracking was proposed which relies on the assumption of a circular vessel. In contrast,

the segmentation of a vessel in transversal MRI slices is easy. However the low spatiotemporal

resolution can lead to WSS errors >100 % [435, 439] that might exceed that of a segmentation

offset. Geometries for CFD simulation can be acquired at high resolution but do not provide

the dynamic wall movement.

The field of view for 4D plane wave ultrasound is small compared to the field of view that

can be achieved with 4D flow MRI [440]. For example, in the bifurcation example only the

bifurcation itself is visible. The flow field further upstream in the CCA and further downstream

in the ICA and ECA cannot be observed. Row column arrays, synthetic aperture imaging or

customized scanners could significantly increase the field of view in future applications [386, 434,

441, 442]. Alternatively, multi-volume measurements could also be used to increase the field of
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view.

The high sensitivity of WSS to small changes in flow and a lack of ground truth for the

pulsatile applications impede a final conclusion about the accuracy of VUIV in measuring WSS.

However, assessment of WSS with CFD and MRI face the same problem. Therefore, a more fair

assessment of the potential to measure flow and WSS accurately is to determine the repeatability

of the technique. MRI measurements of flow and WSS could vary by up to 20 % but have

become more consistent [435, 443]. Similar levels of repeatability could be observed in VUIV

measurements in the straight tube, but in conjunction with excellent accuracy for mass flow rate

and mean velocity. For WSS, the error was below 9 %. Considering its sensitivity, the absolute

and relative differences between the measurements was low.

6.6.2 Limitations

A major limitation of this study was the lack of a ground truth for WSS estimation. While

estimation of velocity was very accurate and could be compared between 2D UIV and VUIV

(e.g. centre line velocity), WSS could not be compared. In reception, 256 elements with a

random distribution were used. The randomisation was not optimized.

It must be noted that the wall tracking algorithm lacks accuracy. Any wall shear stress esti-

mation although accurate as a technique is probably incorrect. At the moment the image quality

is simply not good enough to provide accurate localization of the vessel wall. Improvements in

the imaging sequence but also in the design of the transducer is needed before ultrasound WSS

estimation can provide reliable results and be used for (pre-)clincal research and patient care.

6.6.3 Future work

Future work will investigate the accuracy of flow and WSS measurement by comparing it to

CFD simulations and by applying VUIV to synthetic datasets with known ground truth. The

transmission and reception must be optimized e.g. by selection of aperture elements to improve

contrast. Vessel masking must be improved specifically for more complex geometries such as

bifurcations. Furthermore, the effect of different spatial filters on WSS estimation must be

investigated. Last, the algorithm is not optimized computationally and should migrate to a

GPU-based version.
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6.7 Conclusion

In this chapter, I demonstrated for the first time that VUIV can estimate spatiotemporally vary-

ing 4D blood flow and WSS in the rabbit abdominal aorta. We have shown that 4D ultrasound

is a viable alternative to phase contrast MRI and CFD when assessing haemodynamics. With its

high spatiotemporal resolution and further advances in 4D imaging, VUIV will support clinical

decision making and will be used to investigate the pathogenesis of cardiovascular disease.
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Chapter 7

Spatial distribution of NF-κB and

albumin around intercostal ostia of

rabbits

The development of novel tools for the accurate determination of blood flow and WSS, described

in the preceding chapters, provides new possibilities in the continuing search for improved un-

derstanding of the relation between blood flow and pro-inflammatory changes in arterial en-

dothelium. In the following chapter a method for the measurement of the spatial distribution

of NF-κB in the aorta of NZW rabbits is developed. First, some basic principles of immunoflu-

orescence imaging and fluorescence confocal laser scanning microscopy are explained. Second,

some challenges encountered during method development are described which dictated the study

design and should be considered as a guide (what not to do). On this basis the development

and optimisation of the confocal imaging method to investigate regions around the ostia of in-

tercostal arteries in the rabbit is presented. Third, the image processing algorithm to quantify

the translocation of NF-κB from the cytoplasm into the nucleus is demonstrated. In addition,

determination of arterial wall uptake of bovine serum albumin (BSA, a surrogate for disease)

and morphological characteristics such as endothelial alignment is described. Last, spatial cor-

relations between the distribution of BSA uptake, NF-κB translocation and nuclear alignment

are made and flow dependent NF-κB activation is discussed.
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7.1 Principles of immunofluorescence imaging

This description follows [444, 445] unless otherwise stated. Immunofluorescence (IF) imaging

combines the light emitting properties of fluorophores and the specificity of antibodies to visual-

ize and localize antigens. When excited by a certain wavelength, fluorescent dyes emit a light at

a longer wavelength which can be used for qualitative morphological and quantitative intensity

studies. Immunofluorescence microscopy, thus requires the generation of an immune response

to the molecule or epitope of interest. The resulting antibody is known as an immunoglobulin

(Ig). The major and most commonly used form is IgG, illustrated in Figure 7.1; it is a large

protein heterodimer complex produced by B-cells and found in plasma. Such antibodies are

Y-shaped [446]. The arms of the Y are the fragment-antigen binding (Fab) and the tail of the

Y is the crystallisable fragment (Fc). The Fab region is the variable, antigen-binding region,

and is composed of a heavy and a light chain. The paratope of the antigen-binding site binds

to the epitope of the antigen. Note that because there are two of them on each IgG molecule,

cross linking between antigen molecules can be induced. The constant Fc domain interacts and

communicates with effector cells, other antibodies or immune proteins of the complement sys-

tem. Thus the variable region governs the specificity of the antibody for binding antigen while

the constant region governs the mechanism to eliminate the antigen e.g. through aggregation or

inhibiting infectivity, fusion or cell entry [447]. Fab fragments as well as whole IgG can be used

for staining. Additionally, in the early stages of an immune response, IgM - a polymer of IgG

molecules - is the most common immunoglobulin, and can also be used in immunofluorescence.

Antibodies can be monoclonal (all reacting to a single epitope) or polyclonal (reacting to several

epitopes); they can be labelled directly through attachement of a fluorophore, or can be detected

by a second antibody that is so labelled. Because more than one second antibody can bind to

each primary antibody, the latter method produces signal amplification - see Figure 7.1a and

Figure 7.1b.

Direct staining reduces complexity of the staining process and also reduces cross-reactivity

or non-specificity; however, binding can be impaired if the fluorophore is attached to the Fab

domain. Indirect immunofluorescence achieves a stronger signal but increases the likelihood of

nonspecific binding. (An epitope is composed of only five to eight amino acids or one to six

monosaccharides, and can occur in more than one molecule). Indirect immunofluorescence is

also cheaper, which often dictates the choice. However, indirect staining is significantly more
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Figure 7.1: (a) Direct immunofluorescence with dye labeled primary antibody. (b) Indirect immunofluo-
rescence with primary antibody bound to a secondary dye labeled antibody.

time consuming and secondary antibodies may cross-react with other species. Throughout this

work, the method of staining is indirect immunofluorescence.

7.1.1 Nonspecific background fluorescence

The secondary antibody is directed against the host species used to generate the primary anti-

body. To prevent unwanted fluorescence arising from the secondary antibody, the species used

to raise the primary antibody must be different from the species being examined. The second

antibody must be raised in a different host species from that used to raise the primary antibody,

otherwise no useful immune response would occur. For example, for a rabbit sample the primary

antibody can be generated in mouse against rabbit antigen and the secondary antibody can be

generated in donkey against mouse IgG. [444, 445]

Pre-treatment of tissue with blocking agents such as bovine serum albumin (BSA) or ani-

mal serum reduces non-specific binding and prevent non-specific binding of the secondary an-

tibody by binding to all potential sites of nonspecific interaction. Too high a concentration of

antibodies increases the chances of nonspecific background fluorescence. To further decrease

nonspecific background fluorescence, antibodies can undergo several purification steps to be-

come cross-absorbed or very cross-absorbed secondary antibodies, which contain only highly

specific antibodies. In the case described in the previous paragraph, absorption would be used

to remove donkey IgG that reacts with rabbit as well as mouse IgG. In the course of this work

cross-absorbed secondary antibodies were used and blocking agents were applied. [444, 445]
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7.1.2 Fixation

Tissue fixation preserves macro and microscopic structural elements. Common fixatives are

formaldehyde and glutaraldehyde, which cross-link antigens to prevent diffusion. A significant

problem in immunofluorescence is that this cross-linking can destroy epitopes or make them

inaccesible; fixation becomes a compromise between preservation and maintaining antigenicity.

Tissue must be fixed before permeabilization. [444, 445]

7.1.3 Permeabilization

Under normal conditions, due to their size and charge, antibodies cannot penetrate the cell

membrane. Permeabilization is necessary in immunofluorescence imaging to detect intracellular

cytokines and nuclear or cytoplasmic antigens. It involves lysis of the cellular membranes. The

most common permeabilization is performed through non-ionic detergents such as Triton-X-

100. Triton-X-100 breaks down cellular membranes by disrupting the hydrogen boding within

the cells lipid layer through its polar head group [448]. Permeabilization has been shown to alter

detected immunofluorescence in the cytoplasm and cell nucleus [256].

7.1.4 Confocal microscopy

Fluorescence labelling of immunoglobulins is more commonly employed than the attachment of

non-fluorescent dyes as it generally provides greater sensitivity. (Detecting faint light emission

against a black background is easier than detecting small differences in the intensity of bright

light). Furthermore, fluorescence emission intensity is, to a first approximation, linear with

respect to concentration whereas light absorption is logarithmic; the latter makes it inaccurate

to average spatially varying intensities to obtain an average of spatially varying concentrations.

Such methods became widespread after the introduction of modern wavelength filtration

modules based on thin-film interference filters and dicroic mirrors in the early 1970s. More

recently, fluorescence confocal laser scanning microscopy (f-CLSM) has become the methods

of choice to investigate endothelial inflammation and other biological markers by IF [18, 449].

Confocal microscopes provide rejection of light from planes in the tissue that are not of interest,

allow 3-D reconstruction of tissue volumes by imaging several planes sequentially, and often

have better wavelength filtration and intensity quantification systems and higher sensitivity than

conventional fluorescence microscopes. For my purposes, these properties and the high spatial
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resolution of confocal microscopy enabled the visualisation and quantification of morphological

patterns, inflammatory conditions and macromolecule uptake of the arterial wall and was used

for all measurements.

The rejection of out-of-focus light by a CLSM is achieved by inserting a pinhole in the path

of the exciting and emitted light. The pinhole is projected as a single point on the specimen, and

essentially only in-focus emitted light is passed by a pinhole to the detector as illustrated Figure

7.2. In many systems, the light path is arranged so that both exciting and emitted light pass

through the same pinhole. This optical sectioning ability combined with raster scanning enables

the acquisition of three-dimensional image volumes. In fluorescence CLSM, a specimen con-

taining a fluorescent dye is excited by a monochromatic laser. The intensity of the fluorescence

response is subsequently detected by a photomultiplier. A dichroic mirror or acousto-optics serve

as spectral filters and further enhance the image quality [450]. To improve the received signal,

the Stokes shift, which describes the difference in wavelength between exciting and emitted light

should be as large as possible and at least 20 nm. In many cases the specimen is labelled with

more than one dye; bleed through and overlapping emission ranges can occur [450].

Figure 7.2: Schematic drawing of a confocal microscope. A monochrome beam excites the specimen at
the focal point. Upon excitation, fluorophores emit light of longer wavelength according to the Stokes
shift. A dichroic mirror filters the emitted light, which is then detected through an optical pinhole.

Distinct antibodies and fluorescent dyes are used in f-CLSM to label specific antigens in the

specimen at high precision. Specifically binding fluorescent labelled antibodies e.g. NF-κB p65

antibody labelled with fluorescent dye Alexa 633 can bind to NF-κB [207]. Lissamine Rhodamine

B is a fluorescent protein label and forms stable conjugates with BSA. Albumin is a circulating
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plasma protein commonly used as a surrogate of atherosclerosis [167, 185]. Additionally, f-CLSM

can be used for morphology studies e.g. detecting the shape of endothelial nuclei after staining

them with nuclear DNA stain deep red anthraquinone fluorescing agent DRAQ5 or DAPI [451].

A restricting factor of this type of fluorescence imaging is that it requires destructive methods,

limiting the application to in vitro or post-mortem studies only. Moreover, conventional f-CLSM

has a low optical penetration depth due to very high attenuation, diffraction and scattering of

light in tissue. Therefore, large arteries cannot be imaged in their original shape but rather need

to be projected onto a 2.5D volume. To reduce attenuation and to enable imaging of the aorta

in its original 3D geometry, optically cleared f-CLSM can be used. In conventional f-CLSM, the

dissected tissue is mounted on a slide and its 2.5D projection is imaged en face. In optically

cleared f-CLSM, the dissected tissue remains in its original geometry and undergoes a series of

washings in ethanol-water solution (70%/30%, 90%/10%, 100%/0%, 100%/0%). Subsequently

the specimen is treated with Benzyl Alcohol Benzyl Benzoate (BABB), placed on a slide and

imaged [452]. This homogenises the refractive index and increases penetration depth by at least

an order of magnitude but does not work with a range of stains, and lipid is extracted. It was

not used in this study.

7.1.5 Challenges during method development

Several technical issues were faced during method development which impacted the final study

design and the most important points will be briefly described here.

Perfusion fixation of the aorta needs to be conducted swiftly following euthanasia and it

failed many times until the following procedures were used. The ideal size of the cannula is

roughly three quarter the diameter of the aorta. A thread but without a knot should be glued

around the cannula just below the tip to secure it inside the aorta, which should be cut to about

half its diameter at the insertion point.

Next I investigated if large bifurcations such as the orifice of the renal arteries could be

imaged with 3D optical clearing of intact segments, in order to maintain the in vivo geometry

and allow comparison with results of WSS from ultrasound acquisitions. However, the reduced

magnification and spatial resolution in optical cleared acquisitions, arising from the need to use

a low power, long working distance objective, made it impossible to detect individual endothelial

nuclei; hence I was unable to locate nuclear positions and determine NF-κB translocation but

mean fluorescence intensity could be detected in this way in future work. Data size was also a
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limiting factor with this method.

Subsequently reactivity and specificity of two antibodies were examined, phospho-NF-κB p65

(Ser536) (93H1) Rabbit mAb (Cell Signalling) and NF-κB p65 (L8F6) Mouse mAb antibody

(Cell Signalling) p65, for immunostaining. I observed a large amount of cross reactivity with

Ser536 but good signal quality with L8F6, which henceforward was used as the p65 stain. There

was some form of clustering with Ser536. I further investigated labelling with cell border stains

Anti-CD31 (PECAM-1) mouse monoclonal antibody (Sigma) and anti-VE-cadherin (F-8; sc-

9989, Santa Cruz). Excellent border staining was achieved with anti-CD31 but it showed that

the extracellular space in the endothelium is insignificant and that it could be neglected when

computing the ratio of nuclear-to cytoplasmic NF-κB from en face images.

Three different nuclear dyes were tested; DRAQ5 Fluorescent Probe Solution (Thermo Fisher

Scientific), Acridine Orange (Thermo Fisher Scientific) and DAPI. Use of the far-red Draq5 stain

required imaging of NF-κB in the shorter-wavelength emission range of tissue autofluorescence

when using the Leica TCS SP5 CLSM, which has three lasers and lines ranging from 496 -

633 nm; that complicated quantitative mapping of NF-κB translocation. Acridine Orange (AO)

emits at a shorter wavelength. In initial experiments with tissue and cell culture, excellent results

were achieved with it. However, in the in vivo experiments, bleed through of AO fluorescenence

into the albumin and NF-κB channels was observed. We were unable to determine the reason for

this phenomenon, which was inconsistent between measurements. For the final protocol imaging

was performed with Leica TCS SP8. The SP8 CLSM has two lasers ranging from 300 - 900 nm,

which allowed the use of UV fluorescent nuclear dyes and a better spread of emission ranges and

hence the use of DAPI over AO.

NF-κB is located in SMCs, macrophages and other cells [274]. In preliminary work, I com-

pared summation of NF-κB signal in the endothelial layer using slice thickness of (3 µm) and

4.2 µm. I decided to use the latter in the image analysis, even though it is substantially greater

than the thickness of endothelial cells. This decision was based on the low resolution in depth

and limits to the accuracy of finding the surface of the tissue. (An offset of 1 px at 0.6 µm/px

equates to the loss of 16 % of the endothelial signal, and thinner slices were impracticable.)

This approach theoretically gives a systematic error when comparing nuclear-to-cytoplasmic im-

munostaining due to signal encroaching from subendothelial layers. However, most activity of

NF-κB was observed in the endothelium. Only once did I detect significant NF-κB activity in

the SMC layer in our preliminary work. On the other hand most of the albumin tracer are
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located within 15 - 20 µm of the wall [187]. To include the entirety of the wall, when evaluating

albumin signal, 30 µm was summed.

Preliminary results did not reveal an impact of microbubbles on pro-inflammatory activity

but this was not tested with the final protocol and the evidence is therefore anecdotal due

to insufficient statistical power. I have observed that excessive use of microbubbles (> 0.7

ml/animal) can lead to premature death and therefore limited maximum microbubble dosage

to 0.5 ml/animal.

The quantification of the distribution of a 3D volume projected on a 2D plane can be biased

by its projection e.g. shape of ostium of a branch. Moreover, tissue auto-fluorescence provides

a reference for the distribution of collagen and naturally occurring higher intensities. Especially

downstream of a branch mouth tissue auto-fluorescence can lead to inflated intensities when

excitation wavelength is within the range of auto-fluorescence. In preliminary work, I tested if

the distribution of auto-fluorescence can explain spatial distribution of NF-κB or macromolecule

permeability. Figure 7.3 illustrates tissue auto-fluorescence and Acridine Orange signal intensity

(AO is a nuclear stain), Albumin uptake, NF-κB activity and unstained tissue under the stim-

ulus of TNFα. Images were manipulated for the purpose of visualization (contrast, brightness,

dynamic range). Figure 7.3(1-3) shows the auto-fluorescence channel on the left without nuclear

staining, albumin uptake in the centre and NF-κB channel equally without a staining on the

right. The sample was taken from tissue in a region of physiological flow. The underlying tissue

structure influences intensity pattern but not intensity distribution. Bright spots in 7.3(2) are

accumulations of albumin, vary locally and do not appear in other channels as illustrate by the

black ellipses. Figure 7.3(4-6) illustrate the distribution of AO nuclei and auto-fluorescence,

albumin uptake and NF-κB intensity. Apart from the underlying geometry NF-κB signal in-

tensity is independent of albumin and auto-fluorescence as observed upstream of the branch

ostia. Albumin distribution and AO/ auto-fluorescence appear structurally similar but while

intensity of albumin is highest downstream of branch ostia intensities are elevated both up- and

downstream in the AO/ auto-fluorescence channel. Moreover, at a smaller scale with a wider

field of view the independences of each distribution can be observed. Figure 7.3(7-9) show that

similarity is coincidental due to tissue structure but neither the albumin nor NF-κB intensity

distribution is affected by auto-fluorescence.
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Figure 7.3: Assessment of the cross-talk between acridine orange and tissue auto-fluorescence (1, 4,
7), albumin uptake (2, 5, 8) and p65 intensity (3, 6, 9). The tissue auto-fluorescence does not spatially
correlate with the distribution of albumin or NF-κB intensity but the underlying geometry does correlate.
The same structures are visible in each channel. For example the black circles in 1, 2, and 3 show a
different distribution and different levels of intensity but the same underlying structure.

7.2 Motivation

Atherosclerosis is a chronic inflammatory disease that develops as a consequence of progressive

entrapment of low density lipoprotein (LDL), fibrous proteins and inflammatory cells in the

arterial intima [6]. Once triggered, a myriad of inflammatory and atherogenic factors mediate

disease progression [99, 100]. However, whether pro-inflammatory activity initiates atherogenesis

or spreads after the onset of disease is unclear [271].

Native LDL lacks inflammatory properties and uptake into the wall occurs throughout life

without harm [111]. Its transport into the wall is required to deliver the cholesterol required

to build cell membranes, for example. A majority of coronary artery diseases occur in patients
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with average cholesterol levels. That is presumably because average LDL levels in the developed

world are significantly higher than modelled normal species levels suggest [239]. (It might

also be because humans have not evolved to live so long, and/or that reproductive success

is not governed by health in old age). LDL overload and oxidization have been described

as the detrimental mechanism for recruiting and sustaining leukocyte populations [111, 113].

Nevertheless, the highly focal distribution of atherosclerosis suggests that LDL may constitute

only a necessary permissive factor of atherogenesis and does not alone trigger a pro-inflammatory

response. Instead, altered mechanical stresses acting on the arterial wall have been linked to

the patchy distribution of atherosclerotic lesions [11, 14, 25, 98]. Wall shear stress (WSS) is

known to influence the normal physiology of the endothelial cells [69][195]. Disturbed flow with

temporal and spatial variations of WSS is associated with acute and chronic inflammation; both

established risk factors of atherosclerosis [1, 100, 105, 197]. Therefore, many current models

consider abnormal flow to be the decisive modifying event in atherogenesis. However, metrics of

WSS consistently fail to predict lesion location and patterns of disease distribution and suggest

WSS plays only a mediating role [20, 252]. It could be that mechanical stresses lead to increased

permeability and hence LDL could be the trigger that is regulated by flow characteristics.

NF-κB is a mediator of the cell’s inflammatory response to an external stimulus. In vascular

inflammation, NF-κB regulates the cross-talk between cytokines, adhesion molecules and growth

factors e.g. E-selectin, VCAM-1, ICAM-1, IL-6, IL-8 or TNFα [242]. A strong correlation

between atherosclerosis and arterial inflammation has been reported [7–9] and flow has been

demonstrated to mediate NF-κB expression. Under sustained laminar flow and physiological

WSS magnitude, the expression of atheroprotective genes and proteins is upregulated whereas

multidirectional WSS can lead to oxidative and inflammatory activity [196, 201, 240, 243, 259,

260, 262–264]. However, a causal link between flow and NF-κB in the onset of atherosclerosis

has not been demonstrated [101, 280, 281]. In fact, NF-κB activity is not unidirectional. NF-κB

also mediates a negative feedback regulation e.g. IκBα and anti-inflammatory genes such as A20

or COX-2 [242, 453]. Its activation at different stages and different cell types can have opposing

effects [453]; this could also be related to flow.

The extent to which pro-inflammatory events can be triggered through a biomechanical

pathway related to WSS in vivo is uncertain. The ambiguity in the definition of disturbed flow

due to the unavailability of suitable measurement techniques adds to the uncertainty. Several

studies observed NF-κB activation or priming of pre-lesional states under disturbed flow but
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most required external stimuli and had low statistical power [66, 248, 266, 270]. Atheroprone

regions cannot simply be defined by flow characteristics but must be assessed further [17, 251]. A

proven measure of atherosusceptibility is arterial permeability. Patterns of arterial permeability

closely resemble that of arterial lesion sites [75, 173]. Levels of rhodamine B-labelled albumin

e.g. around the intercostal ostia of rabbits are elevated with similar distribution to that of

disease and that of WSS and can be used as an indicator for the atherosusceptibility of a region.

[25, 180].

In this chapter I measured the spatial distribution of pro-inflammatory expression of NF-κB

around the aortic ostia of intercostal arteries in the New Zealand White (NZW) rabbit and

compared them to the distribution of albumin uptake as a surrogate of disease. I also measured

nuclear alignment and nuclear shape. On this basis I investigated the flow independent activation

of NF-κB as an inflammatory regulator in early atherogenesis and summarize the relationship

between pro-inflammatory changes and disease under the influence of an external stimulus.

7.3 Methods

7.3.1 Animal model

All experiments complied with the Animals (Scientific Procedures) Act 1986 and were approved

by the Animal Welfare and Ethical Review Body of Imperial College London. Measurements

were performed in 8 terminally anaesthetized specific-pathogen-free NZW rabbits (HSDIF strain,

11.75 ± 1.21 weeks; 2.38 ± 0.3 kg; Envigo, UK). Rabbits were housed individually in pens at

18-22° C on a 12 h day-night cycle. Rabbits were fed a standard laboratory diet and water

ad libitum. Experiments were performed after an acclimatisation period of 2.91 ± 0.89 weeks.

Anesthesia was initiated with Acepromazine (0.5 mg/kg, im) and Domitor (0.25 ml/kg, im) plus

Narketan (0.15 ml/kg, im) and maintained with 1/3 of the Domitor and Narketan doses every 30

minutes. Animals were culled by an overdose of sodium pentobarbitone (Euthatal, 160 mg/kg).

A rectal probe and heating matt were used to monitor and control body temperature.

7.3.2 In vivo protocol

The study was preceded by contrast enhanced ultrasound scanning of the rabbit abdominal

aorta for approximately two hours. (The data from that part of the experiments is described in
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previous chapters). Heart rate of rabbits usually decreased from around 200 bpm at beginning of

procedure to 150 bpm at start of the protocol described in this chapter, presumably as a result of

the administration of anaesthetics and contrast agents. Decafluorobutane microbubbles with a

concentration of 5 ·109 mb/ml and 1 µm in average diameter were injected in boluses of up to 0.1

ml/injection and a total of 0.5 ml/animal [284]. All agents were injected via the same marginal

ear vein. Animals were grouped in two categories: Control (ncontrol = 4) and TNFα treated

(nTNFα = 4). The regions of interest were the intercostal ostia, and more specifically the most

proximal five pairs of ostia (kintercostal = 10), giving a total of icontrol = 40 control and iTNFα =

40 TNFα treated branch regions. Rhodamine-labelled albumin (Sigma Aldrich, CAS: 60311-02-

6, 150 mg/kg) [454] was injected and allowed to circulate for 30 minutes. TNFα was used to

stimulate translocation, which was hypothesized to be elevated in regions of disturbed flow and to

correlate with permeability patterns. 6 µg/animal recombinant rabbit TNFα (RD Systems, ID:

5670-TG-025) were diluted in 1 ml phosphote buffered saline (PBS) and administered 5 minutes

after the albumin. (For a theoretical concentration of approximately 50 ng/ml at an estimated

rabbit blood volume of 60 ml/kg, comparable to medium dose of in vitro experiments). Heparin

(Sigma Aldrich, CAS: 9041-08-1, 2000 units) was administered via the same route 2 minutes

before perfusion fixation. Subsequently, midline thoracotomy and laparotomy were performed

to reveal the aorta [187] and the animal was euthanized. A retrograde cannula was inserted and

tied in the aorta approximately at the level of the diaphragm. The proximal aorta was flushed

with saline for 30 s from a reservoir 140 cm above the animal e.g. at physiological pressure

(p1 = ρgh = 0.137 MPa = 100 mmHg). 4 % Formaldehyde was then administered through the

same route. After approximately 60 s of flushing with fixative the aorta was clamped distal to

the cannula and also close to the aortic valve, to limit the volume of fixative required. Fixation

at pressure was continued for 30 minutes in situ. This insertion of the cannula was performed as

fast as possible and did not exceed 5 minutes from euthanasia. The aorta was excised following

perfusion and cleaned of blood. Subsequently it was cleaned of excess external tissue and the

segment containing the intercostal branches was post-fixed in 4 % formaldehyde at 4° C.
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7.3.3 Tissue preparation and staining

7.3.3.1 Permeabilization

Following fixation (24 h), the tissue was prepared for imaging. The thoracic segment of the

excised aorta was further cleaned of excess tissue and washed in PBS three times for 5 minutes.

The aorta was then submerged in a blocking buffer solution (BBS) for 60 minutes at room

temperature. The BBS was composed of 5 % BSA (Fisher Scientific, CAS: 9048-46-8), 0.3 %

Triton-X 100 (Sigma Aldrich, CAS: 9002-93-1), 0.5 % Tween (Sigma Aldrich, CAS: 9005-64-5)

and 94.2 % PBS (Sigma Aldrich, MDL: MFCD00131855).

7.3.3.2 Fluorescence staining

Following permeabilization, the sample was washed three times in PBS for 5 minutes each.

Subsequently, primary anti NF-κB p65 (L8F6) Mouse mAb antibody (Cell Signalling) staining

was performed overnight at 4° C and a dilution in BBS of 1:100. Tissue was washed three times

in PBS for 5 minutes each and mixed with a cross-adsorbed secondary antibody Alexa Fluor 633

goat anti-Mouse IgG (H+L) at a dilution of 1:150 in BBS for 90 minutes at room temperature.

Again tissue was washed in PBS three times for 5 minutes each and subjected to nuclear staining

with DAPI Staining Solution (Abcam, ab228549) at a dilution of 1:500 in PBS for 10 minutes

at room temperature. Tissue was washed once again three times in PBS for 5 minutes.

7.3.3.3 Mounting of tissue

The aorta was opened along its ventral mid-line and mounted flat on a microscope slide with

the luminal surface facing the cover slip, using Fluoromount Aqueous Mounting Medium (Sigma

Aldrich, ID: F4680). The tissue sample was cut at a 45° angle on the upstream position and at

90° angle on the downstream position as illustrated in Figure 7.4 to allow easy identification of

mean flow direction. Intercostal ostia were numbered from top to bottom and right to left. The

slide was left to set for a minimum of 24 h in the fridge. After imaging, the tissue was put back

in 4% formaldehyde and kept in the fridge at 4° C to allow for future reanalysis. Note right and

left side describe anatomical perspective.
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Figure 7.4: Tissue mounting and corresponding ostial number on a standard microscope slide. Intercostal
1 refers to the first anatomical right intercostal and intercostal 10 refers to the last anatomical left
intercostal. The view shows the luminal surface. Odd numbers describe the right side and even numbers
describe the left side.

7.3.4 En face confocal microscopy

An inverted Leica TCS SP8 laser scanning confocal microscope with a computer-controlled

motorised stage was used to image the area around each of the the 1st - 10th intercostal ostia.

Scanning was done bidirectionally with a scan speed of 600 ns. First, nuclear stain DAPI and

NF-κB stain Alexa 633 were simultaneously excited at 405 and 633 nm and detected at 420 -

540 nm and 643 - 712 nm, respectively. Then fluorescence from rhodamine-albumin was excited

at 561 nm and detected at 582–606 nm. This sequential method was used to minimize crosstalk

betweeen channels and was conducted line-by-line rather than frame-by-frame. A 20x 0.75 NA

dry lens was combined with tile scanning of 3x3 fields of view (with 15 % overlap) around each

intercostal, giving a total of 90 scanned regions per animal. Each field of view was 582 x 582 x

60-80 µm in size. These ROIs were stitched into one large volume in Fiji [455]. The final field of

view was 1634 x 1633 x 60 - 80 µm with a voxel size of 0.57 x 0.57 x 0.6 µm in X-Y-Z respectively,

which translates to a resolution of 1.7600 px/µm in X-Y-direction and 1.66 px/µm in Z-direction.

Confocal scanning was performed overnight (approximately 12 h) at room temperature.

7.3.5 Image processing

In total, three image volumes needed to be processed. Channel 0 contained nuclear morphology,

channel 1 represented NF-κB signal and channel 2 yielded the albumin data.
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7.3.5.1 Aligning intercostal ostia and flow divider

Images were rotated so that the bulk flow direction was exactly vertical with respect to the image

coordinates. This meant blood flow direction went from top to bottom of the image. A fiduciary

point at the downstream turning point of the curved flow divider was selected manually.

7.3.5.2 Detecting luminal surface

The luminal surface was detected by applying the method of Otsu to a spatially Gaussian filtered

channel 1 dataset. The detection of the surface was used to extract NF-κB signal intensity in

the endothelium and endothelial nuclei as illustrated in Figure 7.5. The maximum projection on

the left contains all nuclei whereas the endothelial layer only contains the endothelial nuclei. For

detection of endothelial nuclei alone, the first 3 µm were summed to exclude smooth muscle cell

nuclei. For the NF-κB signal the first 4.2 µm were summed which extends the average thickness

of the endothelium as explained before. Preliminary worked showed that the bulk of signal is

in the endothelium. For the albumin tracer, the first 30 µm from the surface into the wall were

used.

Figure 7.5: Determining endothelial surface in an image volume using the method of Otsu. On the
left: Volumetric visualization of tissue sample. (A) Slice of volume. The first white line illustrates the
endothelial surface in an x-z plane through the wall. (B) Maximum projection of the entire volume. (C)
Maximum projection of the endothelial layer alone, which is used to determine the ratio between nuclear
and cytoplasmic transcription.

7.3.5.3 Determining cell morphology

The position, major and minor axis length, absolute orientation in image coordinates and orien-

tation relative to the centre point of intercostal ostia were determined for each nucleus as shown

in Figure 7.6. In addition, the cell shape index (CSI) and the length-to-width ratio (LWR) were

149



calculated. The CSI is defined as CSI = 1/4 π · area/(perimeter)2; it is zero for a line and 1

for a circle. Nuclear detection was performed using an adaptive block-wise local Otsu threshold.

Segmented nuclei were filtered based on average area with an upper and lower limit of twice and

half of that area respectively. Average nuclear length was determined to be 17 µm and average

nuclear width was 8 µm, as previously described in Section 2. Segmented nuclear boundaries

were fitted with an elliptical shape. Nuclei which were packed in groups too closely to allow for

accurate determination of a major axis were disregarded for the orientation measurement but

kept as a mask for the measurement of nuclear inflammatory activity.

Figure 7.6: Determining endothelial nuclear location, shape and alignment using an adaptive block-wise
local Otsu method. Top left and bottom left: The red line marks the ideal shape of nuclei. Top right and
bottom right: Arrows illustrate nuclear orientation. The projection of the endothelial layer to determine
nuclear orientation contains only idealised nuclear shapes. Bottom left and bottom right are zoomed in
views of top left and top right respectively.

7.3.5.4 Determining the nuclear-to-cytoplasmic NF-κB ratio and albumin

uptake

The summed projection of the first 4.2 µm of channel 1 was masked with the nuclear mask

obtained from the channel 0 dataset to discriminate between cytoplasmic and nuclear NF-κB

signal. Albumin was summed over 30 µm depth starting from the detected surface.
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7.3.5.5 Quantification

The field of view was divided into 200 by 200 px interrogation windows and metrics were averaged

for each window. The image was cropped to a size of 14 by 14 regions of interest. Uptake of

albumin and NF-κB signal intensity were normalized to the mean value in the field of view.

7.3.6 Statistics

The following distribution maps were created: NF-κB, NF-κB nuclear-to-cytoplasmic ratio,

albumin, relative orientation, absolute orientation, cell shape index [456] and length-to-width

ratio. Maps were made for two different groups: control and TNFα and a total of 10 intercostals

each in each artery. Average maps of the distribution of the metrics around the intercostal ostia

(1-10), left or right (1-2), animal (1-8) and groups (1-2) were generated. See the Appendix for

all distribution maps. Structural similarity index (SSI, Matlab ssim) and mean squared error

(MSE) were calculated between groups and between intercostals for the same metric. Regression

analysis and pairwise linear correlation coefficients were calculated between average measures

and of different metrics. The 95% confidence interval of histograms of correlation coefficients

was used to indicate causality. A (nested) rank permutation test (between animals/ intercostals)

was used to analyze the differences among means of intercostal ostia, between the control and

TNFα treated groups, with a significance criterion of the 5th percentile. For visualization, a

perceptually uniform color map ’plasma’ with monotonically increasing luminance was used.

7.4 Results

7.4.1 NF-κB distribution changes with location but not with

TNFα treatment

Each map in Figure 7.7 represents the average pattern of NF-κB around intercostal ostia (which

is represented by the rectangle in the image centre) for the control (n=4) and TNFα (n=4)

group. The distribution of NF-κB changed with location but not between groups. The most

proximal intercostal ostia, numbers 1 and 2, which are the most susceptible to flow disturbances

arising in the arch, show upstream and lateral accumulation. Intercostals 3 - 10 have elevated

downstream signal intensity, as well as patches at the lateral margins of the ostium. There is
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a high similarity between the different intercostals, but the relative distribution changes from 3

to 10 with a higher relative peak the further downstream in the aorta the intercostal is located.

Rank permutation test revealed a significant difference between left/right intercostals but not

between groups. Table 7.1 lists the regression value and the 5th percentile of the confidence

interval of the rank permutation test.

Table 7.1: Regression factor (r) and 5th percentile (y) of rank permutation test.

Control: right TNFα: left TNFα: right
Control: left r=0.78; y=0.63 r=0.76; y=0.63 r=0.70; y=0.63
Control: right r=0.62; y=0.77 r=0.89; y=0.78
TNFα: left r=0.52; y=0.69

Average maps of the left and right intercostal ostia (1-10) as illustrated in Figure 7.8 show

the same trend. Intensity (top row) was highest downstream and right of the flow divider lip for

the right intercostals (1, 3, 5, 7, 9) and centre to bottom-left for the left intercostals (2, 4, 6, 8,

10). In the bottom row, the average maps of pixel ranks are displayed. No significant differences

between the control and treatment groups were observed in mean fluorescence intensity of NF-

κB. The structural similarity index is high and normalized mean squared error low. Between

groups SSI = 0.922 and 0.923, and NMSE = 0.65 and 0.56%, when comparing average left/right

of control with left/right of treated group. SSI was similarly high when comparing left and right

of control group: SSI = 0.935, NMSE = 0.79%. However, SSI was lower and MSE higher when

comparing between left/right of the treated group: SSI = 0.908, NMSE = 1.53%.

7.4.2 Nuclear-to-cytoplasmic ratio is elevated upstream but not

downstream and inversely related to total NF-κB intensity

Each map in Figure 7.9 represents the average pattern of NF-κB nuclear-to-cytoplasmic ratio

(NCR) around the left or right intercostals of the control or treated groups. The figure addi-

tionally shows maps of the ranked pixel values and regression plots and histograms of regression

values between NF-κB staining intensity and NCR. NCR is elevated upstream of the intercostal

branch ostia in all cases. The distribution of NCR is more homogeneous in the control group

compared to the TNFα group which shows a distinct shape of equal nuclear-to-cytoplasmic

intensity downstream and lateral position of the flow divider. NCR distribution in the TNFα

group shows high resemblance of the triangle shape pattern of the average NF-κB distribution.
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Figure 7.7: Average distribution of NF-κB around intercostal ostia for the control and treated groups.
Each image represents the average of 4 animals. The two columns on the left correspond to the control
group and the two columns on the right correspond to the TNFα group. Corresponding intercostal
written in each figure title.

The 95 % confidence interval of mean regression values for all cases ranges from CI = [-0.49:-

0.11]. The strongest inverse relationship between NCR and NF-κB was observed for the right

intercostal branches in the treated group with a mean µ= -0.35, CI = [-0.50, -0.20] and standard

deviation σ= 0.32, CI = [0.24, 0.46]. This suggests at least a weak causal relationship between

NCR and mean fluorescence intensity. Two-tailed unpaired ttest did not show a significant

difference between the control and treated group distributions.

Initially the result may appear surprising as the translocation of p65 into the nucleus is con-

sidered pro-inflammatory. However, Figure 7.10 illustrates that the inverse relationship between

NCR and NF-κB intensity does not stem from a reduced translocation of NF-κB downstream

but from an increased fluorescence (priming) in the cytoplasm. Nuclear signal up- and down-
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Figure 7.8: Average distribution of NF-κB around the left and right intercostal ostia between the two
groups. The two columns on the left illustrate the control group. The two columns on the right illustrate
the treated group. The top row corresponds to the measured signal and bottom row to pixel ranks.

stream of the branch ostia is equal but regions of high NF-κB activity show signs of strong

priming in form of NF-κB accumulation near - but outside - the cell nuclei. Here, NCR does

not reflect inflammatory activity in the desired way as it does not quantify the cytoplasmic

location (near the nuclei but not inside). Note that although the average distribution of NCR

and NF-κB are similar between groups, not all rabbits in the control group but all rabbits of

the TNFα group showed NF-κB translocation. Two rabbits of the control group experienced

elevated mean fluorescence intensity only in the downstream region.

7.4.3 The average distribution of NF-κB correlates with arterial

permeability but peak intensity does not

A strong positive correlation was obtained between the wall uptake of circulating labelled al-

bumin and the mean intensity of NF-κB fluorescence. Figure 7.11 illustrates the patterns of

albumin uptake and NF-κB intensity for both groups and the regression plot between the two.

Regression analysis shows high linear correlations between albumin uptake and NF-κB intensity

in both the control and treated rabbits. Values are highest downstream of the flow divider lip

and lateral to the margins of the ostium.The distribution of albumin follows a strict triangular

pattern compared to a broader and more homogeneous distribution of p65. The correlation is

stronger for the NF-κB TNFα group than the control group with a mean µ= 0.62, CI = [-0.57,

-0.67] and standard deviation σ= 0.15, CI = [0.12, 0.19]. Figure 7.11 bottom row illustrates a

heat map of the rank for each pixel in the intercostal averages. This shows more clearly that the
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Figure 7.9: NCR distribution around left or right intercostal of the control and TNFα group. First
row shows average images of left and right intercostals. Second row shows the ranked pixel values and
third row the corresponding regression plots between NCR and NF-κB. Fourth row shows the histogram
of regression values with mean and standard deviation. A small spread of regression values indicates
causality. Pixel rank reveal that nuclear-to-cytoplasmic ratio is highest upstream of ostia. Downstream
a triangle shaped region of lower values is visible in all four maps.

distribution of permeability values is highly focal whereas inflammatory activity peak intensity

shows a broader spread. Nevertheless maximum intensities for both are predominantly found

downstream of the branch ostia in a triangular shape.

7.4.4 EC align with bulk flow and their alignment correlates

with NF-κB activity

Figure 7.12 shows maps of relative and absolute nuclear orientation, nuclear shape, and NF-κB

intensity for the control and TNFα groups. The reference point for defining relative alignment

is the central point of the branch ostium. The absolute alignment is referenced agains the image

coordinates, with 0° describing vertical alignment. The maps show that endothelial nuclei align

with the bulk of flow. Relative and absolute orientation maps show upstream endothelial align-
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Figure 7.10: Relationship between NF-κB and nuclear-to-cytoplasmic ratio. The intensity of nuclear
NF-κB signal is similar between upstream (1) and downstream (2) positions. However, strong priming
of nuclei downstream of branch ostia decreases NCR, which is a relative measure. Note that the image
has been manipulated for illustration purposes (contrast, brightness, dynamic range).

ment with the direction of the centre point of the ostia, consistent with converging streamlines

in this region. Regions lateral to the the branch ostia transition from orienting towards the

branch into aligning with the axial direction of the aorta. The LWR suggests that upstream of

the ostia blood flow and WSS have a higher magnitude compared to downstream of the branch

ostia where diverging flow deviates from the bulk flow direction. The cut-off between nuclear

alignment with the branch ostia and transition into a region of the bulk flow is abrupt. Nuclear

alignment correlates with the distribution of NCR as illustrated earlier in Figure 7.9. Cell shape

index is relatively uniform over the entire region of interest. Directly upstream and downstream

of branch ostia CSI is lowest. A significant difference between CSI of the control and TNFα

group is apparent. The discrepancy can be attributed to the TNFα stimulus which is known to

elongate cells in culture.

7.5 Discussion

This is the first study to present colocalization of macromolecule uptake and pro-inflammatory

activity around the branch mouth of intercostal arteries in the rabbit aorta. The developed

method is without cross-talk between channels or biases from tissue auto-fluorescence and the

NF-κB and nuclear data are specific to the endothelial layer as a result of robust segmentation

technique.

A high degree of similarity between patterns of albumin uptake and of NF-κB intensity have
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Figure 7.11: Relationship between NF-κB intensity and albumin uptake around intercostal ostia in rab-
bits. Firt row shows the average NF-κB maps for the left/right intercostal of the control and treated
group. Second row shows the average albumin maps. Third row shows the corresponding regression
plots; color-coded by their pixel position and the histogram with confidence interval, mean and standard
deviation. The fourth row shows the rank pixel maps of NF-κB and albumin.

been observed. Pro-inflammatory activity was expressed in a sparse translocation of NF-κB

into the nucleus upstream of branches and broadly elevated mean NF-κB-related fluorescence

intensity downstream and at the sides of the ostia. Cytokine stimulus with TNFα did not

significantly change maps of inflammatory activity or albumin uptake but did have an immediate

effect on CSI. Instead, differences between intercostal locations (e.g. left or right side of the aorta,

and perhaps along the aorta) were observed. The distribution of NF-κB changed from a peak in

upstream locations to a triangle shape of permeability in immature rabbits with distance down

the aorta. Maps of relative and absolute nuclear orientation can be related to uptake and NF-κB

patterns. Nuclear-to-cytoplasmic ratio and nuclear shape, which is an indicator of blood flow

characteristics were elevated upstream of the branch.
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Figure 7.12: Relationship between NF-κB intensity and nuclear shape and alignment. Maps are average
from all maps of control group (top) or treated group (bottom). Left: Relative orientation of nuclei.
Second from left: Absolute orientation of nuclei. Middle: NF-κB distribution. Second from right:
Length-to-width ratio. Right: Cell shape index. In regions of cells that do not align with their long axis
pointing towards the centre of branch ostia, mean fluorescence intensity of NF-κB is elevated.

7.5.1 Relationship between inflammation and disease

A strong spatial correlation between maps of pro-inflammatory activity and albumin permeabil-

ity was observed. Most prominently, uptake and mean immunostaining of inflammatory activity

were highest downstream of the ostium and in larger patches lateral to the branch opening.

The distinct triangular shape pattern of the uptake of macromolecules has been seen in young

rabbits in previous studies [187, 454] and correlates with maps of lesion prevalence in immature

vessels [25, 146, 457]. Maps coloured by rank rather than fluorescence intensity also show high

spatial resemblance between the two metrics.

The strong spatial similarity between control and TNFα groups in NF-κB activity is striking.

TNFα appears not to change the uptake pattern or distribution of pro-inflammatory activity.

The results may indicate an unwanted error in the procedure that evokes spontaneous inflam-

matory activity without the TNFα stimulus. For example, there may be sub-clinical infections

within the rabbit colony, or an inflammatory response to the previously administered microbub-

bles. (We can probably rule out an ineffectiveness of the TNFα because it altered the shape

of the nuclei, as it is well known to do in cell culture). In focused ultrasound applications to

enhance blood brain barrier permeability, microbubbles and microbubble cavitation haven been

demonstrated to influence the inflammatory response [458]. However, inflammation should not

occur with plane wave contrast imaging which uses much lower pressures. In fact retrospective

analysis of preliminary work did not show any signs of inflammation. However, it was observed

that microbubbles, if administered in excess, were fatal to the rabbits.
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Another potential explanation for the similarity between the control and TNFα groups is

NF-κB expression induced by the administration of albumin. Acute and chronic studies have

shown a concentration-dependent relation between the exposure to albumin at concentrations of

50 mg/l and 500 mg/l and the expression of NF-κB in tubular epithelial cell culture models [459,

460]. The dose of albumin administered in this study was 150 mg/kg which equals to roughly

over 357 mg per 140 ml of blood or 2550 mg/l for the average rabbit (blood volume of rabbit

according to NC3R is 58.5 ml/kg). Note that most studies investigated tubular cells. Similar

effects have been reported in monocyte/macrophage cells and in astrocytes and microglial cells

from the brain. However, a characteristic of all these cells other than the monocytes is that

they are not normally exposed to significant albumin levels. Tubular epithelial cells will only

see much albumin if glomerular filtration breaks down, as in pre-eclampsia, and microglia and

astrocytes only if the blood-brain barrier breaks down. Endothelial cells, which are continuously

exposed to albumin at 40,000 mg/l, might not be susceptible. Albumin is known to have bind

clotting factors if prepared from serum but, although it is termed serum albumin, the molecule

I use is actually prepared from plasma, according to the manufacturer. It is bovine albumin and

might induce an immune response when administered to rabbits. Evidence that acute albumin

administration does in fact evoke an immune response was seen in mice [461, 462]. Further

information is required before conclusions can be drawn.

What this results shows is that macromolecule uptake or flow moderate the inflammatory

pattern. The amount of TNFα injected was not sufficient to cause complete translocation of

NF-κB but it was sufficient to elongate the cells. The sparse translocation that was observed

matches previous findings at atheroprone sites in mice, where NF-κB translocation was found

in only 15 % of nuclei and priming was the primary observed mode of inflammatory activity

[251]. However, other studies found greater translocation, as discussed before, which is why the

concentration of TNFα might have been to little. Finally, I demonstrated that NF-κB intensity

correlates spatially with albumin uptake by the wall. The location of elevated albumin is here

considered a surrogate for the location of early lesions. Thus I can say that pro-inflammatory

activity correlates spatially with early lesion development. I propose that macromolecular uptake

(of LDL or related lipoproteins) causes inflammation and the causal effect is strong (uptake is

followed by inflammation) as no differences between the control and TNFα treated group were

observed.
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7.5.2 Relationship between inflammation and flow

Nuclear alignment is a strong indicator for bulk blood flow direction [54, 58, 251]. Maps of rela-

tive and absolute orientation revealed converging streamlines upstream and diverging streamlines

downstream of the branch ostia [463]. The area downstream of intercostal ostia is more sus-

ceptible to blood flow that deviates from a uniform, bidirectional characteristic and facilitates

miss alignment between endothelial cell and instantaneous flow direction. Interestingly, both for

albumin and NF-κB signal, the intensity distribution shifted from having an upstream-lateral

peak with patches extending to the side of the branch mouth in the first intercostals to a down-

stream peak in the lower intercostals (see the Appendix for all maps). This shift in distribution

suggests not only a spatial relationship between inflammation and permeability but in addition

a mediating role of blood flow or endothelial alignment on transport and inflammation, as the

flow changes between intercostals [234]. In fact, maps of the distribution of transverse wall shear

stress and time-average WSS [25, 464], based on CFD simulations, match the maps of perme-

ability and inflammation obtained here. The occurrence of elevated time-average and transverse

WSS downstream is supported by the LWR ratio, which was higher upstream than downstream.

The skewed downstream distribution of NF-κB towards the right for the right intercostals also

matches findings of transWSS in mature rabbits [25]. The changes of CSI did not correlate with

any other metric. The decrease in CSI induced by injection of TNFα is, as previously noted,

consistent with the known effect of this agent on nuclear shape [465].

7.5.3 Spatial relationship between NF-κB, flow and disease

Intensity of staining for NF-κB has a strong spatial correlation with permeability. Arterial

permeability, including to albumin, occurs in sites that are prone to lesions [185, 466, 467].

Maps of both permeability and inflammatory activity match patterns of transWSS and TAWSS

patterns from simulation [25]. The distribution of NF-κB did not change with injection of TNFα

but differed between sites. Acute treatment with TNFα did not contribute to an elevated uptake

or change in inflammation pattern beyond what was seen with albumin. Cell alignment and

blood flow are only mediating factors of permeability/ disease as they were not altered between

groups. The distribution of NF-κB can be matched to transWSS and TAWSS patterns in mature

and immature rabbits [25]. Furthermore, a healthy state of our rabbits can be assumed and

spontaneous inflammation is therefore unlikely. Excessive amounts of albumin in the arterial
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wall might lead to inflammation in a region where flow characteristics favor albumin uptake.

Blood flow but not a metric of WSS might mediate macromolecule uptake (e.g. particle residence

time) which in turn induces the expression of pro-inflammatory regulators. However this remains

hypothetical. Further information is required before conclusions can be drawn.

7.5.4 Limitations

The biggest limitation of this study are the immunomodulatory effects of albumin which I was

not aware of at beginning of the study. I did not provide any evidence to the claim that

albumin induced inflammation apart from the literature. It was however striking to see no

change between the control and TNFα groups which could make the immunomodulatory effects

of albumin a likely explanation. Two control measurements must be performed to support the

claim: Without albumin and without TNFα Without albumin and with TNFαṪhe technique

used for quantification relies on 2D projection of 3D geometries which can alter the distribution

of signal. Moreover, expression of NF-κB is fast acting. Acute experiments such as this require

surgery, which carries the risk of inducing inflammatory activity e.g. when exposing the aorta

before perfusion fixation. Also injection of microbubbles or anaesthetics could have influence

the results. A conservative amount of TNFα was injected to avoid systemic inflammation.

Future work might consider larger amounts. Methodologically, the segmentation of endothelial

nuclei was very successful. However, endothelial priming was not captured adequately. The

segmentation only discriminated between nuclei and cytoplasmic regions but not the region of

priming within the cytoplasm. Improvements to the analysis can be made with one of the many

variants of U-net [468]. Finally I did not measure flow directly but inferred flow characteristics.

The ultimate aim of this project was to match blood flow and inflammation measurements.

Ultrasound image velocimetry should be used in the future to accurately determine the flow

characteristics around the branch mouth of the intercostal ostia [284]; or measure these properties

around larger branches.

7.6 Conclusion

In this chapter I mapped the uptake of macromolecules and pro-inflammatory activity around

the branch mouth of intercostals in the rabbit aorta. Morphological features of endothelium

were assessed, as surrogates for flow. It was demonstrated that NFκB spatially correlates with
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albumin uptake by the wall. Albumin uptake is, in turn, a surrogate for the likelihood that lesions

will develop. Thus, it can be postulated that pro-inflammatory activity correlates spatially

with early lesion development. The non-uniform patterns are likely due to variations in the

characteristics of near-wall blood flow.
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Chapter 8

Conclusion

This chapter presents the conclusions derived from this work. First, I will try to answer the

working hypothesis on the initiation of atherogenesis based on the acquired data and examination

of literature during the creation of this thesis. Next, the developed ultrasound tools to measure

blood flow and the algorithms to quantify inflammation will be discussed. Major findings are

presented and compared to the thesis aims set at the beginning, followed by suggestions for

future work. Last, an outlook into the future of atherosclerosis research using ultrasound is

given with a research proposal for a future grant.

8.1 On the relationship between blood flow and pro-

inflammatory changes in arterial endothelium

At the beginning of this thesis, I asked:

"If any one of these metrics [WSS] alone cannot be universally correlated to disease, what

then, one might ask, is the initial trigger for atherogenesis and which roles do abnormal flow and

pro-inflammatory activity play in this context? Is it that an enhanced permeability of the vessel

wall or the occurrence of an inflammatory response causes the initial endothelial dysfunction

triggering the disease? Does lipid intrusion into the wall induce vessel inflammation or vice

versa; and does flow set this process in motion? Does it cause inflammation? Is NF-κB activated

and up-regulated due to flow?

Throughout this work great strides have been made to come closer to an answer to these
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questions. Novel tools for 2D and 3D blood flow and WSS measurement have been successfully

developed. They allowed for the first time accurate, broad view quantification of WSS around

branches of the rabbit abdominal aorta. A thorough review of the evidence for a relationship

between flow, NF-κB and disease was performed which highlighted the discrepancies in the cur-

rent literature. Subsequently, methods were developed for the measurement and colocalization

of the distribution of NF-κB, NF-κB translocation, arterial permeability and nuclear morphol-

ogy in the aorta of NZW rabbits. This methodological development will assist in answering the

working hypothesis

H0, inflammation: Endothelial pro-inflammatory changes are spatially independent

from patterns of wall shear stress in vivo in the rabbit descending and abdominal

aorta.

based on the findings in this work the hypothesis should be rejected and the alternative

hypothesis is conditionally accepted:

H1, inflammation: Endothelial pro-inflammatory changes are spatially correlated with

patterns of wall shear stress in vivo in the rabbit descending and abdominal aorta.

There is a caveat however, as I did not measure flow and pro-inflammatory activity together;

and although a spatial correlation exists between WSS and pro-inflammatory activity, evidence

suggest that WSS a mediating factor but a poor predictor for lesion development. The findings

in Chapter 3 and Chapter 7 suggest (but are not definitive) a causal chain between WSS,

uptake, inflammation and disease which has been hypothesized before. On this basis I propose

the following new hypothesis which is an extension of the lipid intrusion theory and the Mainz

hypothesis and ultimately combines the three components of Virchow’s atherosclerosis triangle.

H0, conjunction: Blood flow mediates macromolecule uptake which in turn induces

the expression of pro-inflammatory regulators in the rabbit aorta.

Here, WSS is replaced by blood flow, the hierarchy is clearly defined and endothelial injury is

not required. First, lipids are deposited through naturally occurring transmigration and subse-

quently inflammation develops. Or in short, lipid uptake is the initiating factor of atherogenesis.

Blood flow replaces WSS as there are other metrics that could be derived from the flow of blood.
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Stresses on the endothelium have long been regarded as the initiating factor of atherosclerosis.

However, neither circumferential stress nor stress exerted by the blood on the endothelium (WSS)

can predict lesion location. The abundance of WSS metrics proposed to trigger atherosclerosis

illustrates this e.g. low WSS, high WSS, TAWSS, OSI, transWSS, transWSS minimum, spectral

power index, WSS temporal gradient, maximum absolute temporal gradient, peak temporal WSS

gradient and WSS angle gradient, to name a few. WSS is a mathematical construct defined

for smooth walls, whereas the artery is lined with a complex molecular structure termed the

glycocalyx; we know little of how it would interact with flow. Adding to the uncertainty, many in

vitro studies are flawed. The endothelium has evolved to react to external stresses. Much of the

mechanosensory network of the EC is well understood, but how the many different pathways

integrate is not. Although several studies investigated inflammatory responses of endothelial

cells to acute changes of flow these may not be relevant to physiological conditions, where the

exposure is normally chronic. Added complexity derives from the fact that NF-κB is not only

a regulator of inflammation but also mediates cell survival, proliferation, angiogenesis, adhesion

and invasion. This difference between an in vitro monolayer and real tissue is best demonstrated

by the discrepancy between Figure 2.12 and Figure 7.10 which show two inflammatory states

following a TNFα stimulus that look nothing alike. And as already noted, the mechanical stimuli

of interest are controversial. Another example is that Figure 4.11 and Figure 4.12 show two very

different WSS distributions around similar geometries e.g. arterial T-junctions. Physiological

variability can lead to different WSS patterns around larger vessels. And the WSS pattern

around individual intercostals is determined by the large scale pattern in which they resided.

Nevertheless, we know that certain sites of these regions are more likely to develop disease. The

uptake of macromolecules into the wall and subsequent removal does not require endothelial

injury. It is a normally occurring process. Atherosclerosis likely only develops with chronic

over-saturation and might simply be a reflection of modern lifestyle (except for cases of genetic

disease e.g. familial hypercholesterolemia). This argument is strengthened by the fact that wild

type rats normally do not develop lesions despite similar WSS patterns to that of humans or

rabbits.
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8.2 Achievements and future work

The overarching aim of this work was to understand the relation between blood flow and inflam-

mation in arterial endothelium in the onset of disease. And to acquire and correlate maps of

pro-inflammatory changes obtained from projected 2D immunofluorescence imaging with maps

of WSS acquired from two- and three-dimensional plane or diverging wave ultrasound measure-

ments. In the course of this work the null hypothesis was rejected. Instead I conditionally accept

that endothelial pro-inflammatory changes spatially correlate with patterns of permeability and

WSS around the intercostal ostia of rabbits. The aim to develop and evaluate tools capable of

measuring blood flow, WSS and pro-inflammatory activity was a complete success.

The thesis was divided into several smaller objectives that helped to address the question

and the development of novel tools. In Chapter 3 the role and the relation between inflammation

and blood flow in the initiation of atherogenesis was investigated through a systematic literature

review. It was concluded that reductionist cell culture approaches are easy to perform and help

in mechanistic understanding but their simplicity and partiality often did not agree with the

arterial response in vivo. The biggest limitation of all such experiments was an incomplete

model. On the other hand, in vivo experiments, although complete, lacked knowledge about

the flow characteristics and precise characterisation atheroprone regions. Instead, they made

simple assumptions e.g. that disease occurs generally on the inner curvature of the mouse aortic

arch and that this regions is characterised by low shear and disturbed flow. Another problem of

many studies was their low statistical power, which can be attributed to the selected region of

interest e.g. investigations around the aortic arch are not desirable as they offer only a single

site per animal compared to the 10 intercostals per animal used in this thesis. In many cases,

experiments could not determine between correlation and causality e.g. when using the arterial

cuff, which produces multiple mechanical changes. From these findings it was concluded that

to investigate the relationship between pro-inflammatory changes and WSS I must: a) measure

blood flow; b) determine the spatial distribution of pro-inflammatory activity and of disease

quantitatively and with high spatial resolution; and c) compare sites with known flow and lesion

characteristics.

Therefore, the first aim in Chapter 4 was to develop and implement algorithms for tracking

the vessel-wall boundary, to calculate 2D-WSS from experimental flow measurements and to

validate ultrasound 2D-WSS measurements in vivo against other methods. I demonstrated
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wide-field assessment of WSS in the rabbit abdominal aorta using contrast enhanced UIV.

Flow and WSS measurements were made independently of beam angle, curvature or branching.

Measurements were validated in an in silico model of the rabbit thoracic aorta with moving

walls and pulsatile flow. Mean errors over a cardiac cycle for velocity and WSS were 0.34 and

1.69%, respectively. In vivo time average WSS in a straight segment of the suprarenal aorta

correlated highly with simulations (PC=0.99) with a mean deviation of 0.29 Pa or 5.16%. To

assess fundamental plausibility of the measurement, UIV WSS was compared to an analytic

approximation derived from the Poiseuille equation; the discrepancy was 17%. Mapping of WSS

was also demonstrated in regions of arterial branching. High time average WSS (TAWSSxz=3.4

Pa) and oscillatory flow (OSIxz=0.3) were observed near the origin of conduit arteries.

In Chapter 5 the next aim was to optimise the contrast and non-contrast enhanced imaging

and tracking parameters for quantitative mapping of 2D-flow. To achieve this goal, a whole

study was addressed to the optimisation of UIV and for the first time contrast free UIV was

demonstrated to be able to measure broad view angle independent WSS with high accuracy. I

first simulated Womersley flow and UIV acquisitions of it. Subsequently I optimized and demon-

strated contrast free UIV in the abdominal aorta of rabbits. Finally, I determined the accuracy

of CFUIV by comparing it with contrast enhanced UIV. In simulation, accurate measurements

required SNR > 10 dB. High mechanical index increased signal intensity, which was lowest dur-

ing stagnant flow and uneven across the vessel. CFUIV and CEUIV showed excellent agreement.

The median point-by-point deviation was < 0.5%/9.9% for velocity and WSS respectively. The

bias between waveforms in five rabbits was as low as 0.1 m/s (4.42%) and 0.2 Pa (5.2%), with a

similarity metric of 0.99. In this chapter I showed that contrast free UIV can assess flow velocity

and WSS accurately in large superficial vessels with pulsatile flow.

Subsequently, in Chapter 6 the next objective, which was to develop, implement and optimise

contrast enhanced imaging for quantitative mapping of 3D-flow in vivo. UIV in two dimensions

is limited to measuring only two components of the flow and two components of the WSS

vector. Hence, historically, WSS has been obtained either through simulations that rely on

simplifying assumptions or with phase contrast MRI, which is expensive and suffers from a low

spatiotemporal resolution. Here I demonstrated the potential of volumetric ultrasound image

velocimetry (VUIV) to accurately measure spatiotemporally varying 3D blood flow and WSS

in vitro and in vivo. Measurements were conducted in a straight vessel and carotid bifurcation

phantoms, and in the abdominal aorta of NZW rabbits. In the straight vessel, flow rate/WSS
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error was 2.4%/3.5%. Steady and pulsatile flow in the carotid bifurcation were in agreement

with simulations. In the abdominal aorta, waveform and distribution of velocity and WSS match

literature values. Centerline velocity from VUIV and 2D UIV highly correlated (ρ=0.99). In fact,

the results were that accurate that further investigation is required to test if the constraints e.g.

Savitzky–Golay on possible velocity profiles lead to overfitting. This represents a significant step

forwards in developing techniques that will aid our understanding of the relation between blood

flow and inflammation; VUIV has potential in unravelling the underlying causes of coronary

heart disease.

Last, in Chapter 7 a method was developed, implemented and optimized to measure pro-

inflammatory changes in rabbit arterial endothelium at atheroprone and atheroresistant sites

around intercostal ostia, which was the fourth objective of the thesis. In this study I co-localized

the uptake of macromolecules (a surrogate for lesion prevalence) and pro-inflammatory activity

around the branch mouths of intercostals in the rabbit aorta. I demonstrated a high degree of

spatial similarity between albumin uptake and NF-κB. Their relation was supported by maps of

relative and absolute nuclear orientation, nuclear-to-cytoplasmic ratio and nuclear morphology.

Pro-inflammatory activity, quantified as the translocation of NF-κB into the nucleus, occurred

in sparse regions upstream of branches, whereas elevated mean fluorescence intensity, represent-

ing both nuclear and cytoplasmic NF-κB, was seen downstream and at the sides of the ostia.

Stimulation with the cytokine TNFα did not significantly change maps of inflammatory activity

or albumin uptake, although expected changes in cell shape were seen. Differences in spatial

patterns were, however, seen between intercostal branches in different parts of the aorta. The

distribution of NF-κB changed from a peak upstream of the branch to a downstream triangle

on progressing from the proximal to the more distal aorta (well known in patterns of perme-

ability and disease). These findings led to the conclusion that macromolecule uptake causes

inflammation and might be the initiating factor in atherogenesis.

Finally, I note that my original intention was to acquire and compare paired WSS maps

with maps of the absolute level and intra-cellular distribution of NF-κB around small and large

bifurcations, which would provide the definitive answer to the working hypothesis. Although this

goal was not achieved, results from chapter Chapter 7 and of the extensive review in Chapter 3

have contributed to a broader understanding of the relation between blood flow and inflammation

in arterial endothelium in the onset of disease and let to the rejection of the null hypothesis.

The first step for future work is the marriage between the two main bodies of practical work
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and hence to fulfill the final aim. The main hurdle in combining the two techniques is the dif-

ference in spatial resolution and field of view. The field of view of the ultrasound acquisition is

millimeters whereas for confocal imaging it is a few hundred micrometers. That is when CLSM

imaging at a high resolution to differentiate between the nuclear and cytoplasmic NF-κB ratio.

However, the result from Chapter 7 have shown that it might not be necessary to measure NCR

when quantifying pro-inflammatory activity. Measurement of mean fluorescence intensity rep-

resents endothelial priming, which may be sufficient information, and would allow imaging at

much lower magnifications e.g. 4x. With much lower magnification new opportunities arise as

optical cleared confocal microscopy becomes a possibility. With optical clearing techniques the

3D geometry of the vessel can be kept intact [452, 469, 470]. However, segmenting the endothe-

lium alone would become a significantly more complex task. Another theoretical possibility is

to increase the number of tiles in the scan, but this is not possible in practice as a result of the

very long duration of scanning that would be required. A further possibility is to measure at

high resolution but only in certain regions around the larger branch. That would require the

development of methods for accurate and precise spatial sampling.

The initial results of the spatial correlation between 2D maps of the intra-cellular distribution

of NF-κB and albumin uptake around the intercostal ostia are consistent with the view that

lipid uptake is the initiating factor in atherogenesis, but at least 2 more control measurements

are required to increase confidence in this hypothesis: one without albumin and without TNFα

and one without albumin and with TNFα. Moreover the effect of other factors e.g. microbubble

bolus injection on NF-κB activity would need to be investigated.

Although the importance of wall tracking is described in most works about WSS estimation,

the complex task is often neglected. The same could be said of this thesis. Developing algorithms

for wall tracking is not trivial and perhaps deserve their own chapter. The 2D wall tracking

algorithm developed in this work performed well but will benefit from conceptual improvements.

The 3D wall tracking on the other hand is rudimentary at best and needs substantial improve-

ments. Wall tracking and segmentation is a task that is ideally suited for a machine learning

solution like DeepVesselNet [471]. In addition to the lumen segmentation, the image quality

of volumetric matrix array imaging should be improved. In future work, apertures of the 2D

matrix probe and imaging scheme should be optimized and other image improving methods such

as coherence analysis [472] could be applied to improve the quality of the ultrasound images.

Work on the 2D UIV has been completed and the method is nearly ready for use in the
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clinic as it is. The only hurdle left is a real-time implementation. In this work I did not use

contrast imaging, such as pulse inversion, but used SVD filtering instead. Therefore some slightly

adapted methods of SVD e.g. fast randomized SVD [473, 474] would need to be implemented.

Refinement of the imaging and tracking parameters for real-time quantitative mapping of flow

would also be needed.

8.3 Outlook

Ultrasound imaging benefits from advances in all technological fields. Even if research into

ultrasound were to be stopped now, improvements in other fields would lead to progress in

ultrasound imaging. Advances in electrical engineering will allow for real-time UIV measure-

ments in two- and three dimensions, while innovations in materials science will lead to very wide

bandwidth transducers and improved image quality. Miniaturization efforts will enable portable

and wearable ultrasound and larger apertures so that UIV can be used in the field at higher

resolutions. Optimization in battery technologies and data management could be used for long-

term, chronic studies of blood flow and disease. Computer science deep learning techniques will

simplify everything from image reconstruction to wall tracking, and advances in data science

will further improve existing clutter filters. Furthermore, new concepts such as full waveform

inversion will completely revolutionize the use of ultrasound and will become an image modality

distinct from conventional ultrasound imaging. With regards to improving our understanding

of atherogenesis, however, the biggest shift will come with molecular imaging. It will change our

understanding of biomechanics of atherosclerosis as it enables investigation of cellular responses

to mechanical stimuli under physiological and pathological conditions.

Ultrasound molecular imaging combines ultrasound imaging with targeted contrast agents

or microparticles that bind to molecules within the blood or the vessel wall. The most common

tracers are acoustic active nanoparticles, echogenic liposomes, microbubbles or genetically en-

coded gas nanostructures from microorganisms [306]. Normally, tracers are injected in a bolus

intravenously and bind to specific locations where they can be imaged in real time [288]. Several

studies have already shown both specific and nonspecific targeted ultrasound molecular imaging

in the investigation of atherosclerosis [475–477]. The attachment of perfluorocarbon-exposed,

sonicated dextrose albumin (PESDA) microbubbles to dysfunctional vascular endothelium [477]

and the ability to target vascular cell adhesion molecule (VCAM-1) have been demonstrated
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[478]. Magnetic and dual-modified microbubbles targeted specifically at P-Selectin were recently

used to image the inflammatory profile of large arteries [479]. Nanobubbles and nanodroplets,

which are a magnitude smaller than microbubbles, can even extravasate [480] and could be

targeted not only to surface receptors but potentially to receptors in the extracellular space

or inside cells. They might even be used to measure permeability - a surrogate for LDL. Such

advances will help us to understand the relation between blood flow and inflammation in arterial

endothelium in the onset of disease. This however is not were it ends. With genetically encoded

reporters and advances in gene editing we might one day see biological ultrasound contrast

agents which are produced in the body and are expressed in regions of disease. These biological

agents will be able to point out diseased tissue, to deliver drugs specifically to such sites and to

remove diseased tissue entirely.

For a future study in the short-term, I would propose measurement of the relation between

albumin (albumin nanodroplets) uptake around the renal branch, vascular cell adhesion molecule

(PESDA microbubbles) and blood flow characteristics (4D UIV), using both acute and chronic

administration of albumin nanodroplets (change in lesion) and under the stimulus of a cytokine

(change in inflammation) or a beta blocking drug (change in flow) and the use of 3D ultrasound.
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Appendix

Spatial distribution of NF-κB and HSA around inter-

costal ostia of rabbit

The following images are presented:

• Distribution of inflammatory markers and macromolecule uptake in control

• Distribution of inflammatory markers and macromolecule uptake in TNFα

Note: intercostal count from left to right. Direction of bulk flow from left to right.
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Figure 9.1: Control: XAJT intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.2: Control: XAJT intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.3: Control: XAKP intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.4: Control: XAKP intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.5: Control: XAUB intercostal 2 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.

X
X
X



Figure 9.6: Control: XAUB intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.7: Control: XCAA intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.8: Control: XCAA intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.9: TNFα: XAKR intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.10: TNFα: XAKR intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.11: TNFα: XANT intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.12: TNFα: XANT intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.13: TNFα: XARS intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.14: TNFα: XARS intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.
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Figure 9.15: TNFα: XBSA intercostal 1 - 5. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.

X
L



Figure 9.16: TNFα: XBSA intercostal 6 - 10. Distribution of endothelial nuclei, NFκB and albumin uptake into vessel wall. Color map adjusted to mean.

X
LI


	Copyright
	Declaration
	Abstract
	Acknowledgement
	List of figures
	List of tables
	List of abbreviations
	Introduction
	Motivation
	Thesis outline

	Background
	Arterial vasculature
	Arterial morphology
	Endothelium

	Atherosclerosis
	Statistics of atherosclerosis
	Pathogenesis of atherosclerosis
	Clinical manifestations and risk factors
	Disease patterns
	Animal model and justification

	Arterial permeability
	Arterial uptake
	Human serum albumin
	Permeability patterns

	Inflammation and stress-mediated response of endothelium
	Mechanosensory network
	Vascular inflammation and NF-B

	Haemodynamics and mechanical stress
	Disturbed flow
	Wall shear stress
	Characterising mechanical forces
	Flow metric patterns

	Thesis aims and impact
	Research objectives
	Potential impact
	Scientific Contribution


	Evidence of the relation between disturbed flow and NF-B activation in atherogenesis: a systematic review
	Introduction
	Methods
	Overview of selected literature

	Findings
	Key terms and metrics
	Cell culture studies
	In vivo studies

	Discussion
	Unclear definition of disturbed flow
	Inconsistent WSS magnitudes
	Inconsistent time-scale
	Inconsistent findings of translocation and priming
	Cell culture studies and mechanism
	Causality and correlation
	Blood flow
	Irregular findings

	Conclusion

	Determining two-dimensional WSS using contrast enhanced UIV
	Principles of ultrasound imaging
	Focused wave imaging
	Plane wave imaging
	Microbubble contrast agents
	Singular Value Decomposition clutter filtering
	Echo particle image velocimetry
	Vessel wall segmentation
	Flow and ultrasound simulation

	Motivation
	Methods
	Flow and ultrasound simulation
	Ultrafast plane wave imaging
	Imaging the rabbit abdominal aorta
	Ultrasound image velocimetry analysis
	Vessel-Wall Segmentation
	Wall shear stress and oscillatory shear index

	Results
	Ultrasound simulation in an idealized geometry
	Vessel-wall segmentation
	Estimating flow and WSS in a real arterial segment
	Estimating flow and WSS around origins of the renal arteries
	Estimating flow and WSS around origin of the celiac artery

	Discussion

	Determining two-dimensional WSS using contrast agent free UIV
	Motivation
	Methods
	Flow simulation
	In vivo imaging of the rabbit abdominal aorta
	UIV algorithm and WSS measurement
	Quantitative evaluation

	Results
	Womersley flow simulation
	Optimization of imaging parameters in the rabbit abdominal aorta
	Blood flow and WSS assessed by CFUIV in the rabbit abdominal aorta
	Comparison of CFUIV and CEUIV in rabbit abdominal aorta

	Discussion
	Error attributed to scatter properties in simulation
	Imaging parameter in rabbit abdominal aorta
	Measurement of velocity and WSS in rabbit abdominal aorta
	Limitations

	Conclusion

	Towards three-dimensional WSS estimation using contrast enhanced UIV
	Principles of volumetric ultrasound imaging
	Ultrasound transducers
	Matrix array imaging
	Practical implications

	Motivation
	Methods
	Volumetric ultrafast plane wave imaging
	Volumetric ultrasound image velocimetry

	Vessel segmentation
	4D wall shear stress estimation
	Experimental setup
	Straight tube phantom with steady and pulsatile flow
	Carotid bifurcation phantom
	In vivo abdominal aorta of NZW rabbit

	Results
	Straight tube phantom with steady and pulsatile flow
	Carotid bifurcation with steady and pulsatile flow
	In vivo abdominal aorta of NZW rabbit

	Discussion
	Source of errors
	Limitations
	Future work

	Conclusion

	Spatial distribution of NF-B and albumin around intercostal ostia of rabbits
	Principles of immunofluorescence imaging
	Nonspecific background fluorescence
	Fixation
	Permeabilization
	Confocal microscopy
	Challenges during method development

	Motivation
	Methods
	Animal model
	In vivo protocol
	Tissue preparation and staining
	En face confocal microscopy
	Image processing
	Statistics

	Results
	NF-B distribution
	Nuclear-to-cytoplasmic ratio
	NF-B and albumin
	EC alignment

	Discussion
	Pro-inflammatory activity and disease
	Pro-inflammatory activity and flow
	Relationship between NF-B, flow and disease
	Limitations

	Conclusion

	Conclusion
	Blood flow and pro-inflammatory changes in arterial endothelium
	Achievements and future work
	Outlook

	Bibliography
	Appendix

