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Parler, penser, travailler, lutter, aimer, mourir - adonnez-vous à tout cela, sans fanatisme

aveugle, sans tiède cécité -, en jouant. Ainsi parle un commandement central de l’éthique

problématique. En recommandant également de ne pas oublier que nous sommes aussi joués

par toutes ces forces élémentaires.

Kostas Axelos, Pour une éthique problématique (1972)

The aim of science is not to open the door to infinite wisdom,

but to set a limit to infinite error.

Bertolt Brecht, Life of Galileo (1939)

Το να δοθεί μορφή στο χάος - νομίζω ότι αυτός είναι ο καλύτερος ορισμός της παιδείας.
Κορνήλιος Καστοριάδης, Ανϑρωπολογία, Πολιτική, Φιλοσοφία(1993)

To Spyros, Stella and Ioanna
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Abstract
In a number of cardiovascular diseases, the paucity of longitudinal human data hinders our

understanding of disease evolution and forestalls the discovery of new therapeutic strategies.

We therefore heavily rely on animal models to elucidate the pathophysiological mechanisms

that govern disease development. Mice in particular dominate the preclinical field due to

their fast disease cycles and ease of genetic manipulation. Nonetheless, the reference mouse

arterial physiology and hemodynamics of its systemic circulation have yet to be described.

But preclinical research is not limited to healthy mice; it helps decode the elusive etiology of

deadly pathologies. Among these are aortic aneurysms and dissections, two vascular injuries

that portend the potentially fatal consequence of aortic rupture. A key question is: Why are

these pathologies so location-specific? In humans, abdominal aortic aneurysms affect the

infrarenal aorta (below the kidneys) and aortic dissections form in the thoracic aorta. Inversely,

in the most commonly used mouse model of this field, aortic dissections preferentially form in

the suprarenal abdominal aorta (above the kidneys) but reasons for such localization remain

unknown in humans and mice.

The first step of this work aimed to fill the knowledge gap of mouse hemodynamics, by

translating an existing 1D model of the human arterial circulation to the healthy mouse. Our

next steps aimed to unravel the origins of site-specific aortic dissections in the mouse model of

Angiotensin II infusion. Initially, we imaged the inceptive stage of disease to understand what

happens in the suprarenal mouse aorta. Then, we explored why both from a biomechanical

and a mechanobiological standpoint.

Firstly, we present a validated in silico model of an average anesthetized healthy mouse. Our

1D model combines a broad range of literature data with a detailed description of the murine

vasculature. Model predictions of pressure and flow were validated against pressure, velocity

and diameter measurements from a large independent dataset of mice. This versatile tool

can be used to simulate pathology and facilitate the implementation of the 3R’s principle in

research practice.

Thereafter, we use high-resolution synchrotron imaging to characterize the early morphol-

ogy of the suprarenal aorta in mice infused with Angiotensin II, prior to overt dissecting

events. Taking a hint from previous findings on the importance of aortic side branches in

fully developed dissections, we observed that the primary damage of the wall’s microstructure

preferentially occurs around two major side branches of the aorta. Following this evidence of

direct involvement of side branches in disease onset, we investigated the underlying reasons

from two distinct perspectives.
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In a synchrotron-based computational study, we hypothesized that biomechanical forces

may expose branching sites to early vascular injury. We used an in-house framework which

enables a. computational structural mechanics of the aortic wall using mouse-specific geome-

tries, and b. mouse-specific validation to indicate whether high mechanical strain spatially

coincides with microstructural defects. Branching sites of the aorta concentrated the highest

levels of mechanical strain, while non-branching sites were generally spared. Branch-related

hotspots of strain co-localized with early damaged microstructure, thus pointing towards a

mechanically-driven mechanism of disease that nucleates around the aortic branches.

We lastly explored from a mechanobiological perspective whether the suprarenal aorta’s vas-

cular function changes prior to dissection. We found a regional variation: both the contractile

and the endothelial function were severely compromised in the suprarenal aorta’s dissection-

prone segment, but only mildly so in its dissection-protected segments. Surprisingly, vascular

function was largely preserved in the adjacent side branches, creating a local discontinuity

in the profile of contractile capacity between the (diseased) aorta and the (non-diseased)

branches.

Key words: 1D model, aortic dissection, aortic aneurysm, Angiotensin II, ApoE-deficient,

mouse, Synchrotron, finite element simulations, computational structural mechanics, wire

myography, isometric testing
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Résumé
Dans de nombreux cas de maladies cardiovasculaires, la pénurie d’informations longitudinales

sur l’humain freine notre compréhension de la maladie, empêchant la découverte de nouvelles

stratégies thérapeutiques. C’est pourquoi nous nous appuyons fortement sur des modèles

animaliers afin d’élucider les mécanismes pathologiques régissant le développement de

la maladie. Du fait de leur courte durée de vie, de leurs cycles rapides de maladie et de

la facilité à les manipuler génétiquement, les souris dominent distinctement le domaine

préclinique. Ceci étant, la physiologie artérielle et les modèles hémodynamiques de leur

circulation systémique restent encore à élucider. Les anévrismes et les dissections aortiques

sont des blessures vasculaires qui présagent d’une potentielle conséquence fatale de rupture

aortique. Ces aorthopaties ont recueilli une attention croissante en recherche fondamentale

dans le but de décoder leur étiologie évasive. La question clé est : pourquoi ces pathologies

sont-elles si précisement localisées dans l’aorte ? Dans le modèle de souris le plus couramment

utilisé dans ce domaine, les dissections aortiques se forment préférentiellement dans l’aorte

suprarénale abdominale, mais les raisons d’une telle localisation restent inconnues à ce jour.

La première étape du présent travail vise à combler les lacunes dans nos connaissances

de l’hémodynamique des souris, en transposant un modèle 1D de la circulation artérielle

humaine à la souris. Les étapes suivantes de cette recherche ont pour objectif de mettre à jour

les facteurs décisifs biomécaniques et mécano-biologiques qui suscitent de façon synergétique

des dissections aortiques à des endroits précis dans le modèle d’infusion Angiotensin II de la

souris.

Premièrement, nous présentons un modèle validé in silico d’une souris typique sous anes-

thésie. Notre modèle 1D associe un vaste panel de données issues de la littérature à une

description détaillée d’un système vasculaire artériel murine. En partant d’un large panel de

données indépendantes sur les souris, les modèles de prévision de la pression et du flux ont

été validés à travers des mesures de pressions invasives ainsi que des mesures de diamètre et

de vitesse non-invasives. Cet outil versatile peut être utilisé afin de simuler des pathologies et

faciliter l’implémentation du principe 3R dans les pratiques de recherche.

Ensuite, grâce à un indice trouvé lors de nos précédentes découvertes sur l‘importance des

branches aortiques latérales dans les dissections aortiques complétement développées, nous

avons utilisé les images synchrotron à haute résolution pour caractériser la morphologie pré-

coce de l’aorte, avant la manifestation des évènements de la dissection. Nous avons découvert

des dommages internes microstructuraux très localisés autour de branches latérales de l’aorte

abdominale. En suivant ces preuves de l’implication directe des branches latérales dans la
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Résumé

manifestation de la maladie, nous avons investigué ici les raisons sous-jacentes depuis deux

perspectives distinctes.

Dans une étude computationnelle basée sur le synchrotron, nous avons supposé que les forces

biomécaniques exposent les sites latéraux à des blessures vasculaires précoces. Nous avons

utilisé une structure computationnelle maison nous permettant d’établir a. des géométries

spécifiques aux souris pour des mécaniques computationnelles structurelles du mur aortique

abdominal, ainsi que b. la validation propre aux souris indiquant si les localisations de hautes

contraintes mécaniques coïncident spatialement avec les dégâts micro-structurels précoces du

mur. Les sites de l’aorte adjacents à des ramifications ont concentré le niveau le plus élevé de

contraintes mécaniques, tandis que les segments non-ramifiés ont été généralement épargnés.

Les zones à risques de contraintes se retrouvent donc co-localisées avec les défauts micro-

structurels du mur, pointant ainsi vers un mécanisme d’amorçage entrainé mécaniquement

pour les maladies se développant autour des branches aortiques.

L’identification d’un mécanisme pathogène n’exclue cependant pas la synergie avec d’autres ;

nous avons par la suite exploré d’un point de vue mécano-biologique les altérations précoces

dans la vasoréactivité de l’aorte supra-rénale vulnérable (mais pas encore en état de dissection).

Nous avons découvert une réponse qui varie en fonction de la région : la fonction vasculaire

(contractile et endothéliale) a été sévèrement compromise dans les sections de l’aorte les

plus propices à la dissection, mais seulement de façon légère dans les segments protégés. Qui

plus est, la fonction vasculaire a été majoritairement préservée dans les branches latérales

adjacentes, créant ainsi une discontinuité locale au sein du profil de la capacité contractile

entre l’aorte (affectée) et les branches (saines).

Mots clés : modèle 1D, dissection aortique, anévrisme aortique, Angiotensin II, déficience

ApoE, souris, synchrotron, simulations en éléments finis, mécaniques structurelles computa-

tionnelles, myographie filaire, essais isométriques.
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Introduction

1 Motivation

Cardiovascular diseases represent the leading cause of morbidity and mortality in the west-

ern world. Aortopathies in particular, including dissections and aneurysms, represent an

important healthcare burden due to excess early mortality, increasing incidence, and under-

diagnosis1,2. Aortic dissections and aneurysms are multifactorial diseases associated with

numerous cardiovascular risk factors such as aging and hypertension. The regular occurrence

of dissections and aneurysms in consistent locations such as the ascending and infrarenal

abdominal aorta, suggests that arterial wall mechanics, hemodynamics and geometry may

play significant roles in disease formation. Aortic aneurysms are typically indolent, while

aortic dissections are acute; in both cases, patients are not forewarned with symptoms, ham-

pering the design of prospective human cohort studies. Where lack of longitudinal human

data, particularly at the early stage, limits our understanding of disease pathogenesis, animal

models offer an excellent alternative to investigate the etiology of the disease. The purpose of

this thesis is to establish a numerical model of the mouse arterial system and investigate the

biomechanics and early functional changes linked to disease initiation in the most common

experimental mouse model of aortic aneurysm and dissection.

2 Arterial structure and functional layers

2.1 Physiology

Typically, the arterial wall consists of three concentric layers: the intima, the media and the

adventitia (Figure 1). These layers respectively occupy about 5%, 80% and 15% of the arterial

wall3. The innermost layer, termed tunica intima, consists of a monolayer of endothelial

cells that adheres to an internal basal membrane made of fibronectin, laminin and type IV

collagen. The endothelium is not only a non-thrombogenic surface separating the vascular

wall from free-flowing blood, but it is also biologically active 4. As we will see in subsection 2.2,

the endothelium is a regulator of vascular tone through the synthesis and release of vasoactive

mediators.

The medial layer (tunica media) mainly consists of alternating elastic lamellae and embedded
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Introduction

Figure 1: Schematic depiction of layers in a healthy arterial wall. Adapted from Servier Medical.

smooth muscle cells along with various types of collagen (I, III, V, etc.), and proteoglycans.

The more proximal the vessels are to the heart the more elastin they have (elastic arteries),

and the further away the more smooth muscle they have (muscular arteries). It has been

suggested that large arteries tend to maintain their mean circumferential wall stress around a

homeostatic value of 100kPa 5. Smooth muscle cells regulate the vascular tone through vessel

contraction and dilation.

The outermost adventitial layer (tunica adventitia) consists primarily of collagen (axially ori-

ented, type I 6), fibroblasts and elastic fibers. A network of microvasculature arises here, the

vasa vasorum, whose mission is to supply oxygen and nutrients to the outer layers of the

arterial wall. The adventitia can act as a protective layer that prevents the media from overdis-

tending under conditions of acute, extreme loading of the wall. Fibroblasts are responsible for

regulating the extracellular matrix, which we will describe below.

Extracellular matrix

The major constituent of the vessel wall is the extracellular matrix (ECM). In arteries or veins,

the ECM represents more than half of the wall mass 7 and is constructed from multiple matrix

proteins (mainly collagens and elastin), which provide the necessary support to cells and

tissues. Depending on their function, the proteins constituting the ECM can be classified as

either structural or non-structural. Examples of structural proteins include collagens and

elastin, while instances of non-structural proteins include fibronectin, laminin and tenascin.

Other important components of the ECM are integrins, growth factors and a group of matrix

metalloproteinases.

2



2. Arterial structure and functional layers

Elastin is the structural protein of the ECM which provides tissue with the ability to stretch

and recoil, alongside glycoproteins such as fibrillin and fibulin. Elastin is composed of single

tropoelastin subunits cross-linked with fibrillin microfibrils, to form an elastic fiber. Elastin

is composed during development and its half-life is approximately 40 years in humans8.

However, arterial elastin undergoes extensive fragmentation and degradation in the setting

of cardiovascular diseases such as hypertension or aneurysms 7. Reparative elastogenesis in

those cases proves mostly ineffective9.

Collagen provides the necessary structural integrity for tissues. It is arranged into fibrils10,

an organization that endows the normal aortic wall with stiffness and tensile strength. Such

properties are required to sustain the different mechanical stresses acting on the wall, which we

will see in the following section. Apart from fibroblasts, collagen is synthesized by endothelial

and epithelial cells 4. Fibrillar collagen plays important roles in many disease processes. As we

will see below, in the case of aneurysms, where extensive elastin fragmentation and loss of

smooth muscle cell functionality takes place, collagen plays an instrumental role in controlling

the expansion of these lesions through wall remodelling.

2.2 Arterial function

Endothelial cell function

The endothelial cells form a monolayer that serves as a selective barrier between the blood

and the vessel wall, but they are also modulators of several biological processes. Endothelial

cells secrete growth factors to control vessel remodelling or thrombotic factors to control

thrombosis. They also regulate inflammatory responses, through adhesion of leukocytes,

as well as the contractile state of their adjacent smooth muscle cells, through secretion of

vasoactive substances.

One such vasoactive substance is nitric oxide (NO), an important mediator of the control of

blood vessel tone. The discovery of nitric oxide as a signaling molecule in the cardiovascular

system earned the 1998 Nobel Prize in Medicine or Physiology to Furchgott, Ignarro and Murad.

It has been shown that the endothelium responds to frictional forces (shear stress) arising

from circulating blood by releasing a neurotransmitter called acetylcholine 11. Acetylcholine in

turn induces the release of nitric oxide in the endothelium, which through diffusion within the

wall leads to the vasorelaxation of smooth muscle cells 12. In a state of endothelial dysfunction,

acetylcholine does not induce the release of NO and instead acts on the smooth muscle cells

directly, thereby causing vasoconstriction13.

Vascular smooth muscle cell function

The aorta has varying structural and biochemical influences above and below the diaphragm 15.

This spatial heterogeneity starts at embryonic development and affects the medial smooth

muscle cells’ synthetic and contractile behavior 16. The majority of smooth muscle cells
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Figure 2: Nitric oxide mediates acetylcholine-induced relaxation. The neurotransmitter acetyl-
choline stimulates blood vessel dilation by activating a G protein-coupled receptor -the mus-
carinic acetylcholine receptor- on the surface of endothelial cells. This receptor activates a
G protein, Gq, thereby stimulating IP3 synthesis and Ca2+ release. Ca2+ activates nitric oxide
synthase, causing the endothelial cells to produce NO from arginine. The NO diffuses through
the wall to reach the adjacent smooth muscle cells, where it activates guanylyl cyclase to
produce cyclic GMP. In turn, the cyclic GMP triggers a response that causes the smooth muscle
cells to relax, increasing blood flow through the vessel.
IP3: Inositol 1,4,5-triphosphate, Gq: G protein, GMP: guanosine monophosphate. Reproduced
from14.

are circumferentially oriented. Several aspects of smooth muscle cell modulations, such as

hypertrophy (meaning increase in size), hyperplasia (meaning increase in number), apoptosis

(programmed cell death), and migration play central roles in diseases such as aneurysms.

A fascinating aspect of vascular smooth muscle cell behavior is their ability to undergo a

profound phenotypic transition (termed phenotypic switch) from quiescent contractile cells

to proliferating cells, with the accompanying loss of contractile protein expression (for example

4
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α-actin, calponin, β-myosin heavy chain) but with increased synthesis of ECM-degrading

proteases. This plasticity in the phenotypic differentiation of smooth muscle cells helps

repair the vascular wall after injury. Smooth muscle cells that have switched to the synthetic

phenotype secrete proteinases to degrade the ECM and manage to migrate towards the injured

area of the wall. They can also proliferate and synthesize ECM in order to repair the injured

site. Once the wall is restored, they can switch again toward a contractile phenotype17.

Both endothelial and vascular smooth muscle cells sense and respond to changes in their

mechanical environment18,19. It is therefore important to understand the mechanics within

the vasculature at multiple scales: at the macro-level of the aorta as a load-bearing vessel, but

also at the cellular level in terms of mechanical stimuli that trigger local cellular responses.

Properties of the aorta

At every heartbeat, the aorta expands to accomodate the blood ejected from the left ventricle

during systole and then releases this stored energy by dynamic elastic recoil during diastole 20.

This function of the aorta as an elastic reservoir converts the pulsatile flow to a nearly con-

tinuous supply of blood in the peripheral beds. This is called the windkessel effect (Figure 3),

based on the hydraulic analog of the arterial system with a fire engine that uses a Windkessel.

Figure 3: Schematic of the Windkessel layout. This approach can be used for lumped models
of the arterial network, which mimic the load on the heart (e.g. three-element Windkessel
models, as shown here). Rp is peripheral resistance (summed resistance of peripheral beds).
Total arterial compliance is the sum of compliances of all arteries; the compliance is significant
in the large conduit arteries, with the greatest part in the (proximal) aorta. Reproduced from 21.

The systolic contraction of the heart generates pressure waves, which propagate along the

arterial tree with a speed defined as the pulse wave velocity. As the distance from the heart

increases, the amplitude between the systolic and diastolic blood pressure (the pulse pressure)

increases, while the mean arterial pressure drops (∼4 mmHg along the length of the aorta) 22.

The amplification of pulse pressure increases until the periphery, where it rapidly decreases,
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along with the mean arterial pressure, to the microcirculation levels.

Waves are reflected as they encounter reflection sites in the circulation (for example bifurca-

tions). At any point in the arterial tree, pressure and flow waves are the sum of forward waves

travelling from the heart to the periphery, and backward waves travelling from the periphery

to the heart (Figure 4).

Figure 4: Separation of forward and backward components in running pressure and flow
waves. Taken from21.

To characterize the aorta’s elasticity, the quantity of compliance is used. Volume compliance is

defined as the ratio of changes in volume to changes in pressure, ΔV
ΔP , but can also be defined

based on area changes, ΔA
ΔP . To facilitate comparison of properties across vessels, compliance

can be normalized to the volume of the organ it describes to yield its distensibility (ΔV /V )
ΔP .

At this point we make a distinction between the aortic active and passive mechanical proper-

ties, both of which play a central role in maintaining vascular homeostasis. The active tension

component within the aortic wall is provided by aortic contractility, meaning the contractile

force generated primarily by the vascular smooth muscle cells23. Compliance of the aorta is

generally associated with the composition of the extracellular matrix 20. Collagen and elastin

endow the aortic wall with tensile strength and elastic recoil and contribute to maintaining

the compliant properties of the aorta24. The elastic fibers, which are distensible with a low

tensile strength, form an interconnected lamellar network in the medial layer of the aorta and

dominate behavior at low distending pressures20. At high pressures, the circumferentially

aligned collagen fibers, originally in a corrugated state, straighten out and bear most of the

load20. When altered, the extracellular and cellular components that regulate the aorta’s

mechanical properties could contribute to its pathophysiology.
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Mechanical forces on the arterial wall

The most important components of aortic stress for a straight arterial segment are shown

in Figure 5 and listed below. Nonlinear differential equations need to be solved to quantify

stresses as a function of position and time, but their mean values can be estimated in straight

segments 25.

EC

τw

σθ σθ

SMC

fibroblast

r
h

σz

σzσr

intima
media
adventitia

Figure 5: Mechanical stresses on the vascular wall that result from hemodynamic loading. Of
the 4 stresses depicted, σθ and σz are the largest in the aorta. Modified from Humphrey et
al. 26.

1. The circumferential stress σθ (caused by the distending blood pressure changing the

circumference cyclically). From Laplace’s law:

σθ =
P · r

h
≈ 150kPa

where P : transmural pressure, r : the inner radius of the lumen, h : the wall thickness, with

r /h equal to 7-10 in large normal arteries in humans 27. In response to changes in transmural

pressure, there is a tendency to maintain a homeostatic value of the mean circumferential

stress; this implies that changes in vascular wall thickness may occur accordingly27. Even if

wall thickness changes slightly during the vasoactive responses of contraction or relaxation,

marked changes in thickness arise from changes in the mass of extracellular matrix (through

synthesis/degradation) and changes in smooth muscle (hyperplasia/hypertrophy). In order to

explain the mechano-control of the aorta in disease, Wolinsky and Glagov28 applied Laplace’s

law in a range of animals including mice, rabbits, dogs, pigs and humans. They found that

in mammals the number of elastic laminae in the aorta increases proportionally with the

diameter. They concluded that "the average tension per lamellar unit of aortic media was

remarkably independent of species and very nearly constant"(∼ 2 N/m).
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2. The axial stress σz (caused by forces in the axial direction):

σz = f

πh(2r +h)
≈ 125kPa

where f : the axial force, r : the inner radius of the lumen, h : the wall thickness.

3. The radial stress σr (due directly to blood pressure and perivascular constraints)

σr = −P

2
≈ 50kPa

where P : transmural pressure.

4. The wall shear stress τw (caused by frictional interactions between the endothelium

and flowing blood), here given by the solution of a steady, fully developed, laminar, one-

dimensional, incompressible flow of a Newtonian fluid within a rigid circular tube (a rough

approximation for an artery):

τw = 4μQ

πr 3 ≈ 1.5Pa

where P : transmural pressure, r : the inner radius of the lumen, h : the wall thickness, f : the

axial force, Q : the mean volumetric blood flow, and μ : the viscosity of the blood.

To understand the mechanics of the wall subjected to these stresses, mathematical consti-

tutive modelling has been informative in defining the relative contribution of elastin and

collagen (passive mechanical properties of the aorta, cf section 2.2). Early constitutive models

considered the arterial wall as a homogeneous material (detailed review by Vito and Dixon 29).

Later efforts focused on incorporating the arterial wall’s microstructure (detailed review by

Holzapfel and Ogden30). As an example, Holzapfel, Gasser and Ogden proposed a constitu-

tive model using two families of collagen fibers oriented symmetrically with respect to the

circumferential axis and embedded in an isotropic elastin matrix 31. This model was extended

with two additional families of collagen fibers in the circumferential and axial direction 32.

Versions of the four-fiber-family model have been used to fit mechanical data of arteries

from wildtype 33 or genetically manipulated mice that present alterations in the extracellular

matrix 34,35,36.
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3 Aortopathies: aneurysms and dissections

Aortic aneurysms

An aortic aneurysm is a degenerative cardiovascular disease defined as a permanent and

localized dilation of the aorta to a diameter at least 1.5-times greater than normal. In com-

parison, the term aortic ectasia is used for aortic enlargement <1.5-times normal diameter37.

Catastrophic rupture of an aneurysm with egress of blood into the peritoneal cavity causes

hemorrhagic and hypovolemic shock (i.e. decreased peripheral perfusion and hypotension)38.

Aortic aneurysms represent the 18th most common cause of death, responsible for 1% to 2%

of all deaths in the industrialized world 39. Most patients with aortic aneurysms are asymp-

tomatic, and their aneurysms are discovered upon rupture or incidentally during physical

examination or unrelated imaging.

Based on their aortic location, aneurysms appearing in the ascending or descending aorta

are termed thoracic aortic aneurysms (occurring above the diaphragm) while aneurysms

appearing in the abdominal aorta are termed abdominal aortic aneurysms. This dichotomy

not only distinguishes the topography of the aneurysms but also reflects fundamental mecha-

nistic distinctions in the risk factors, etiology and pathophysiology of these conditions. The

disparate features of the two conditions are described in the following sections. Both patholo-

gies, however, culminate to matrix degeneration and the potential biomechanical failure of

rupture, which occurs when wall stresses locally exceed the wall strength.

Based on their shape, aortic aneurysms can be broadly described as saccular or fusiform (cf.

Figure 6B and C). A saccular aneurysm bulges in a unilateral manner and forms a distinct

pouch of dilated vascular wall. On the contrary, fusiform aneurysms expand circumferentially

and are therefore somewhat symmetrical. Saccular aortic aneurysms are less frequent but

their risk of rupture is considered to be higher 40,41.

Figure 6: Aneurysm morphologies. A, Normal morphology. B, True (saccular) aneurysm. The
wall focally expands outward and all wall layers are present. C, True (fusiform) aneurysm.
There is symmetric circumferential dilatation and all wall layers are present. D, False aneurysm.
The wall is ruptured, and there is a hematoma that is externally bound. E, Dissection. Blood
has entered the wall of the vessel through a tear in the lumen (intimal tear) and separated the
layers. Reproduced from 38.
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3.1 Abdominal aortic aneurysms (AAAs)

Ruptured AAA is the 13th-leading cause of death in the United States and is estimated to

cause ≈ 15,000 deaths per year. The frequency of rupture is 4.4 per 100,000 patients. Despite

increased survival following diagnosis, both incidence and crude mortality seem to be in-

creasing42. Globally, the frequency rate of asymptomatic AAA ranges from 4% to 8% while

the frequency of AAA rupture ranges from 4 to 13 cases per 100,000 persons43. The surgical

procedures used to treat AAA are standard open surgery or endovascular aortic repair, which

are generally performed when the AAA diameter surpasses a critical level of 5.5 cm44. However,

small AAAs may rupture whereas large ones may not, underscoring the fact that dynamic wall

degradation and remodelling govern the aneurysm rupture risk45. There is thus a need for a

more elaborate rupture potential index than the mere value of the aortic diameter.

Aging and male gender are two strong risk factors of AAA46. Caucasian men have the highest

incidence of AAA (≈ 3.5 times that in African American men) 46. In women who do get the dis-

ease, the mortality is higher than in men 47. Other risk factors include smoking, hypertension,

and atherosclerosis in the coronary or peripheral arteries46. Most AAAs occur in individuals

with advanced atherosclerosis. Indeed, most AAAs begin below the renal arteries and termi-

nate above the iliac arteries, and this location is also a site for atherosclerotic non-aneurysmal

occlusive disease. Atherosclerosis could induce AAAs through the mechanical weakening of

the aorta with loss of elastic recoil. However, it is unclear whether atherosclerosis is causing

AAA or conspiring with other pro-AAA factors48. It is interesting to note that the patients at

greatest risk for AAA are men who are older than 65 years and have peripheral atherosclerotic

disease 46.

Pathophysiology of AAAs

Most abdominal aortic aneurysms develop infrarenally (below the renal arteries) and end

above the bifurcation of the iliac arteries, typically with a fusiform morphology of symmetrical

dilatation involving all layers of the aortic wall. Less frequently, AAAs have a saccular mor-

phology, where wall degeneration affects only part of the aortic circumference. Over 75% of

AAAs harbor an intraluminal thrombus, which is believed to contribute to the natural history

of these potentially lethal lesions49. During aneurysm evolution, the extracellular matrix

undergoes extensive turnover with continuous degradation and deposition of matrix proteins.

The main pathological hallmarks of AAAs are50,51: (i) proteolysis, (ii) inflammation, (iii)

apoptosis of vascular smooth muscle cells and (iv) oxidative stress.

(i) Proteolytic damage

Proteolysis is protein degradation by proteolytic enzymes called proteases; in the context of

AAA, proteolytic damage degrades the extracellular matrix proteins. If unabated, this process

can severely weaken the aortic wall and result in the loss of its structural integrity 52,53. The two

classes of proteases commonly considered responsible for the ECM degradation in abdominal
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aortic aneurysms are matrix metalloproteinases (MMPs) and cathepsins. Cathepsins are a

group of enzymes with elastolytic and collagenolytic activity (meaning they are able to degrade

elastin and collagen) 54.

The most studied class of proteases is MMPs, a family of zinc-dependent enzymes with

collagenolytic activity 55. In AAAs, the implicated MMPs include MMP-1, MMP-2, MMP-9 and

MMP-3 9. In an aneurysmal aorta, MMPs are significantly upregulated compared to a healthy

aorta. Each of these MMPs is produced by different cell types (e.g. macrophages, B-cells or

smooth muscle cells), and plays a distinct role in disease progression. The fragments of elastin

and extracellular matrix resulting from the proteolytic process recruit inflammatory cells and

initiate an immune response that attempts to resolve the damage of the wall 56, as explained

in the next section.

Inflammation

Chronic medial and adventitial inflammatory infiltration is a salient feature of AAAs. One

important distinction to be made here is the difference between innate and adaptive immunity.

The innate immunity entails the immune responses present from birth whereas the adaptive

immunity refers to responses generated after exposure to specific new antigens. The innate

immunity is the first line of defense and is made up of the cells and molecules that act as first

responders in the face of an insult57 (examples are mast cells, macrophages, neutrophils and

dendritic cells). The adaptive immunity is associated with immunologic memory (examples

are B cells and T cells).

The inflammatory response within the aneurysmal wall entails numerous inflammatory cell

types, with macrophages and lymphocytes being the most prominent and mast cells and

neutrophils migrating to a lesser extent 58,59. Due to the presence of B cells and T cells, a

potentially autoimmune process driving AAA formation or progression has been suggested 56.

Macrophages, which are major components of the inflammatory process, have been shown

to play a key role in AAA progression60 (Figure 7). They are recruited by ECM degradation

by-products and numerous chemokines 61. While macrophages begin a positive feedback

loop aggravating inflammation, their role may not always be harmful (Figure 7). Macrophages

have the plasticity to switch between an M1 (pro-inflammatory) or an M2 (anti-inflammatory

and reparative) phenotype56. In AAAs the imbalance of M1/M2 has been suggested to dictate

disease evolution.

Apoptosis of vascular smooth muscle cells

Inflammation, reactive oxygen species production and endoplasmic reticulum stress all con-

tribute to smooth muscle cell apoptosis. TNF-α secreted by macrophages 62 and chymase, a

protease secreted by the mast cells63 can cause vascular smooth muscle cell apoptosis. Loss

of smooth muscle cells in AAA tissue has been documented extensively, however it is not

clear whether apoptosis is an active pathological event or simply a consequence of tissue

deterioration64,44.
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Oxidative stress

Oxidative stress occurs when the capacity of antioxidant defense is exceeded by the free radical

production. This imbalance leads to cell death, resulting from the production of oxidized

proteins, peroxides and DNA damage 65. Oxidative stress activates pro-MMP2 and pro-MMP9

(the inactive forms of MMP-2 and MMP-9, respectively), which degrade the collagen fibers in

the arterial wall 66, and also affects the immune adaptive response67.

Pathogenesis of AAAs

The current theories on AAA pathogenesis can be grouped in the following four conceptual

categories68:

Figure 7: Two opposing mechanisms in AAA inflammation. a. Immune cell infiltration in
abdominal aortic aneurysms. Classical monocytes are present in all layers of the vascular
wall. Pro-inflammatory macrophage types weaken the aortic wall and promote expansive
remodelling. b. As a compensatory mechanism, anti-inflammatory types of macrophages can
limit AAA expansion and sustain the wall integrity. Reproduced from 60.
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(a) AAA as an acquired, immune-driven destruction of the aortic wall

According to the inflammation theory of AAA pathogenesis, depicted in Figure 8, a

plethora of innate immune cells invade the aortic wall via the adventitial vasa vasorum,

a pre-existing atherosclerotic plaque or other sites. Cytokines secreted by these cells

then potentiate the inflammatory response. Free radicals and other by-products invoke

smooth muscle cell apoptosis and phenotypic switching, leading to a loss of the matrix-

regulating capacity of the media. The sum of these effects is a severly weakened aortic

wall.

Figure 8: The inflammatory theory of AAA pathogenesis schematically shown. Reproduced
from68.

(b) AAA as a response to atherosclerosis and thrombosis

A traditional view on AAA, still favored by some researchers, has been that it is one of

the end-stages of atherosclerosis. The vessel expands in order to compensate for the

atherosclerotic plaque, which is obstructing the free lumen. However, the effectiveness

of therapeutic efforts aimed at limiting atherosclerosis or thrombosis in controlling AAA

growth is not clear69,68.

(c) AAA as a result of inherited factors

Studies in twins70, as well as the increased risk of AAA in people with positive family

history 71 point towards certain genetic factors that predispose to AAA.

(d) AAA as a result of biomechanical determinants

The consistent formation of abdominal aortic aneurysms has been associated with the

unique mechanical characteristics of the infrarenal aorta. For example, its local high

oscillatory shear index could explain this region’s propensity for aneurysm formation72.

Local hemodynamic stresses may determine the infiltration of inflammatory cells as

well as the progression of atherosclerosis 73. Once inflammatory cells infiltrate the wall

and initiate its degeneration, the damage can be further exacerbated by high wall stress.
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Inflammation of the aortic wall evaluated with PET imaging is reportedly aggravated in

sites of high peak wall stress73.

In the event of a transmural rupture, the local wall strength can no longer withstand

wall stress; it is thus an event of mechanical failure. Peak wall stress is higher in patients

with ruptured or symptomatic AAA than in those with asymptomatic AAAs74. Com-

puted intramural stresses with finite element models that are built on patient-specific

geometries may be better indicators of rupture potential than the standard metric of

maximum diameter75.

3.2 Thoracic aortic aneurysms (TAAs)

Thoracic aortic aneurysms (TAAs) have an incidence of approximately 1 per 10,000 people 76.

They usually occur in the ascending aorta (∼60% of cases), between the aortic valve and the

brachiocephalic trunk 77. Thoracic aortic aneurysms are associated with risk factors such as

hypertension, smoking and aging. Much more overt than in abdominal aortic aneurysms,

thoracic aortic aneurysms have a strong genetic component. Several genetic syndromes

that affect the vascular wall integrity have been associated with thoracic aneurysm formation,

including the Marfan, Loeys-Dietz and Ehlers-Danlos syndromes 78.The presence of a bicuspid

aortic valve also predisposes the patient for development of thoracic AA and/or dissection 79.

More than half of all patients with BAV may develop a thoracic aortic aneurysm.

Up to 29 genes associated with TAA formation have been identified to date. Most of them

encode signaling molecules in the TGF-β pathway, extracellular matrix proteins or proteins of

smooth muscle cells in the contractile state 80. One of the first genes to be associated with TAA

was was fibrillin-1, a scaffolding matrix protein which also interacts with TGF-β. Mutations

in fibrillin-1 can cause Marfan Syndrome, characterized by changes in the skeletal, ocular,

and cardiovascular system and associated with increased incidence of TAA. Depending on

whether a TAA is associated with a congenital disorder or not, the therapeutic management of

TAA may vary 77.

Pathophysiology of TAAs

The pathological hallmark of TAA is medial degeneration; therefore, smooth muscle cells, a

key component of the medial layer, are of great importance in this pathology 81. The medial de-

generation is characterized by fragmentation and loss of elastic fibers, as well as accumulation

of proteoglycans in the aortic media. In stark contrast with the intraluminal thrombus forma-

tion and invasion of inflammatory cells that characterizes AAAs, TAAs primarily arise from

non-inflammatory mechanisms that often involve underlying genetic mutations 82,83,84. Given

the lack of inflammatory cells producing medial degrading proteases in thoracic aneurysms, it

has been postulated that resident aortic wall cells are actually the source of the ECM proteases

in the ascending aortic wall84,85.
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Pathogenesis of TAAs

(a) Poor intrinsic quality of the vascular wall connective tissue

As we saw, in Marfan syndrome the defective synthesis of fibrillin-1 leads to aberrant

TGF-β activity and progressive weakening of elastic tissue. As a result, there is progres-

sive aortic enlargement due to remodelling of the inelastic media86. In the Loeys-Dietz

disorder, mutations in TGF-β receptors lead to abnormalities in elastin and collagen

types I and III. TAAs in those individuals can rupture easily, even at small sizes87. In

the setting of Ehlers-Danlos syndrome, defective synthesis of collagen type III weakens

the vascular wall. Nutritional deficiency in vitamin C (ascorbate) is associated with

altered collagen cross-linking, showing that TAA formation can also have a nutritional

basis 38. There is an apparent importance of TGF-β and possibly Angiotensin II signaling

in TAAs81,88.

Non-syndromic TAAs, in the absence of a congenital syndrome, also occur. In approxi-

mately 20% of those patients there is an affected family member, thus pointing towards

familial patterns of inheritance 89. Familial TAAs present earlier and evolve quicker than

sporadic TAAs. There are several mutations associated with familial TAAs, with ACTA2

being the most common site of mutation16. The ACTA2 gene encodes smooth muscle α

actin, and its mutation leads to vascular smooth muscle cell deregulation. The smooth

muscle cells in this case have disorganized and aggregated actin filaments and as a

result are unable to successfully adapt to changes in local mechanical stress 90,91. The

precise link between VSMC dysregulation and aortic medial degeneration has yet to be

determined.

(b) Dysfunctional mechanosensing

As we saw above, identified mutations affect structural components of the aortic wall

(e.g. collagen, fibrillin-containing microfibrils), cellular force generation (e.g. α actin)

and transmembrane structures that transduce mechanical stimuli (e.g. polycystins).

Essentially, these mutations disrupt the ability of aortic SMCs to properly sense but also

respond to forces92. The adaptation of the aortic wall to elevated wall stress includes

smooth muscle proliferation, synthesis of collagen and other matrix components and

increased cell signaling through angiotensin II receptors. These pathways promote

adaptive remodelling to thicken the aortic wall. Conversely, adaptation to reduced wall

stress involves smooth muscle cell death, proteolytic activity and thinning of the wall.

Defects in force transmission or mechanosensing can lead to the misperception of

high stress as low stress with the resulting inappropriate remodelling 88,93 (Figure 9).

Given that the thoracic aorta is subjected to the largest cyclic circumferential stretch

from the distending blood pressure, and axial stretch from gross motions of the heart,

maladaptive remodelling can have dire consequences on its load-bearing capability.
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Figure 9: Aortic mechanobiology. A. The endothelial cells sense changes in the wall shear stress,
whereas smooth muscle cells and fibroblasts sense changes in intramural circumferential
and axial stresses. Increased blood pressure (P) increases wall stress, but adaptive thickening
restores stress values back to normal; decreased pressure decreases wall stress, but adaptive
thinning restores stress values. B. Smooth muscle cells and fibroblasts sense and regulate the
ECM, and sensing low vs high stress results in disparate cell signaling. Misperception of high
stress as low can cause maladaptive remodelling. Reproduced from93.

3.3 Aortic dissection

Aortic dissection is the most common catastrophic event of the aorta, with a higher incidence

than ruptured abdominal aortic aneurysm in western populations94,95. Timely diagnosis and

clinical action is of paramount importance, since the condition has poor outcome. In an aortic

dissection, blood splays apart the layers of the media to form a blood-filled channel within

the aortic wall (cf. previous Figure 6E). An indicative histological section of a dissected aortic

wall is shown in Figure 10. The resulting insufficient blood in the normal pathway of the aorta

may cause ischemia, malperfusion (due to decreased blood supply distally) or aortic valve

insufficiency.

An acute aortic dissection begins with an intimal flap, caused by blood flowing in the medial

layer. This flap separates the true lumen from a false lumen (a newly created route of flow in

the medial layer), as shown in Figure 11. In most patients there is an intimal tear that links the

two lumens, there are however also cases where bleeding within the wall of the aorta occurs as

a primary event, in the absence of an intimal tear (Figure 11B). As blood flows into the aortic

wall, the intimal flap can propagate in an antegrade and a retrograde direction from the site

of the intimal tear, and may involve aortic side branch as it progresses. Progression of the

dissection can lead to re-entry 83 of the blood in the true lumen through a second intimal tear
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Figure 10: Histological section (Movat’s stain) of a dissection38. The intramural space can be
seen filled with blood within the medial layer.

(double-barreled aorta), and the false channel may become re-endothelialized.

Figure 11: Aortic dissection. a. In most cases, the aortic dissection initiates with an intimal
tear. b. In some cases,the initial event is a rupture of the vasa vasorum which results in an
intramural hematoma progressing to a dissection. Reproduced from Niebaber et al. 96.

Aortic dissections are classified according to the origin of the intimal tear (DeBakey classifica-

tion), or according to whether the dissection involves the ascending aorta, regardless of the

intimal tear site (Stanford classification) (Figure 12). An accurate classification is important

since it drives the therapeutic management decisions 97.

Regarding dissection pathogenesis, there is increased risk of aortic dissections in patients

with TAAs, at the level of the aneurysmal segment 99. The association between aneurysm size

and dissection is unknown. Genetic studies have established disorders that predispose to

aortic dissections, which include the Marfan, Loeys-Dietz and Ehler-Danlos syndrome, as

well as non-syndromic mutations (e.g. for ACTA2), similar to what we saw in section 3.2. The

confluence of factors leading to TAA and aortic dissections leads to the two entities usually
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Figure 12: Classification of dissections. DeBakey system: Dissection originates in the ascend-
ing aorta and propagates (I) or is confined (II). Dissection originates in the descending aorta
and propagates below the diaphragm (IIIb) or is confined (IIIa). Stanford system: Dissections
involve the ascending aorta (type A) or not (type B). More than 60% of deaths associated
with acute type B aortic dissection result from local aortic rupture, usually of the false lumen.
Reproduced from 98.

being studied together (as TAADs, thoracic aortic aneurysms and dissections) 88,93, hence their

shared pathogenetic mechanisms have been described in the previous section.

Aneurysm, dissection... or pseudoaneurysm?

It is noteworthy to make a distinction between an aneurysm and a dissection (cf. Figure 6). A

true aneurysm is a dilatation involving all three layers of the vascular wall 100,83. In a dissection,

blood enters the wall through a intimal tear and progressively separates the layers of the wall. A

dissection’s intramural infiltration of blood is not an aneurysm, within the strict meaning of the

term. Note also the distinction between an aneurysm and a false aneurysm (pseudoaneurysm).

In a pseudoaneurysm, a substantial part of the vascular structure in the region of dilatation is

missing and the hematoma is sustained by amorphous fibrous material (cf. Figure 6D).
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4 Preclinical research: powerful tools from high-resolution imag-

ing to evaluation of vascular function

Mice have garnered particular attention in preclinical research owing to their small size and

relative cheapness, their fully decrypted genome, their fast disease progression as well as the

ability to delete or overexpress specific genes.

Mice and humans have four-chambered hearts comprising of left and right atria, a dominant

left ventricle and a thinner-walled right ventricle. While the mouse heart is far smaller than the

human heart (a mouse heart weighs 0.12-0.15g while an adult human heart weighs 250-350g),

the ratio of heart to body weight is equivalent in both species (around 0.45%) 101. The average

aortic diameter in humans tapers from 3 cm in the ascending aorta to 1.8 cm in the abdominal

aorta, while in mice the corresponding values are considerably smaller - from roughly 1 mm in

the ascending aorta to 0.8 mm infrarenally 102. But except for the considerably smaller vessel

dimensions in mice, the microscopic anatomy is generally similar in the two species, with the

same vessel wall constituents. However mice have far fewer elastin layers, typically less than

10 (with somewhat more lamellae near the aortic root101) than the human aorta, which has

∼50 elastin layers. The vasa vasorum is also more prominent in humans than it is in mice101.

Discrepancies between humans and mice in physiological parameters such as blood shear

rates, red blood cell aggregation and red blood cell geometry are exemplified in contradictory

findings of studies that evaluate particulate drug delivery systems in humans and mice 103. The

smaller size of the mouse cardiovascular system also implies inherent allometric differences in

hemodynamic conditions within mouse vessels compared to human, while the mouse heart

rate is 100-times faster than humans.

The small dimensions of the murine vasculature, combined with their fast heart rate, impose

significant challenges in engineering dedicated small animal imaging systems, both in vivo

and ex vivo. On the premise that an animal model mimics aspects of the human condition,

insight on its genetic, cellular and biomechanical mechanisms through advanced imaging can

be of paramount translational value and may even impact potential therapeutic targets.

4.1 Small animal imaging techniques

In order to study the progression of small animal aortopathies (and other diseases), a wide

range of imaging techniques have been used in the recent years. These include, but are not lim-

ited to, conventional histology, ultrasound, computed tomography (CT), magnetic resonance

(MR), positron emission tomography (PET), single-photon emission computed tomography

(SPECT), near-infrared fluorescence (NIRF) and bioluminescence. Each technique has its

strengths and limitations, and the choice of one over the other depends on the specific appli-

cation and question a study aims to answer. Here, we will provide the basic background for

some of the techniques which are of importance for this dissertation.
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Histology

Histological analysis is to date, despite huge technological advances, the gold standard for the

an assessment of anatomical and functional details in small animals. Post mortem histopathol-

ogy and immunohistochemistry have excellent spatial resolution and molecular sensitivity

and specificity 104, and still represent the reference technique most widely used in preclini-

cal research today. In vivo results obtained with small animal imaging systems are usually

validated through ex vivo histology. Combining the high-resolution postmortem histological

data with the anatomical and geometrical data of in vivo images (which are usually of lower

resolution) can greatly help in deciphering pathological events. Studies that correlate in vivo

estimated parameters with postmortem findings still visually assess their results by selecting

similar 2D slices from both techniques.

The major caveat of histology is the necessary destructive tissue sectioning, that can lead to

vast amounts of serial sections and also abolishes any 3D spatial consistency of the sample.

Histological preparation can also introduce deformations of the sectioned tissue on each slice,

owing to the fixation process (dehydration), the sectioning process (shearing or folding of

sections, tearing when mounting on slides, displacements etc.) 104 or contraction of tissues for

specific stains.

The low-throughput and invasive nature of histology makes the acquisition of spatially and

temporally indexed datasets on healthy and diseased tissues an exceptionally arduous task.

Conversely, noninvasive imaging allows longitudinal monitoring of animals over the entire

course of the disease from inception to the end-stage. In line with animal welfare regulations,

such capabilities also serve to minimize the number of animals required for a single study. In

vivo ultrasound was one of the first dedicated small animal imaging techniques to provide

unparalleled insight into disease evolution and response to therapy.

High-frequency in vivo ultrasound

Ultrasonography, first used for medical imaging in the late 1940s and early 1950s 105, is a

diagnostic imaging technique used to visualize internal body structures. The term ultrasound

describes sound of frequencies above 20,000 Hertz (Hz), beyond the range of human hearing.

In ultrasound imaging, sound waves are emitted from a transducer into the tissue and are

reflected back (echoed) as they encounter boundaries. The time transit between returning

sound waves and their strength are then used to construct the ultrasound image. The trans-

ducer transmits sound waves by using piezoelectric crystals, and receives the echoes to convert

them to electric current.

There is only one manufacturer of dedicated preclinical high-resolution micro-ultrasound

systems (VisualSonics, Toronto, Canada) 104. These systems operate at frequencies between 15

and 70 MHz (compared to frequencies of 3–15 MHz for clinical systems). Here, the wavelength

is inversely proportional to the frequency and the shorter the wavelength, the higher the
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resolution.

In mice, ultrasound can be used for imaging anatomy (BMode imaging), measurement of

diameter (MMode imaging), measurement of aortic blood flow (Pulsed Doppler and Color

Doppler imaging), as well as measurement of volume (3D ultrasound).

In ultrasound, reverberations, reflections or air bubbles can impair imaging. Moreover, mea-

surements are strongly affected by manual positioning of the imaging plane, which makes the

technique operator-dependent and thus prone to subjective interpretation. These drawbacks

can be overcome by the use of dedicated automated 3D imaging techniques such as microcom-

puted tomography (micro-CT). In vivo contrast enhanced micro-CT allows for visualization of

the blood-filled aortic lumen, as we will see next.

In vivo micro-CT

The first commercial small animal micro-CT has been on the market since 1999106. As is the

case for clinical CT scanners, the principle of micro-CT is based on X-ray attenuation through

the animal being imaged. As an incident X-ray beam passes through tissue, its intensity is

attenuated according to the equation

Ix = I0e−μx

where I0 is the intensity of the incident beam, x is the distance from the source, Ix is the

intensity of the beam at distance x from the source, and μis the linear attenuation coefficient 107.

The attenuation therefore depends both the sample material and the source energy. After the

beam passes through the sample and exits with reduced intensity, it is collected by a detector

array.

There are two common geometries for a micro-CT: a rotating gantry and a rotating specimen.

Most of the in vivo micro-CT systems use a rotating gantry geometry, where both the X-ray

tube and detector are assembled on a single gantry. The gantry rotates while the animal lies

on a table, between the tube and the detector (Figure 13). The rotating specimen geometry

has primarily been used for ex vivo systems.

For any geometry, a balance must be struck between the system dimensions, the required

spatial resolution, the focal spot size of the X-ray source, and the photon flux produced by the

X-ray source 108.

Contrast agents

Micro-CT imaging is ideal to image bone and its microstructure108,109 thanks to the high

attenuation of hard tissues. Such is not the case for blood vessels, whose similar densities with

surrounding soft tissues make them impossible to distinguish on a micro-CT image. To enable

micro-CT imaging of the vasculature, contrast agents of radiopaque materials have been
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Figure 13: micro-CT setup. A micro-CT typically produces 3D tomographic data proportional
to the mean linear attenuation coefficient at microscopic resolution (voxel size 100≤ μm3) by
taking a few hundreds of 2D cone beam projections from several angles around the animal.
Reproduced from 109.

developed. We can categorize contrast agents based on their formulation into water-soluble

agents, typically used in the clinics, and blood-pool agents, used in basic research imaging 110.

Water-soluble agents are based on organically bound iodine, which has the highest X-ray

attenuation among nonmetal elements, as well as low toxicity111. Water-soluble agents are

characterized by rapid clearance rates and hence impose short imaging times. While this is

achievable in the clinic, in small animal microCT the imaging time is not comparable to the

tracers’ fast kinetics. This implies that a water-soluble contrast agent in a mouse would need

to be administered at a constant infusion rate during the scan. As an alternative, blood-pool

contrast agents were developed for experimental research. The salient features of these agents

are, as their name attests, long residence times in the vasculature, and the ability to maintain

a stable concentration in the bloodstream following a single injection.

In order to prevent the swift extravasation of the contrast agent through the capillaries, the

molecule size of these agents is larger than the size of capillary fenestrations. Owing to

their big size, the molecules of these agents cannot be cleared through the renal system like

their water-based equivalents. Instead, they are slowly cleared out through the hepatobiliary

system 111.

The first blood-pool agent for micro-CT was introduced in 1998 and involved an iodinated

contrast medium embedded in a lipidic formulation111. While it could reside in the blood-

stream for over 3 hours, its low iodine content did not yield strong contrast. A new group of

contrast agents that uses metal nanoparticles has recently gained popularity. A schematic of

a nanoparticle contrast agent designed for CT is depicted in Figure 14. Metal-based agents

provide higher attenuation than iodine, meaning that smaller amounts are required and hence

smaller injection volumes. Similarly to the iodinated blood-pool agents, the molecules of

these tracers are sufficiently large to prevent their extravasation. Exitron nano 12000 (Mil-
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tenyi Biotec, Berlin, Germany) is an innovative agent that uses alkaline earth metal–based

nanoparticles and has been shown to enhance the blood compartment for up to 3 hours110.

Another contrast agent based on gold nanoparticles has also shown great potential in imaging

the vascular compartment and is commercially available under the name AuroVist 15 nm

(Nanoprobes, Yaphank, NY). However, the appearance of a dark staining on the skin of animals

infused with Aurovist has been reported, which makes the localization of the caudal vein for

subsequent injections extremely difficult. Therefore this tracer is not ideal for longitudinal

follow-up imaging on the same animals.

Figure 14: Generalized schematic of a nanoparticle contrast agent. The material used to
generate contrast is usually in the core of the particle (most frequently iodine, gold or bismuth).
The core is coated with a polymer, lipid, protein, silica or other compounds of high solubility
and biocompatibility. Last, the coating or core can also be loaded with drugs or nucleic acid.
Reproduced from 112.

In CT, the signal-to-noise ratio is inversely proportional to the square root of the number of

X-rays passing through each voxel 109. In order to achieve lower voxel sizes while maintaining

the signal-to-noise ratio, the number of X-rays increases significantly; meaning that higher

radiation doses are necessary to achieve higher resolution. A tradeoff must be made however

between the desired image quality and the levels of exposure to radiation for the animal,

which can lead to biological damage and long-term health effects109. The lethal dose for a

population, LD50/30 is defined as the whole-body radiation dose that would kill 50% of the

exposed animals within 30 days108. In mice, this value is reported to range between 5 and

7.6 Gy (gray units), depending on mouse strain, age and other factors. Typical doses for a 3D

micro-CT range from 0.017 to 0.78 Gy, depending on the specific setup 109. Within a few hours,

mice can repair sublethal doses of radiation113 and repeated exposures of ≈ 30 cGy have

not compromised the survival of mice in previous studies. The cumulative dose resulting

from longitudinal follow-up with micro-CT is unlikely to reach dangerous levels, however the

radiation dose should be minimized wherever possible108.
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Future directions of micro-CT: phase contrast imaging

Treating X-rays as electromagnetic waves, their complex index of refraction n is expressed as

n = 1−δ+ iβ, where δ is responsible for the phase shift and β is for the beam attenuation114.

The index of refraction relates to the linear absorption coefficient, μ0 as β=μ0(λ/4π) and to

the coefficient of phase change, η, as δ= η(λ/2π) for an X-ray wavelength of λ. For diagnostic

X-rays (10-100 keV) and low atomic number elements (Z ≤ 20), δ is ∼2-3 orders of magnitude

larger than β and decreases more slowly with increasing X-ray energy (∼1/E 2 vs. ∼1/E 3).

Phase contrast holds great potential in the imaging of soft tissue without the need of contrast

agents, and at lower radiation doses 108.

Theoretical findings have been practically validated with the use of monochromatic, syn-

chrotron X-ray sources, with experiments carried out for propagation based, grating intererom-

eter based and analyzer crystal based phase contrast imaging. The challenge in transferring

these methods from the synchrotron beamline to the (pre-)clinical application is the low

brilliance and low coherence of non-synchrotron X-ray sources, but developments in this area

are promising108.

Visualizing the diseased murine vascular wall

We have so far seen histological assessment, ultrasound and micro-CT methods as potential

tools in assessing cardiovascular disease in mice. The scope of our work is to assess the

diseased vascular wall and a 3D morphological assessment is imperative to this end, to

reveal microstructural changes and their preferential location within certain areas of the wall.

Mice have an abdominal diameter of 0.8 mm, a wall thickness of 50-100μm and (<10) elastic

laminae101, with an elastin thickness of ∼15-25 μm115. Histology, at a 4 μm slice thickness,

allows for ’functional’ imaging of wall constituents, it is however essentially 2D (3D projections

can be acquired, but are very arduous). Most importantly, the sectioning process disrupts

the structure of organs such as large arteries since it introduces artifacts. Through avoiding

mechanical sectioning, 3D imaging techniques are capable of imaging a structurally intact

sample. X-ray micro-CT, which is ideal for obtaining the in vivo pressurized geometry of

the blood-filled lumen, does not have enough soft tissue contrast to discern the wall and

thus is an ill-fated imaging choice for this purpose. Another technique offering 3D imaging

at high resolution is ultrasound, however the technique is very operator-dependent and is

often subject to interpretation, as we saw previously. Other methods have additionally been

used that we have not described here: for example, micro-magnetic resonance imaging, with

sufficient (but suboptimal) soft tissue contrast but large axial inter-slice distance, which means

crucial parts of the microstructural anatomy may be missed. Multiphoton microscopy has

also been used to image the mouse arteries (Figure 15), but a crucial limitation is its small field

of view, impeding the visualization of the entire vessel circumference. An alternative approach

to image the murine wall’s microstructure is the use of X-ray synchrotron imaging, as we will

see in the next section.
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Figure 15: A. Two-photon images of descending aortas of 8-month-old mice, collagen in red,
elastin fibers in green. Scale bar is not specified. Taken from116. B. Multiphoton image of
mouse carotid artery. Wavy collagen fibers in grey, elastin in green. A longitudinally undulated
elastic lamella has been highlighted with a dashed line. Scale bar 100 μm. Taken from117.

Synchrotron imaging

Synchrotron radiation occurs when a charge traveling at a relativistic speed in a synchrotron

changes its direction of movement (Figure 16)118. Synchrotron radiation covers a large spec-

trum of electromagnetic waves, from infrared to hard x-rays (in wavelength, tens of microme-

ters to less than 0.01 nm). Its characteristic is high brilliance; it is a very intense beam with low

divergence. Synchrotron radiation was predicted in theory in the mid-1940s119 and observed

for the first time in 1947 by scientists of the General Electric company120. The first observed

synchrotron radiation was in the visible range of the spectrum, but later the synchrotron

energy was increased to produce radiation in the X-ray range.

(a) Generation of synchrotron radiation in a bend-
ing magnet. Electrons produce synchrotron radia-
tion when deflected by a magnetic field.

(b) Synchrotron radiation from a bending
magnet in a storage ring. The synchrotron
radiation is concentrated into a cone with an
angle of γ(−1).

Figure 16: Generation of synchrotron radiation. Reproduced from 118.
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Three generations of synchrotrons

First generation synchrotron radiation sources were synchrotrons built as particle ac-

celerators for high-energy physics. In these facilities, the energy loss due to production of

synchrotron radiation was considered a nuisance and the scientists using this synchrotron

radiation were called parasite users. Second generation synchrotrons, called storage rings,

were dedicated to obtaining synchrotron radiation. The majority of these facilities used

bending magnets for the generation of X-rays. Since synchrotron radiation is produced

independently at all bending magnets, all ports (beamlines) can be used simultaneously for

experiments without interfering with each other. The so-called third-generation synchrotron

radiation sources make use of insertion devices as X-ray sources, but bending magnets are

still being used. Three large third-generation synchrotron radiation facilities with high ring

energies were initially built in Grenoble (France), Argonne (Illinois, USA) and Hyogo (Japan).

Then smaller third-generation synchrotron facilities were built, such as DIAMOND (Oxford,

UK), Advanced Light Source (ALS; Berkeley, CA), SSRL-II (Upton, NY), Elettra (Trieste, Italy),

Petra-III (Hamburg, Germany), Canadian Light Source (CLS; Saskatoon, Canada), Australian

Synchrotron (Melbourne, Australia), Soleil (Paris, France), and Swiss Light Source (SLS;

Villigen, Switzerland). These new storage rings make use of the technologies developed at

the larger storage rings and thus, even though they operate at lower electron energies, they are

low-emittance rings that produce highly collimated X-rays 118.

It should be noted that synchrotron radiation can be produced not only by electrons but also

by positrons. Use of positrons is sometimes preferred for the stability of the storage ring, but

at the moment electron storage rings are more widely used - mainly because positrons are

more challenging to produce 118.

In this dissertation, imaging was carried out at the Swiss Light Source (SLS) at the Paul

Scherrer Institut, a third generation synchrotron as described above. SLS employs a 2.9 T

wavelength shifter with a critical energy of 11.1 keV for the phase-contrast microtomography

beamline, TOMCAT, at the X02DA port121,122 on a 2.4 GeV storage ring (with ring current

I = 400 mA, top-up mode). The X-ray beam is monochromated with a double-multilayer

monochromator. An image of the beamline interior is shown in Figure 17A.

Synchrotron-based X-ray phase-contrast imaging allows for detailed 3D insight into the mi-

crostructure of soft tissue and is increasingly used to improve our understanding of mouse

models of cardiovascular disease. Two techniques dominate the field: grating interferometry,

with superior density contrast at mid to lower microscopic resolutions, and propagation-based

phase contrast, facilitating high resolution tissue imaging. A schematic flow chart of each

approach is shown in Figure 18. The choice between these techniques depends on which

features one is interested in visualizing and is thus highly sample-dependent123

The two different endstations of the experimental setup used for the two techniques are shown

in Figure 19. For each imaging technique, the aortic samples to be imaged were prepared in a
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Figure 17: A: The TOMCAT beamline of the SLS. B: Sample preparation. Aortas are stabilized
(embedded) in agarose gel during the scan to prevent moving artifacts.

Figure 18: Phase propagation versus grating interferometry. Each technique’s flow chart is
shown. Reproduced from 123.

similar way: once at the synchrotron, they were embedded in agarose gel in order to minimize

moving artifacts during the rotation of the sample holder in the synchrotron setup (Figure 17B).

After imaging, the aortic samples were carefully cleaned from surrounding agarose under a

microscope. We will mention here the distances applied for the specific setups we have used

in our applications of synchrotron imaging. We note that these distances can vary according

to the application and the level of contrast and resolution required 123. Researchers at the PSI

assist the beamline’s end-users in choosing the most appropriate setup for their purpose and

also tailor distances and other parameters according to each application demand.

In the endstation I, schematically shown in Figure 19, propagation-based phase-contrast mi-
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Figure 19: The experimental setup at the TOMCAT beamline with two different endstations.
Reproduced from 123.

crotomography was performed at 25m source-to-sample distance, 25 cm sample-to-detector

distance and at 21 keV. A scientific CMOS detector (pco.Edge 5.5) was used in combination

with a 4x magnifying (UPLAPO4x) visible-light optics and a 20 μm thick scintillator. The

effective pixel size in the setup was 1.625 x 1.625 μm2. Indicative examples of imaging with

propagation-based phase-contrast are shown in Figure 20.

In endstation II, schematically shown in Figure 19, grating-based phase-contrast microto-

mography was performed at 30 m source-to-sample and at 25 keV. Phase retrieval was based

on single defocused images using a transport-of-intensity approximation as originally pro-

posed by Paganin et al. 124,125. A grating interferometer is mounted right after the sample and

consists of a phase grating (G1) with a pitch of 4 μm and an absorption grating (G2) with a 2

μm pitch positioned at a distance corresponding to the third Talbot order. The detector used in

the grating interferometry setup is a scientific CMOS detector (pco.Edge 4.2) in combination

with 1:1 magnifying visible light optics and a 300 μm thick scintillator, yielding an effective

pixel size of 6.5 x 6.5 μm2.

In this dissertation both grating interferometry (Chapters 2, 3) and propagation-based (Chap-

ter 4) phase contrast imaging has been used, with phase retrieval. In both grating interferome-

try and phase propagation, vertical stacking was necessary in order to image the whole tubular

structure of the aorta. The term Phase Contrast X-Ray Tomographic Microscopy (PCXTM), or

simply synchrotron, is used throughout the rest of this dissertation to denote this imaging

technique. In section 5.3 of this Introduction, we will see how the application of synchrotron

imaging has given unique insight into the pathology of an experimental model of aneurysm
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and dissection.

Figure 20: Imaging of diseased and healthy mouse aortas using synchrotron propagation-
based phase contrast. The segmented 3D volume is on the left for each study. A, B. Phase-
retrieval was performed according to Paganins’s method. Phase propagation without phase
retrieval would have resulted in a slightly better resolution, but authors opted for phase
retrieval since it offers the best compromise between resolution (necessary to visualize medial
ruptures) and image contrast (necessary to visualize the presence of hematomas) 126,127 C. No
phase retrieval used, in order to optimally visualize the elastic lamellae of the aortic wall 128.
No scale bars available.
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4.2 Numerical models of the cardiovascular system

Advances in 3D medical imaging techniques and numerical methods, together with the

increase of computational resources, have given rise to computational studies of the cardio-

vascular system. Computational fluid dynamics (CFD) simulations of blood flow as well as

computational structural mechanics (CSM) simulations of the vascular wall can be used to

assess complex hemodynamics and biomechanical determinants in cardiovascular disease.

While most computational research has focused on human data, recent breakthroughs in

small animal imaging techniques have allowed the setup of computational studies in animal

models of disease; the latter in fact present several advantages in comparison to clinical mod-

els, not the least of which is their potential for validation. Within the context of an animal

study, we can systematically collect hemodynamic and geometric imaging information prior

to disease initiation and in controlled time marks throughout disease evolution - data that

are difficult to acquire in a clinical setting as patients are rarely imaged before pathologies

such as aortic aneurysms develop. While human tissue is difficult to acquire, animal studies

can be tailored for in vivo longitudinal follow-up and tissue collection at different stages

of disease progression for ex vivo analyses - which may include mechanical testing, mRNA

expression levels or histology129. By combining ex vivo analysis with in vivo imaging and

subsequently CFD or CSM in animal studies, the role of mechanics and hemodynamics in

disease progression can be elucidated. It is worth mentioning that fluid-structure interaction

simulations (FSI) account for both the fluid mechanics and structural mechanics problem

simultaneously, however they are much more computationally demanding than CFD or CSM.

Regardless of the application, accurate anatomical and physiological modelling is crucial for

these simulations 130.

The finite element method (FEM) is a numerical technique, which was first developed to

solve complex structural analysis problems in civil and aeronautical engineering. The FEM

assumes the object of analysis can be divided into finite elements, which take the form of

lines in one dimensional problems, triangles or rectangles in two-dimensional problems,

and tetrahedra, hexahedra or prisms in three-dimensional problems. In general, CFD uses

numerical methods (for example FEM) to solve the Navier–Stokes equations. The Navier-

Stokes equations represent the conservation of mass and momentum in flows, mathematically

given in their incompressible form by 1 and 2, respectively

∇·u = 0 (1)

∂u

∂t
+ (u ·∇)u =−∇P

ρ
+ v∇2u (2)

where u is the velocity vector, P is the pressure, ρ is the density, and v is the kinematic

viscosity of the working fluid. In structural simulations, the FEM solves the partial differential

equations governing the problem, known as the equilibrium equations, with the stress-strain

relations (constitutive equations) and the strain-displacement relations, subject to appropriate

boundary conditions.
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1D models of the arterial circulation

Three-dimensional CFD, CSM or FSI models may be amenable to describe wave phenomena

but they come with high computational demands, and are thus better fitted for the study

of detailed local flow fields rather than pressure and flow wave propagation over the entire

arterial tree. In short, the choice of dimensionality in a model representation of the vasculature,

varying from 0-D to 3-D, is dictated by the aim and the accuracy requirement of the research

study.

Lumped paremeter (0-D) models entail the assumption of uniform distributions of funda-

mental variables (pressure, flow, volume) within any compartment of the model (vessel or

part of vessel) at any instant in time, while in higher dimensional models these parameters

can vary spatially 131. The Windkessel models (briefly mentioned in section 2.2) may give an

overall description of the arterial network, but cannot be used to study pressure and flow

wave propagation in the arterial tree. This requires tube models or distributed models which

take into account the arterial geometry. The principle behind distributed models is that they

discretize the arterial vasculature in small segments with known mechanical and anatomical

properties. The wave transmission characteristics of each arterial segment can be described

using Womersley’s oscillatory flow theory.

In distributed models of the arterial tree, the one dimensional form of the blood flow equations

describing the conservation of mass and momentum (simplified form of previous equations 1

and 2):

∂Q

∂x
+ ∂A

∂t
= 0

∂Q

∂t
+ ∂(Q2/A)

∂x
=− 1

ρ
· A · ∂P

∂x
−2πri · τ

ρ

where A is the vessel cross-sectional area and τ is wall shear stress, usually estimated using

Poiseuille’s law. The two equations above have three variables: pressure P, flow Q, and area

A. Therefore a constitutive law relating cross-sectional area, A, to pressure, P, is needed to

form a system of three equations with three unknowns, which can be then easily solved using

different numerical techniques (i.e., finite differences, or method of characteristics).

Extensive use of distributed 1D models of the arterial tree has been documented in literature

to simulate wave propagation in parts or the entirety of the human arterial tree, under various

physiological or pathological conditions 132,133,134. These models are fairly accurate and

compare well to human measurements of flow and pressure. Moreover, they are able to

capture physiological aspects of pressure wave propagation such as the systolic pressure

amplification or the smoothing of the pulse.

31



Introduction

Figure 21: Distributed 1D models of the entire human arterial tree, distributed over a span of
46 years: A. Westerhof’s model in 1969 135, B. Reymond’s model in 2009 133, C. Mynard’s model
in 2015 134.

One dimensional models of the arterial tree are, to date, ideal for the study of pressure and flow

wave propagation in the arterial system. The available 1D models in literature have substantial

variations in their approaches: examples are the incorporation (or not) of a heart left ventricu-

lar (LV) model (important to grasp ventricular-vascular coupling effects), inclusion (or not) of

cerebral circulation, formulations for the viscoelasticity of the aortic wall, approximations for

wall shear stress and convective acceleration term and boundary conditions at terminal sites

(peripheral beds) 133. While the mouse is the small animal of choice in experimental research,

strikingly a detailed description of the ‘reference’ murine arterial anatomy and physiology

does not exist in literature, and a validated 1D model of the average murine systemic tree and

its hemodynamics has not been proposed. We address this knowledge gap in Chapter 1, as we

will see later on.
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4.3 Vascular reactivity assessment

The previous section focused on computational modelling, which is essential to explore

hemodynamic and biomechanical conditions within the vasculature. A different perspective

is that of vascular biology and mechanobiological characterization. Blood vessel myography

is a valuable in vitro technique for the quantification of constriction and relaxation of blood

vessels in response to vasoactive stimuli. It is a powerful tool in the pharmaceutical industry

when assessing potential new drugs on the vasculature, as well as in vascular biology research

when assessing the (patho-)physiological vascular function of vessels, or molecular pathways

that control vascular tone.

As we saw previously, aberrant structural and mechanical changes in the vascular extracellular

matrix can lead to life-threatening conditions, including aneurysm, dissection, and aortic rup-

ture. Mounting evidence suggests that altered SMC force generation contributes significantly

in thoracic aortic aneurysms and dissections 91, while more recently a role for SMC contractile

dysfunction has also been suggested for sporadic AAAs136. There is therefore increased mo-

tivation to characterize and understand the role of SMC function in the pathophysiology of

aortic disease.

Wire myography or pressure myography?

There are two main approaches to myography: conducting an experiment under either isomet-

ric (constant length) conditions, typically using a wire myograph, or under isobaric (constant

pressure) conditions, typically using a pressure myograph. In an isometric experiment, an arte-

rial ring is held under a constant stretch and contractile or relaxatory responses are measured

using a sensitive force transducer (Figure 22). In an isobaric experiment, a cylindrical vessel is

cannulated at both ends and remains pressurized and perfused (with physiological solution)

while measurements of diameter are made using an optical video dimension analyzer. Wire

myography is a high-throughput technique in which the vessels can remain viable for 12 hours

or more. On the other hand, pressure myography better mimics in vivo conditions such as

blood flow and blood pressure and is therefore ideal to study specific components such as

flow-mediated dilatation or pressure-diameter relationships, it is however more challenging

and low-throughput.

Murtada et al. developed a multiscale model of the contractile apparatus that vascular smooth

muscle cells use to control the vascular tone, which accurately captures both uniaxial (wire

myograph) and biaxial (pressure myograph) contraction data for the mouse descending

thoracic aorta137. After parameter sensitivity studies, the authors submitted that uniaxial

contraction tests are not as efficient as biaxial tests for identifying changes in vascular smooth

muscle function (see also 138). Note that in order to develop the active tone of smooth muscle

cells, force is generated and transmitted thanks to multiple structural constituents across

scales including actin and myosin filaments, the intracellular network of cytoskeletal filaments,

focal adhesions at the cell membrane, extracellular elastic fibers, and neighboring cells. The

active force thus depends on structural and mechanical properties of these multiple com-
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ponents in radial, circumferential, and axial directions. Since the applied mechanical strain

affects the intracellular organization of the numerous elements comprising the contractile

apparatus, it is not suprising that it ultimately influences the magnitude of the developed

active force.

Figure 22: Wire myography setup. a: DMT multi-chamber 620M Wire Myograph. The wire
myograph interface holds four myograph units. b: Each myograph unit contains a force
transducer (left) and a micrometer (right), which are connected to the two jaws supporting
the vessel inside the chamber. c: Detail of the chamber with the jaws and a mounted vessel
segment. d: Schematic of the vessel segment mounted on the myograph with two wires
through the lumen. Panels a-c adapted from139, panel d adapted from 140.

For an exploratory study intending to characterize a vessel’s global vasoreactivity, as is the

case in our study, wire myography has a straightforward implementation and allows the in-

vestigation of several pharmacological agents. Moreover, in a wire myograph vessel rings of

small axial length (∼ 1mm) can be tested; on the contrary their cannulation in a pressure

myograph is challenging. The wire myography method was developed in 1977 by Mulvany

and Halpern 141 for rat mesenteric arteries to measure their vasoconstriction or vasodilation to

different substances or procedures, assess the vessel’s endothelium and evaluate the pathways

that regulate the vascular tone. Vessel segments are maintained in an organ bath setting and

mounted between two wires that go through the lumen (Figure 22). One wire is connected

to a force transducer that records the isometric tension developed by the vessel during its

vasomotor response, and the other is connected to a micrometric screw that allows setting up

the initial distension. The wire myograph was designed to study vessels from approximately

50 to 600 μm in diameter. However, bigger arteries (even up to 5-10 mm in diameter) can

be studied by adjusting the mounting supports 142. One of the most studied vessel functions
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using wire myography is endothelial function. It is typically determined by performing re-

laxation–response curves to acetylcholine (mentioned in subsection 2.2) in vessel segments

precontracted with a vasoconstrictor (e.g. phenylephrine).

5 The Angiotensin II infusion mouse model

5.1 Mouse models of aortic aneurysm and dissection

Many mouse models have been developed to explore the pathophysiology of aortic aneurysm

and dissection, most of which use either genetic manipulation or chemical means to induce

the disease143. A classification of experimental aneurysm models based on whether they

involve intraluminal dilation (nondissecting AAAs) or a contained intramural rupture (dis-

secting models) has been recently proposed 144. It should be noted that no ideal model exists:

animal models are usually not able to capture all aspects of the human pathophysiology and

natural history of disease. Instead, experimental models replicate only a part of aneurysmal

pathology hallmarks (Figure 23): be it genetic or acquired defects in extracellular matrix, loss of

vascular smooth muscle cells, and innate or adaptive immune response. Their value therefore

lies in the unique mechanistic insight they can provide where our knowledge on the human

condition and fundamental disease mechanisms is scant.

Figure 23: Animal models partially recapitulate aspects of the human disease. Reproduced
from144.

Several detailed reviews of the available experimental models of aortic aneurysm have been

published 145,146,147,148,144. Most of the mouse models of AAA are evoked either by genetically

defined approaches or by chemical means. An overview of aneurysm induction methods is
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presented in Table 1. The genetic approaches are spontaneous and engineered mutations,

which include defects in extracellular matrix constituents, maladaptive cholesterol home-

ostasis, and increased production of angiotensin peptides. The chemical approaches most

commonly include the intraluminal infusion of elastase, periaortic applications of calcium

chloride, and subcutaneous infusion of AngII (the latter usually performed on genetically

modified animals). A common feature of these models is the reduction of AAA incidence and

severity following pharmacological treatment with MMP inhibitors or in the case of mice with

genetically engineered deficiencies of specific MMPs 143.

Table 1: Overview of methods of aneurysm induction.

Method of induction Features Location Year, ref.

Genetically induced
Blotchy MD AAA,TAA 1988 149

Lox-deficient MD AAA,TAA 1990 150

FFN1-/- (MFS) MD TAA 1991 151

ApoE-/- MD,A AAA 1992 152,153

Transgenic renin/angiotensinogen MD AAA 1993 154

LDL receptor-/- MD AAA 1994 155

ApoE-/- x eNOS-/- MD,T,A AAA 2001 156

MMP-3, TIMP-1 deficient MD AAA,TAA 2001,2002157

PLOD1-/- (EDS type VIa) MD AAA,TAA 2007 158

Transgene S100A12 MD TAA 2010 159

Chemically induced
Elastase MD,I AAA 1990 160,161

Calcium chloride MD,I AAA 2001 162,163

AngII infused: 2000 164

ApoE-/- MD,I,T,A AAA,TAA 2000 164,165

LDL receptor-/- MD,I,T,A AAA 2003 166

C57BL/6 MD,I,T AAA,low incidence 2003 166

C57BL/6 anti-TGF-β MD,I,T,A AAA,TAA,high rupture 2010167

AAA: abdominal aortic aneurysm, TAA: thoracic aortic aneurysm, MD: medial degeneration, I:
inflammation, T: thrombus, A: atherosclerosis.

The three most commonly168,147,148,169 used mouse AAA models are: adventitial exposure

to calcium chloride, transient perfusion of elastase into the infrarenal aorta, and chronic

subcutaneous infusion of angiotensin II (AngII) and are compared in Table 2.

Calcium chloride-induced AAAs. This method was initially developed in rabbits162 and it

consists in the periaortic application of calcium chloride between the renal arteries and the

iliac bifurcation, resulting in significant expansions 14 days after the procedure.

Elastase-induced AAAs. This model was initially developed in rats, and involves the transient

perfusion of the isolated abdominal aorta with porcine pancreatic elastase161. The injury

results in mild-moderate immediate aortic dilatation, with subsequent luminal expansion

36



5. The Angiotensin II infusion mouse model

within 14 days. Degradation of medial elastin and aortic wall inflammation are hallmarks of

this model.

AngII-induced AAAs. The first description of this model was on female hyperlipidemic ApoE-

deficient mice, ∼25% of which developed suprarenal saccular dilatation 164 (rather than

infrarenal fusiform expansions). The reasons behind the preferential localization to the

suprarenal abdominal aorta are unknown. We note here, as will also be clarified in the next

section, that although this model is generally suggested for aneurysm research, its abdominal

pathology recapitulates salient features of an aortic dissection. For this reason, the term

dissecting AAAs has been suggested for the AngII-induced abdominal pathology 170.

Table 2: Comparison of the 3 most common mouse models of abdominal lesions
(aneurysms and, for AngII, dissecting aneurysms) with the human aneurysmal
pathophysiology. Adapted from 144.

Feature Human Pathology Elastase CaCl2 AngII infusion

Rupture + -* - +
Persistent growth + - - +

ILT + + - -
Atherosclerosis + - - +

Medial generation + + + +
Leukocyte infiltration + + + +

* may occur very early. ILT: intraluminal thrombus. Contrary to the original table, persis-
tent growth for AngII infused animals has been noted as present after findings by 171.

While in the elastase and calcium chloride induction methods aortic dilatation occurs 100%

of the time, in both cases induction requires major surgery with high mortality rates. The

AngII model is the one most commonly used148 due to the ease of lesion creation and its

recapitulation of several features of the human pathology, as shown in Table 2. For these

reasons, we have opted for this model within this dissertation. One additional reason is that

in AngII infusion, the location of the abdominal lesion is not determined by the induction

method. This makes it a particularly well-suited model to study the mechanisms defining the

location-specific formation of aneurysms and dissections.

5.2 The Angiotensin II infusion model of aneurysm and dissection

The Angiotensin II (AngII) infusion model came about through the combination of an experi-

mental model of hypertension and an experimental model of atherosclerosis. Here we will

present a short overview on the history of the model, followed by a detailed description of the

aortic lesions it induces on mice.
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AngII infusion as a model of hypertension

Angiotensin II is the primary effector hormone of the renin-angiotensin system, which plays

crucial roles in cardiovascular (patho)physiology. The octapeptide AngII mediates myriad

processes, not the least of which is the regulation of systemic blood pressure. As an example of

its many actions, AngII is a powerful vasoconstrictor of peripheral vessels, but also a modulator

of vascular smooth muscle cell growth172 as well as a potent mediator of inflammation173.

Early studies of AngII infusion in dogs in the ’70s aimed to characterize the role of the renin-

angiotensin-aldosterone system in hypertension174. The model was subsequently adapted for

long-term subcutaneous infusion in rodents.

The ApoE-deficient mouse model of experimental atherosclerosis

Experimental studies of vascular lesions in rodents began in the mid-50’s with the feeding of

cholesterol and cholate-rich diets in rats 175. In 1992, the groups of Jan Breslow 152 and Nabuyo

Maeda 153 independently described the Apolipoprotein E (ApoE) deficient mouse (ApoE-/-),

which develops atheromatous plaques even when fed standard chow diets. This model has

been extensively used for basic research of atherosclerosis175. Another widely used mouse

model is the LDL receptor deficient (LDLR-/-) mouse, which is a mouse model of human

familial hypercholesterolemia 176.

ApoE is carried on plasma lipoproteins, mostly chylomicron remnants, VLDL and large HDL.

It serves as a ligand for the liver uptake of non-HDL lipoproteins by members of the LDL

receptor superfamily. The lipoprotein phenotype of ApoE-/- mice consists of a predomi-

nance of remnant lipoproteins that are enriched in cholesteryl ester and apoB48175. Though

atherosclerosis still develops when ApoE-/- mice are fed standard chow, its development is

accelerated with a Western-type diet. Lesions develop at the aortic root, the aortic arch, the

brachiocephalic trunk, the carotid arteries and other arterial sites depending on the diet and

the duration of feeding 177. In this model there is little or no coronary artery lesion175.

The model of Angiotensin II-infusion in ApoE-deficient mice

Between 1999 and 2001, two separate labs in Lexington, Kentucky and Atlanta, Georgia were

examining whether chronic exposure to elevated blood pressure influences the atherogenic

process 178,164,179. They induced hypertension through the implantation of Alzet osmotic mini-

pumps administering Angiotensin II (Figure 24) over a period of 28 days in mice generally

used for the study of experimental atherosclerosis (ApoE-deficient or LDL receptor-deficient,

as described above). Indeed, in a hypertensive setting the atheromatous lesions were enlarged

and were characterized by lipid-laden macrophages and large numbers of T-lymphocytes.

Unexpectedly, Daugherty and colleagues also observed that pronounced abdominal aortic

aneurysms were present in ApoE-/- and LDL receptor-/- mice 178,164. Following this incidental

observation emerged what would prove to be the most commonly used model of preclinical
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Figure 24: Procedure of pump implantation in AngII infusion model. A-D: The mouse is
anesthetized and an Alzet osmotic mini pump filled with AngII is implanted subcutaneously,
through an incision above the neck. E: Healthy abdominal aorta. F: Abdominal aorta following
28 days of AngII infusion. G: Section of the diseased abdominal aorta, Miller’s elastin stain.
Adapted from148.

aneurysm research; between 1999 and the end of 2014, a total of 10,465 mice had been used

in no less than 252 studies that employed the Angiotensin II-infusion model to study its

abdominal pathology180. Further research revealed that AngII infused mice also develop

ascending aortic aneurysms165. A selection (by no means exhaustive, but indicative) of the

publications that were instrumental for our understanding of Angiotensin II-induced aortic

lesions are presented in the timeline infographic of Figure 25, and an overview is presented

below.

To form AngII-induced lesions in mice, constant AngII infusion is performed by subcuta-

neously implanting osmotic mini-pumps filled with AngII solution181 (Figure 24). The most

routinely used AngII infusion rate is 1000 ng/(kg·min) (or 1.44 mg/(kg·d)) for 28 days.

A meta-analysis of 194 publications on the AngII model showed that dissecting AAAs form in

approximately 60% of the animals while the mortality rate (presumably due to spontaneous

aortic rupture) is 20% 180. Abdominal aortic rupture occurs within the first 5 days of infusion in

about 2-10% of the animals. Incidence rates of ascending aortic aneurysms are approximately

54-56% 182,183. There is a high variation in doses, age and genetic backgrounds of the animals

used in this mouse model which, combined with non-uniform reporting in literature and

different criteria used, does not allow for a clear picture of the incidence rates of ascending
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aortic aneurysms or the incidence of their concomitant presence with abdominal dissections,

since the two pathologies are generally studied separately.

By controlling the genetic background, the duration of infusion and diet, this model offers

numerous possibilities for pathophysiologic explorations such as the role of lipids 178,164 and

obesity184,185 in dissecting AAA development. Given the rapid disease progression, it also

allows researchers to focus on a specific disease stage (be it early, intermediate or late). As

an example of a final stage study, AngII infusion can be combined with anti–transforming

growth factor-β antibody administration in normocholesterolemic C57BL/6 mice167

to achieve occurrence of fatal AAA rupture as high as 80% while also avoiding the use

of costly ApoE-/- mice. With such a relevant rate of AAA rupture, this variation of the

AngII model allows for monitoring of the mechanisms at play in the fatal process of rup-

ture. We will see an application of this rupture-prone model in a study presented in section 5.3.

Pathophysiology

After AngII infusion, one or several intimal tears occur in the abdominal aorta186 leading to

penetration of blood into the aortic wall, causing an intramural hematoma and ultimately

external dilation. Early medial phagocyte accumulation has been observed, as well as elastic

network degradation and T- and B-lymphocyte infiltration186. The ascending aorta on the

other hand presents with concentric, uniform dilatation (without any false channel forma-

tion), with an intramural hematoma predominantly in the outer aspect of the aortic wall182.

The heterogeneity of AngII–induced responses within the aorta is striking; an additional ob-

servation has been made on the region-specific response of VSMCs. In response to AngII,

VSMC hyperplasia occurs in the ascending aorta while VSMC hypertrophy in the rest of the

aorta 187,188.

AngII-induced abdominal dissecting aneurysms

Studies of the Angiotensin II infusion model primarily focused on abdominal aortic

aneurysms, on the premise that several facets of the human disease were replicated in the

murine setting. Here we will recapitulate the shared aspects but also the striking discrepancies

between the mouse model and the human pathology.

Similarities with human aneurysmal pathology

One of the salient features of human AAAs is the proteolytic damage induced by matrix

metalloproteinases (MMPs), as presented in section 3. MMPs are known to degrade the

extracellular matrix, including collagen and elastin, thus impairing the structural integrity

of the vascular wall and contributing to AAA formation197. Beginning almost immediately

after the appearance of the seminal paper by Daugherty et al. 164, different groups observed
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Figure 25: Selected publications on the Angiotensin II infusion model. Indicated for each
study are the imaging methods if they entailed ultrasound (US) or magnetic resonance (MR)
as well as use of histology (H) and measurement of systolic blood pressure using tail-cuff
(TC) method, in either anesthetized or conscious mice. Dashed line marks the start of this
dissertation. Studies by 164,189,190,166,186,165,102,191,192,193,194,195,170,196,188.
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increased proteolytic activity of MMP-2 and MMP-9 189,166,198,199,200 and treatment with a

broad spectrum MMP inhibitor (the antibiotic doxycycline) was found to significantly reduce

experimental AAA formation201. In addition, deficiency of cathepsins (the second class of

proteases that is responsible for the degradation of ECM in aneurysms) protects from AAA

formation202.We note here that medial elastolysis, a term frequently encountered in pub-

lications of this mouse model, refers to the enzymatic hydrolysis of elastin fibers - which

results primarily from increased activity of MMPs.Similar to human AAAs, a paucity of smooth

muscle cells in the medial layer (smooth muscle cell apoptosis) has been documented in

AngII AAAs198,202,203, occurring as early as 3 days after AngII infusion204. The often-used

term medial degeneration refers to the global compromise of medial layer integrity, due to

extracellular matrix degradation and SMC apoptosis.

Macrophage infiltration 205 in the medial layer and activation of the inflammatory response

(which further potentiates the proteolytic cascade) has also been observed in the mouse

model, concordant with the human pathology. The migrating pattern of monocyte subsets

mobilized from the splenic reservoir has been investigated in AngII infused ApoE deficient

mice. After 3 days of AngII infusion, higher levels of circulating LY6Chigh monocytes, i.e. the

murine equivalent of classical pro-inflammatory CD14+ human monocytes 206, were found in

mice that later developed dissecting AAAs after 28 days of infusion, when compared to the

mice that later on were not afflicted by an aneurysmal pathology207. Inversely, after 7 days of

Ang-infusion, it was the LY6Clow monocyte levels, i.e. the murine equivalent of nonclassical

CD14lowCD16+ monocytes promoting tissue repair 206, that were found to be higher in the mice

eventually developing dissecting AAAs against those not developing them207. A protective

role for LY6Clow monocytes against lesion development has also been suggested60. The

contribution of monocytes and macrophages to AAA formation is shown in Figure 26. The

term leukocyte accumulation denotes that, in addition to macrophages, the mouse AAAs show

large numbers of T- and B-lymphocytes (adaptive immune response) in the outer media and

adventitia186,208. The term leukocyte extravasation refers to the migration of leukocytes from

the circulation, across the endothelium and its basement membrane, and into the affected

tissue (here, the vascular wall).

The concomitant presence of atherosclerosis in the atheroprone ApoE-deficient or the

dyslipidemic LDLR receptor-deficient mice is a common denominator with humans, since

patients with AAAs frequently have atherosclerosis - it is however unknown whether the

association between AAA and atherosclerosis is causal or simply due to common risk factors 48.

While hyperlipidemia (mild or severe, depending on whether mice are fed a regular or high-fat

diet) potentiates AAA development, it is not essential: normolipidemic mice also present

AAAs, albeit at lower incidence rates 166,209. The strong male gender proclivity for AAAs is also

recapitulated in the AngII-model, with male mice presenting a 3.3-times higher prevalence

of AAAs compared to female mice 210,211. The two initial studies of this mouse model were

performed on hypercholesterolemic ApoE-/- and LDLR-/- female mice178,164. No AAAs

developed in normocholesterolemic female mice 164.

42



5. The Angiotensin II infusion mouse model

Figure 26: Monocyte and macrophage contribution to aortic abdominal aneurysm formation.
In response to AngII, classical (inflammatory) Ly6Chigh and non classical (resident/reparative)
Ly6Clow monocytes are rapidly mobilized from the spleen in a B cell-dependent way (1).
Ly6Chigh monocytes increase first in blood (day 3) and are followed by Ly6Clow monocytes
(day 7). Ly6Chigh monocyte infiltration predominates during the first days and is associated
with collagen and elastin degradation (1,2). After one week, CX3CR1+ CD206+ M2-type
macrophages accumulate in the forming AAA and take the advantage. Possible reasons for
M2 accumulation are Ly-6Clow sustained monocyte infiltration, conversion from infiltrated
Ly-6Chigh monocytes, local proliferation or Th2-induced polarization (2). Despite probable
implementation of a healing phase by M2 macrophages, irreversible medial degeneration and
lymphocyte accumulation probably contribute to AAA aggravation (3). Reproduced from 208.

Differences from human aneurysmal pathology - Open questions

The finding of localized aortic enlargement has been misleadingly termed "luminal expansion"

in a number of studies, even though an early report showed that AngII-induced abdominal

lesions arise following an aortic dissection186. We refer here to Figure 6 and recall the dis-

tinction between a true aneurysm, involving a uniform dilatation of all three aortic layers,

and a false aneurysm, which involves an intimal tear and a false channel formation parallel

to the true aorta. While the AngII-induced abdominal aortic lesions are typically suggested

to model aspects of human AAAs in numerous studies, the presence of an aortic dissection

suggests otherwise. For this reason, this model may be more well-suited to model aspects of

TAAs which often dissect 170. Regardless of a direct equivalent of human pathology, a detailed
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study of the pathophysiological and mechanical characteristics of these lesions can increase

our general understanding of the initiation and propagation of dissections and aneurysms. To

accurately describe these lesions, the term dissecting abdominal aortic aneurysms has been

suggested 212,170 which has led to a paradigm shift. Characterization of the AngII pathology us-

ing advanced 3D synchrotron imaging, as we will see in section 5.3, unequivocally showed that

the ostensible dilatation is not luminal, but rather due to the presence of a false channel196.

While thrombus formation is considered a common point with the human disease, its local-

ization intramurally rather than intraluminally is also at odds with the human AAA pathology.

One of the longstanding issues in this mouse model has been:

Why is there such big variability in abdominal lesion morphology?

Acknowledging the heterogeneity of mouse AAAs in this model early on, the researchers who

had first reported the model proposed a classification of the observed lesions. Based on

macroscopic observation of excised tissue samples and presence of thrombus and bulbous

expansions, they formulated a scale of murine AAAs ranging from Grade I to Grade IV 190

(Figure 27).

Figure 27: Morphological non-uniformity of AngII-induced AAAs. Reproduced from190.

The question on lesion variability can be expanded to several pertaining, inter-connected

questions which we will see below, along with studies contributing towards their answers.

Why are the growth trends and lesion severity so inconsistent between animals?

Adelsperger et al. 213 developed 2 statistical models to predict disease status (diseased or non-

diseased) based on noninvasive ultrasound metrics taken on (healthy) animals at baseline,

such as suprarenal diameter, peak velocity, Green-Lagrange circumferential strain and 3D

volume of AAA/length, in addition to age and initial body mass. They also developed for
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the first time a model to predict final AAA size based on ultrasound measurements taken on

the day the AAA was first diagnosed. One of the metrics they considered was the number of

branching vessels feeding into the aneurysm (celiac artery, celiac and superior mesenteric

arteries or none). At this point, since the branching topology of the abdominal aorta is a

recurrent theme in this dissertation, it is useful to clarify its local anatomy for reasons of

reference, along with some indicative local vessel dimensions (Figure 28).

Figure 28: Major branches of the abdominal aorta. A. Aorta of a male ApoE-/- mouse (age
unspecified), adapted from 214. Note that the aorta has been excised and is therefore not under
in vivo axial stretch or physiological distension. B. Zoomed abdominal region, taken from
a micro-CT scan of a healthy animal at 12 weeks of age. Diameters shown reflect the local
inner diameters of the aorta. Both the celiac and the superior mesenteric arteries branch off
ventrally. Minor surrounding branches can be seen, secondary to the major branching vessels
annotated.

In the study by Adelsperger et al. 213, longitudinal followup showed that mice which had only

the celiac artery feeding into the aneurysmal sac had larger AAA volumes than mice which

had both the celiac and the superior mesenteric arteries branching into the aneurysm. The

authors hypothesized that major branching vessels could be restricting the expansion along

the aorta. An image-based approach with synchrotron imaging to explain marked mouse-

to-mouse differences in a cohort of animals was reported by Trachet et al. 215, as will later be

described in section 5.3.

Why do some animals form a dissecting AAA while others don’t?

Phillips et al. performed RNA sequencing and gene expression analysis on AngII-infused mice

with (n=7) and without (n=5) dissecting AAAs as well as on saline-infused mice (n=5) to evalu-

ate differences in gene expression among the experimental cohorts216. In their study, animals

were sacrificed on the same day they were diagnosed with dissecting AAA via ultrasound,
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or (in absence of AAA) at 10 days post-implantation; their findings hence reflect the onset

of grossly perceivable disease (overt wall changes have already occurred). When comparing

the AngII-infused animals that did and did not develop AAAs, the AAA genes that were most

upregulated in the AAA cohort were encoding inflammatory factors and receptors as well as

matrix metalloproteinases. The authors further identified uniquely enriched gene ontology

terms in the group of animals with AAAs, which regarded biological processes such as the

regulation of neutrophil migration, innate immune response, blood coagulation (relating to

the presence of thrombus), collagen metabolism and cellular extravasation. When compared

to the saline-infused controls, the cohort of AngII-infused animals that did not develop a

dissecting AAA was uniquely enriched for processes including muscle contraction and wound

healing216. Whether this finding could imply a role for smooth muscle cell contractility in

locally protecting the vascular wall from developing a dissection is unknown.

The most perplexing open question of this mouse model is:

Why do mouse dissecting AAAs consistently form suprarenally (above the kidneys), unlike their

infrarenal localization in humans?

and its answer would likely provide great insight into the disease process. In other words,

are there predisposing factors making the suprarenal abdominal aorta specifically prone to

dissection, while sparing the infrarenal aortic portion (cf. Figure 29)?

Figure 29: Example of Angiotensin II-induced suprarenal dissecting aneurysm (left), with a
zoomed view (right). The celiac and superior mesenteric arteries branch off ventrally at the
level of the arrow and thus are difficult to annotate on this image. RK: right kidney, LK: left
kidney. Adapted from217,218.

Remarkable research efforts have been directed in identifying inflammatory pathways that

may explain such preferential localization, such as the inflammatory activation of the vessel

wall through angiotensin receptors with the activation of the NADPH oxidase p47phox219

and Rho-kinases 198. Factors that have been investigated include the role of monocytes and

macrophages60 and their enhanced recruitment through -for example- the CCL2/CCR2 path-

way 176 and increased production and activation of several proteases220. Gene expression
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analyses have underlined the upregulation of proinflammatory and remodelling genes in the

AngII-infused suprarenal aorta 221,216. The role of AngII receptors has also received particular

attention. Whole body depletion of the AT1a receptor was shown to ablate dissecting AAAs 222,

but the same was not true for cell-specific AT1a receptor depletions in endothelial or smooth

muscle cells223. Another important difference between the suprarenal and the infrarenal

aortic portion may arise, however, from local hemodynamic and biomechanical conditions.

The hemodynamic conditions in the murine suprarenal and infrarenal aorta were compared

and the latter were contrasted to human conditions in a study by Amirbekian et al.224. In

the mouse, notwithstanding similar values of mean blood velocities in the suprarenal and in-

frarenal aortas, the mean and maximum blood volumetric flowrates were much lower (∼ 50%)

in the infrarenal portion, due to the blood flow being diverted to the kidneys. In the human

infrarenal aorta, which is susceptible to AAA formation, flow reversal during early diastoly has

been associated with oscillatory wall shear stress, in turn linked with AAA development. In

mice, neither the infrarenal nor the suprarenal aorta experience flow reversal. Overall, both

the suprarenal and the infrarenal aortas have similar axial prestretch and structural stiffness

in the mouse, with the suprarenal aorta tending to be only slightly stiffer 224,192,168 (but in any

case significantly less stiff than in humans224).

Early biomechanical aspects of disease development

In 2012, Favreau et al. 195 combined high-frequency ultrasound biomicroscopy with speckle-

tracking to report circumferential wall strain evolution in 6 points along the Angiotensin

II-infused aorta (3 in the thoracic and 3 in the abdominal portion). Among the three points

within the abdominal aorta, the supraceliac location experienced the most abrupt reduction

of wall strain (in other words, rapid early mechanical stiffening) after only 3 days of infusion

(reduction of ∼ 43%, Figure 30), prior to the formation of dissecting AAAs. Another study

similarly reported a drop of ∼ 50% in circumferential cyclic wall strain after 3 days225. The

decrease in circumferential cyclic wall strain over the entire course of AngII infusion has

been documented in other studies using ultrasound 225,213,216 and magnetic resonance imag-

ing192. Goergen et al. further reported that AngII-induced AAAs formed near the location

of maximum aortic curvature in the abdominal aorta, and correlated the leftward direction

of suprarenal aortic motion with the leftward direction of aortic expansion. Genovese et al.

used a panoramic digital image correlation method to evaluate full field surface strains in

pressure-distended excised abdominal aneurysms of 28 days, which also reflected underlying

increases in stiffness 226.

In the elastase model, after similarly identifying an abrupt early stiffening of the aneurysm-

prone segment, Raaz et al. proposed the novel concept of segmental aortic stiffening (SAS)227.

They demonstrated using finite element analysis that the localized segmental stiffening leads

to axial wall stress due to the tethering of the stiffer segment to its adjacent, more compliant

wall segments. After externally applying surgical glue to stiffen the more compliant AAA-

adjacent segments (thus equalizing the stiffness profile along the aorta), the authors observed
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Figure 30: Early stiffening of the supraceliac aorta after AngII infusion. A. Points of interest
analyzed in the AngII-infused aorta B. Reduction of circumferential (linear or Cauchy) strain
in 3 points of the abdominal aorta. CT: celiac trunk, SMA: superior mesenteric artery, RA: renal
arteries. The supraceliac location is 1mm proximal to the CT, paravisceral is between the CT
and SMA, juxtarenal is 1mm distal to the SMA. Note that in our own experience, the left and
right renal arteries do not branch off at the same level; usually the SMA and right renal artery
branch off together forming a trifurcation. Adapted from 195.

a reduction in aneurysm growth. Albeit these findings concern another murine AAA model

with disparate driving mechanisms than AngII infusion, the proposed mechanism of SAS can

prove valuable in delineating early events leading to AAA formation.

The most integrating hypothesis, illustrated in Figure 31, to explain the regional differences

along the aorta in response to AngII infusion was put forward by Bersi et al.188.

According to their scheme, mechanical changes occur early on and precede the inflammatory

response. The early increase in wall stress is induced by elevated pressure and contractility.

The common pathways can yet result in regional differences: compare the mechano-adaptive

response in the infrarenal aorta with the different maladaptive responses in the ascending

thoracic aorta, proximal descending thoracic aorta and suprarenal abdominal aorta (the

pathological outcomes of each region are aneurysmal propensity, fibrosis and dissection

propensity respectively). Bersi et al. reported that regional differences are governed by

different mechano-biological and immuno-biological responses188. The authors hypothesized

that the early rise in blood pressure increases medial stress and results in hypertrophy in

the suprarenal and infrarenal aorta, while the sustained blood pressure rise also increases
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Figure 31: Left: illustration of the aortic regions, Right: scheme of AngII mediated aortic
remodelling. Mechanical changes precede the inflammatory response, with positive feedback
(orange line) between structural stiffness and blood pressure. Note: a red line denotes negative
feedback; blue arrows represent effects on the media and green arrows represent the more
pronounced effects on the adventitia. Superscript * indicates findings from 20,228. ATA: ascend-
ing thoracic aorta, DTA: proximal descending thoracic aorta, SAA: suprarenal abdominal aorta,
IAA: infrarenal abdominal aorta. Reproduced from 188.

adventitial wall stress, particularly in the suprarenal aorta. The inflammation cascade is then

triggered, along with maladaptive matrix turnover - the relative balance of which defines the

pathological outcome of each region.

The suprarenal abdominal aorta had the smallest increase in wall thickness after 4 days of

AngII infusion among the 4 regions studied (cf. Figure 31), and was the only one with a reduced

percentage of the wall occupied by adventitia by day 4 - a finding in line with the concomitant

increased levels of MMPs 188. The authors deduced that in the suprarenal aorta there is delayed

collagen deposition, which is needed to stress-shield the vascular wall from pressure-induced

wall stress. The authors also reported but did not show weak contractility in the suprarenal

aorta.

In Bersi’s proposed mechanism, a delicate balance of inflammation and matrix turnover seems

to define the final outcome of the disease regionally. But what happens at the very beginning

of the hypothesized cascade of Figure 31? Which exactly are the reasons for the locally elevated

wall stress, which seems to devastatingly affect the suprarenal aorta?

Early on since the appearance of the AngII model, studies suggested189,229 and investi-

gated102,218 the effect of hemodynamic loads in lesion progression, intrigued by the site-

specific nature of the dissections. Mouse-specific data obtained with micro-CT and ultrasound

49



Introduction

allowed the setup of a computation fluid dynamics model which paid particular attention to

the hemodynamic conditions at 4 major branches of the abdominal aorta (celiac, superior

mesenteric and renal arteries) 193. The authors found the most distinct area of disturbed flow

at baseline to be located either at the branching site (trifurcation) of the superior mesenteric

and right renal artery or at the bifurcation of the celiac artery, but comparison against di-

mensions of end-stage dissections did not lead to a conclusive message. A subsequent study

performed extensive histomorphometric examination of the 4 major aortic side branches and

showed that at the late stage of disease, transmural disruptions are present, with astonishing

consistency, around the orifices of large branches194,230. To date however, there has been no

data obtained in the early-phase of the disease to indicate the potential involvement of side

branches in dissection formation.

The following question therefore emerges:

What, if any, is the role of aortic side branches in disease initiation?

In order to answer this question, one needs an appropriate investigative tool. To characterize

events taking place within the murine vascular wall, let alone subtle early changes of the

AngII-induced pathology, and decipher the governing mechanisms of this mouse model we

need a substantially powerful imaging modality. Synchrotron imaging came to address this

need and has been instrumental in shedding light to open questions of this mouse model,

as we will see in section 5.3. Given the imaging tool, several approaches can be followed. In

this thesis, we will focus on two alternative hypotheses: the first focuses on (branch-related)

biomechanics, while the second focuses on (branch-related) mechanobiology.

Thus far, from a biomechanical perspective, considerable work has been published on hemo-

dynamic modelling, extending well beyond the CFD study we mentioned above193. Ultra-

sound imaging has been used to set up mouse-specific hemodynamic simulations of dissecting

AAAs, which did not however include any side branches231. Ultrasound (∼40μm) combined

with in vitro optical coherence tomography(∼7μm) has yielded models of hemodynamics

within the false channel of a dissected murine suprarenal abdominal aorta for lesions ranging

from mild to severe232. 4D ultrasound and direct deformation estimation were also used to

compute the in vivo 3D Green-Lagrange strain in heterogeneous dissecting lesions 233. But

none of these models was focused on the pre-aneurysmal stage of the abdominal aorta or on

the role of aortic branching sites in lesion formation. Accurately assessing the biomechanics

of the mouse abdominal aorta is a challenge. In the last part of section 5.3, we will see how

synchrotron imaging can help propose a simulation approach that leverages its high resolution

potential.

Transitioning to the mechanobiological scope, recent findings have underlined an important

role for smooth muscle cell contractility in aortic disease - after all, smooth muscle cells

are a crucial component of the aortic wall. Dysfunctional contractility of smooth muscle

cells of the descending thoracic aorta has recently been associated with maladaptive aortic
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remodelling in hypertensive AngII-infused mice (infused with subpressor doses of AngII)234.

Pharmacological enhancement of contractility can help protect an otherwise vulnerable ECM

by reducing pressure-induced wall stress235. In other words, increased contractility can off-

load some stress from a mechanically vulnerable vascular wall; this notion is also present in

the hypothesized mechanism of Figure 31. Smooth muscle cells are also known to switch from

the contractile phenotype to an adverse proliferative phenotype in pathology.

In light of these findings, we deemed that assessing the suprarenal aorta’s vascular function

can hold important information to explain the localized pathogenesis of lesions. Alterations

in vascular function of the suprarenal aorta however, especially viewed in conjuction with the

local branching topology, has never been assessed. The little prior attention that has been

directed towards the vascular function of the suprarenal aorta is in fact partly attributable to

the branching topology itself. In myograph applications, traditionally used for vasoreactivity

assessment, the arterial rings or segments need to be straight, therefore clasically tests are

carried out on the segments of the straight thoracic aorta, while the abdominal aorta is

avoided. Notwithstanding the utility of assessing the suprarenal segment’s ’bulk’ properties

as in the study by188 (cf. Figure 31, depiction of the suprarenal segment), it is important

to have in mind that aortic dissection initiates locally. With the celiac, superior mesenteric

and renal arteries branching off and potentially acting as local concentrators of strain, as

we are led to believe, the suprarenal abdominal aorta is hardly a homogeneous segment.

It is important therefore to consider spatial distinctions within the suprarenal aorta itself,

demarcated by its aortic branches, to understand its localized response to AngII (cf. for

example also Figure 30). An interesting notion to mention at this point is also that of mechano-

biological stability as a unifying paradigm to describe vascular behavior 236 and aneurysm

growth237. This concept melds strictly mechanical foundations with mechanobiological

adaptive and dynamic mechanisms, underscoring the interplay between biomechanics and

vascular biology.

AngII-induced ascending aneurysms

Apart from abdominal dissecting aortic aneurysms, mice infused with Angiotensin II also

develop ascending aortic aneurysms, as reported by Daugherty et al. in 2010 165. The response

of the thoracic aorta is rapid: Rateri et al. reported that within 4 days of AngII infusion, the

diameter and luminal area of the aortic arch expand significantly182. The TAAs exhibit early

prominent medial thickening and intramural hematoma, that preferentially forms in the

outer medial aspect (Figure 32). This preferential gradient of medial pathologies towards

the outer aspect of the wall has been recapitulated in other animal models, and is also the

case in humans238. Rateri et al. were unable to detect an entry point of blood into the outer

intralamellar units of the media182.

In the study by Rateri et al.182, a gradual decrease of circumferential cyclic Green-Lagrange

strain became significant after 7 days of infusion. At the end of the 28-day infusion, elastin

fragmentation had become significant and mice presented with partial medial breaks - rup-
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Figure 32: Interlamellar hemorrhage in the anterior aorta of AngII-infused mice. (A) Saline-
infused aortic arch, (B) AngII-infused aortic arch macroscopically and (C) en face. (D-I)
Histological evaluations of ascending aortic cross sections at day 0 and 5 of AngII infusion
show interlamellar hemorrhage at the outer portion of the aortic wall. * denotes hemorrhage
(A-C), presence of red blood cells within the media (D-I). Reproduced from 182.

tures that did not transect but a portion of the medial layer. These medial breaks occurred

in the inner layers of the wall, on the anterior aspect of the aorta, with an incidence of 56%

(n=9/15). Monocyte-derived macrophages have been found to invade the media from the

adventitial side, and co-localize with sites of elastin fragmentation 239. The spatial variations

of material and structural properties of AngII-induced ascending aneurysms have recently

been characterized240.

The differences between ascending and thoraco-abdominal lesions in this mouse model

are intriguing. In contrast to the complex branching topology of the abdominal aorta, the

ascending aorta has no side branches, thus excluding any branch-related hypothesis to explain

the region’s disease propensity. In response to chronic infusion with AngII, the ascending

aorta is the only region of the aorta that presents medial hyperplasia, contrary to hypertrophy

developed in the other aortic regions 187. It has been postulated that this heterogeneity in AngII

response within the aorta is due to the different embryonic origin of its smooth muscle cells,

which may present functional differences. In the ascending aorta and the carotids, smooth

muscle cells are derived from the neural crest, while in the thoracic and abdominal aorta

they are derived from somite and splachnic mesoderm lineages respectively 187. An in-depth

analysis of the differential response to AngII along the aorta has been carried out by Bersi et
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Figure 33: Limited tearing in the anterior part of the aorta after 28 days of AngII infusion.
Arrows point to the disrupted inner layers of the media. A. Aortic section stained with Movat’s
pentachrome, B. Immunostaining for smooth muscle α-actin. Reproduced from 182.

al. 188, as we saw in section 5.2.

The literature on ascending aortic aneurysms in AngII mouse model is much less diverse than

the literature on abdominal lesions in the same model. A number of questions concerning

the ascending pathology in the AngII model have remained unanswered, notably concerning

the entry point of erythrocytes in the media and the role of adventitial remodelling in disease

progression. As we will see in the next section, obtaining a high-resolution 3D geometry with

synchrotron imaging clarified many of the obscure points of the AngII-induced ascending

pathology, similar to the increased insight it offered in abdominal lesion morphology.

Before moving forward, we note here in the context of experimental ascending pathologies

that mouse models of heritable TAA (contrasted to the spontaneous TAAs induced by AngII

or BAPN241 infusion) have been generated by manipulation of genes responsible for ECM

integrity or SMC function, such as fibrillin-1, fibulin-4 and ACTA-2 242,243,244,245. These mouse

studies have provided valuable insight on the genetic basis of human thoracic aortic disease,

but their description is beyond the scope of our work here.
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5.3 Insights from high-resolution 3D synchrotron imaging

The advent of the synchrotron imaging method has helped elucidate intricate questions

concerning the Angiotensin II mouse model and provide new insight with regards to the

temporal evolution, topographic patterns and morphology of these experimental lesions in

the abdominal and ascending murine aorta. The studies revealed that aortic suprarenal side

branches most probably play a crucial role in dissecting AAA lesion formation. Moreover,

they underscored the marked difference between lesion morphology in the abdominal and

the thoracic regions. The principal findings of this work, on which this dissertation has

largely relied as a starting point, are described below. The first section describes findings of

two studies on abdominal dissecting aneurysms, the second section focuses on ascending

aneurysms, and the third section demonstrates how the increased granularity of synchrotron

imaging presents a unique opportunity to advance the state-of-the-art in computational aortic

biomechanics through the development of a novel computational framework.

AngII-induced abdominal dissecting aneurysms

a. The first use of synchrotron imaging in the AngII model

The first implementation of synchrotron radiation to image AngII-induced dissecting

aneurysms was reported by Trachet et al 196. In this study lesions were induced via Angiotensin

II administration, albeit not on ApoE-deficient mice: as mentioned in subsection 5.2, com-

bination of Angiotensin II infusion with anti–transforming growth factor-β antibody admin-

istration in normocholesterolemic mice induces higher rupture rates of abdominal lesions.

Male C57BL/6J mice (n=20) were implanted a 200 μL osmotic pump delivering Angiotensin

II, and received regural intraperitoneal injections of mouse anti-human TGF-β (2G7 clone,

20 mg/kg, three times a week) to achieve systemic neutralization of TGF-β. The progression

of dissecting AAAs was longitudinally monitored at different time points in vivo using high-

frequency ultrasound (Vevo 2100). Before sacrifice, six animals with obvious dissecting AAA

formation (as confirmed by ultrasound) were injected in the lateral tail vein with 4 mL/g body

weight of Exitron nano 12 000 (Miltenyi Biotec, Germany), a nanoparticle contrast agent for in

vivo micro-CT scans as we saw in section 4.1. These animals were subsequently scanned in

vivo with a Quantum FX micro-CT scanner. During both ultrasound and micro-CT imaging,

animals were anaesthetized by inhalation of 1.5% isoflurane. At the endpoints of the experi-

ments, the mice were sacrificed and the aorta was flushed in situ by transcardiac perfusion

of PBS. In animals that died of transmural rupture of the aneurysmatic wall, the aorta was

collected (without flushing) as soon as possible after finding them in the cage. The abdominal

aorta of both intact and transmurally ruptured dissecting AAAs was carefully excised, and

samples were fixed by immersion in 4% paraformaldehyde (PFA). The samples were scanned

at the TOMCAT beamline of the Swiss Light Source (PSI, Switzerland). All reconstructed data

sets (in vivo as well as PCXTM) were semi-automatically segmented into 3D models using the

commercial software package Mimics (Materialise, Belgium).
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Visualization of the aortic wall morphology at the Synchrotron using phase contrast with

grating interferometry at 6.5 μm isotropic resolution led to unprecedented insight of 3D

lesion morphology and even reconsideration of previously mis- or under-interpreted literature

findings. An unexpected but important by-product of this work was that the Exitron micro-

CT contrast agent leaks into the arterial wall through micro-ruptures intra vitam, which are

subsequently visible on both the in vivo micro-CT images and the ex vivo synchrotron images

(Figure 34, green arrows). This fortuitous discovery was used for this dissertation as a means

to elegantly localize early microruptures of the vascular wall of the AngII-infused mouse aorta.

Figure 34: Ex vivo synchrotron images of aneurysmatic aortas and their resulting 3D recon-
structions. Upper panels: Longitudinal and transversal images of the abdominal aorta taken
with grating interferometry. Green arrows show infiltrating contrast agent at level of branching
points on transversal images. Lower panels: 3D reconstructions of abdominal dissecting AAAs,
with indicative histology (H&E, SR-Miller, CD31, MSB) at selected slices and color doppler
ultrasound for one sample. Macroscopic gross morphology of the aorta shown for comparison.
On 3D volumes, intramural hematoma is in yellow, contrast agent is in green, aortic lumen is
in (transparent) red surrounded by its tunica media is (transparent) grey. AA: aortic lumen.
Scale bars of histological images that are not annotated are 200 μm. Adapted from 196.

After PCXTM scanning, fixation in PFA and histological analysis was performed on the excised

tissue. The intrinsic resolution of PCXTM (6.5 μm), i.e. the inter-slice distance between the

ex-vivo images, was similar to the thickness of histological paraffin coupes (4 μm) used for

histological analysis. It was therefore possible to perform PCXTM-guided histology and thus
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select sections of interest along the aorta in a highly precise manner for histological analysis.

The exact locations of interest along the aorta can be spotted beforehand based on the ex-vivo

images and allow for targeted, selective sectioning, so as to cut and stain only at the regions of

interest. Knowledge of the 3D morphology also greatly facilitates the interpretation of the 2D

histological images.

Leaking of contrast agent in the aortic wall

Given the particular importance that the serendipitous finding of this study on contrast

agent infiltrations in the wall holds for this dissertation, we will highlight some additional

information here. In the n=6 animals of this study which underwent in vivo contrast-enhanced

micro-CT scans 2 hours prior to their sacrifice, the contrast agent was seen on the PCXTM

images as dense white aggregates (green arrows on Figure 34). Owing to the small size of

the particles (whose diameter is 0.11μm) and the discontinuity of the intimal/medial layers,

Exitron entered the aortic wall together with erythrocytes (whose diameter is 6-7μm) along the

edges of medial tears and ruptured branch ostia. The aortas were flushed (to remove blood

from the lumen) after sacrifice and prior to imaging, hence these areas show that there was

intra-vitam locally increased permeability due to the wall’s disrupted continuity and loss of

architecture. Histological stainings with CD31 at these regions showed focal hypertrophy of

the endothelium (endothelial activation), additional stainings are shown in Figure 35.

We note here that the contrast agent infiltrations of the wall can be observed not only in the

PCXTM images but also in the in vivo micro-CT scans, in cases of advanced dissections. A

note on this is made in chapter 2.

Aneurysmal lesions (i.e. apparent luminal dilatation) were associated with two phenomena.

On the one hand, ruptures of the tunica media near the ostia of small suprarenal branches of

the abdominal aorta could be visualized for the first time. These resulted in a dissection and

delamination of the media-adventitia interface, while stagnant blood coagulated, forming

an intramural thrombus. On the other hand, a large tear of the medial layer in the vicinity

of the celiac artery was observed on all animals. This led to an eccentric, apparent luminal

dilatation as the free flowing blood entered the intramural space at the level of the tear. In

certain animals, a false channel grew progressively and cranially into the previously existing

hematoma.

Standard imaging modalities would not have allowed this level of acquired insight on the

morphology of the AAAs. For example, in numerous instances of published data, researchers

described the existence of pronounced luminal expansion adjacent to an intact media sur-

rounded by a thickened adventitial layer, based on histological findings. Thanks to the 3D

geometry obtained with PCXTM and the image-guided histology, the false channel was vi-

sualized forming parallel to the true lumen of the aorta. The risk of misinterpreting the 2D

histological images was thus bypassed.

The findings on the tears in the inner aortic wall, both near the celiac artery and near intercostal
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Figure 35: Histological findings at the level of Exitron infiltrations. Left: 3D representation of
the aorta. Tunica media in (transparent) grey, intramural hematoma in yellow, blood-filled
lumen in red, Exitron in green. Right: Stainings at the level of side branches, with Exitron
infiltration along with 2D PCXTM images at the same locations. A. H&E (and its zoomed
panel), Exitron particles infiltrating the wall show a typical grey-greenish discolouration of
phagocytic cells. Note also the presence of erythrocytes. B. α smooth muscle actin (and its
zoomed panel), showing migrating spindle cells. C. Combined SR Miller stain. R: right, L: left,
SSA, superior suprarenal artery; IH, intramural haematoma; RRA, right renal artery; LRA, left
renal artery. Adapted from196.

side branches, revealed that the role of side branches in the onset of the disease is much more

important than what was previously considered. A longitudinal study with in vivo follow-up

and synchrotron imaging (phase contrast using grating interferometry) was repeated, but this

time on AngII infused ApoE-/- mice, the most standard genetic background for this model215.

The main findings of this study are summarized below; the observations on the early phase

time mark of this study are separately presented in Chapter 2.
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b. A second study to characterize the variability in the AngII model1

The study by Trachet et al. 215 used three objective criteria to describe the variability of thora-

coabdominal lesions they observed: the presence of a transmedial tear (transecting all elastic

laminae of the aorta), the presence of an intramural hematoma in the vicinity of the tear, and

the presence of a false channel (Figure 36). Note that the definition of false channel in this

work was defined by free-flowing blood that extended beyond the axial length of the medial

tear from which it originated, thus forming a channel that was parallel to the true lumen.

No intramural hematoma formed without the presence of a medial tear; in some cases the

tear was contained by the adventitial layer without any hematoma formation. The axial length

of the intramural hematoma positively correlated with the number of side branches whose

ostium was ruptured (r2=0.78). Furthermore, the volume of the hematoma was larger on the

left and supraceliac aspects of the aorta (left and above the celiac artery), as compared to right

and below the celiac artery. Moreover, no false channel formed without the presence of an

intramural hematoma; in some cases there was just intramural hematoma without any false

channel.

This study used to its advantage the serendipitous finding of contrast agent infiltration de-

scribed in the previous section. The mice underwent contrast-enhanced micro-CT with

Exitron so that, apart from micro-CT monitoring, Trachet et al. could also localize infiltration

volumes of contrast agent in the wall, which denote the presence of microstructural damage.

In animals that were sacrificed after 10, 18 or 28 days of Ang II-infusion, the highest amounts

of Exitron were detected near the ostia of side branches (Figure 37A). Trachet et al. reported

that the ostium of minor branches in the thoracic aorta was significantly less often infiltrated

by Exitron than that of minor abdominal branches (P<0.05). The ostium of the celiac artery

was significantly more often affected than the other major abdominal branches (P< 0.05).

Medial tears occurred only very seldom near minor branches of the thoracic or abdominal

aorta (8 tears on a total of >400 minor branches that was counted across all investigated

mice, Figure 37B). Contrastingly, medial tears in the abdominal aorta were significantly more

frequent near the celiac artery and the superior mesenteric artery than near any of the other

major branches (Figure 37B).

This study confirmed that the pathophysiology of this animal model is more reminiscent

of aortic dissections rather than aortic aneurysms and highlighted the implication of aortic

branches in lesion heterogeneity.

AngII-induced ascending aortic aneurysms

The synchrotron imaging modality was combined with in vivo imaging to also evaluate the

temporal evolution of ascending aortic pathologies in AngII-infused male ApoE-deficient mice

1Findings of this work concerning the early stage of disease in the AngII model are presented separately in
Chapter 2.
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Figure 36: Variability in dissecting aneurysm shape. Flow chart depicting the different cate-
gories of dissecting aneurysms in animals that were found dead or sacrificed. Reproduced
from215.

in a study by Trachet et al. 183.

Aortic dilation was monitored using high-frequency ultrasound and contrast-enhanced mi-

crocomputed tomography at baseline and after 3, 10, 18, and 28 days of AngII infusion. After

sacrifice, aortas were scanned and aortic pathologies were characterized with phase contrast

X-ray tomographic microscopy (PCXTM) using grating interferometry, combined with direct

histological confirmation. The estimation of 2D area and 3D volume measurements by high-

frequency ultrasound and contrast-enhanced micro-CT demonstrated that AngII infusion

showed a continuous progression of aortic dilation183, in contrast to 1D diameter measure-

ments by ultrasound by 182 which did not show a consistently increasing trend throughout the

time course of in AngII infusion. Aortic regurgitation was apparent as determined by Velocity

Pulse Doppler using ultrasound, and deteriorated as the aneurysms progressed. The results, as
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Figure 37: Medial damage near aortic side branches. A: Infiltrated Exitron contrast agent
and B: medial tears around major side branches (right panels) and minor side branches (left
panels). Each branch was given a color code according to the legend. For minor branches, the
total number of affected branches across all mice was reported, while for major branches the
number of mice in which each branch was affected is reported. * P<0.05. Adapted from 215.

determined by PCXTM and PCXTM-guided histological analysis, reaffirmed previous findings

that AngII infusion leads to intramural hematoma occurring on the adventitial side of the

aortic wall 182.

Location-specific occurrence of ascending aortic aneurysms

The in vivo measured axisymmetric dilatation of the ascending aorta was related to highly

non-symmetric, focal lacerations in the aortic wall. The lesions appeared as abrupt losses

of the medial continuity in the PCXTM images, and could be observed in the histological

slides as well (Figure 38). In stark contrast to the complete absence of focal dissections in

aortas from saline-infused mice, lacerations were present in 41/42 (98%) scanned aortas from

AngII-infused mice - an incidence much higher than that reported by Rateri et al.182 (56%,

cf. section 5.2). The lacerations were predominantly found in the outer convex aspect of the

ascending aorta. Interestingly, 7/41 focal dissections occurred in bilateral pairs, with a tear

on the right side of the aorta accompanied by a mirroring one on the left, downstream of the

aortic valve (cf. timepoint of Day 18 in Figure 38).

Temporal evolution of ascending aortic aneurysms

Large intramural hematomas were observed after only 3 days of angiotensin II infusion, and

their size was larger at 3 days of AngII infusion than at subsequent time points. The presence of

contrast agent aggregates within the wall indicates an intra vitam locally increased permeabil-
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Figure 38: Focal lacerations at the ascending aorta. In the top row, 2D PCXTM transversal
images of the ascending aorta at 6.5μm resolution at different time points. On day 18, arrows
point to bilateral focal lacerations downstream of the aortic valve. Bottom row shows Sirius
Red-Miller stains of focal dissections at sections corresponding to the images on top. Scale
bars represent 200 μm. Adapted from 183.

ity of the vessel wall or even loss of continuity of the endothelial lining. The fact that contrast

agent leakage is decreased in subsequent timepoints suggests that this increased permeability

is temporary and localized. In contrast to Rateri et al, who could not identify any access point

for the interlaminar hematoma 182, PCXTM- and PCXTM-guided histology showed the intimal

defect which led to an intramural bleeding at this early time point (Figure 39).

Prussian blue staining identified hemosiderophages actively resorbing the hematoma at later

time points. These data show that the rapid formation of an intramural hematoma is an

early-stage event in this pathology, and is resolved at later stages of the disease. All of the 8

mice that succumbed to hemothorax in this study died between 3 and 8 days of AngII infusion.

In these mice, PCXTM-guided histology confirmed a complete rupture of all laminae of the

tunica media. This suggests that the focal dissection evolved too abruptly, so that the outer

wall segments, which did not have the time to remodel, could not bear the rapidly increased

load. Adventitial remodelling hence dictates whether the early focal lacerations result in a

contained aortic dilatation or in catastrophic rupture.

A critical question that is highlighted is why the hematoma is restricted to the outer laminae.

This study revealed that the highest number of laminar ruptures occurred in the central

laminae (L2-L4), but the inner (L1) and outer (L7) laminae were less frequently affected. The

fact of the outer lamellae being more affected in the ascending aortic pathology is not a feature

exclusive to the model of AngII infusion: it has been recapitulated, as we saw in section 5.2, in

several different models of ascending aortic aneurysms246,247. The predominance of pathology

in the outer medial layers is also a common feature in human ascending aortic aneurysm and

dissection248.
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Figure 39: Temporal distribution of interlaminar hematoma. A. Two-dimensional (2D) phase
contrast X-ray tomographic microscopy (PCXTM) image shows the contrast agent leakage
(white aggregate within box) in between the laminae through an intimal tear. B. Three-
dimensional (3D) representation of a major Exitron leakage (in orange) that has percolated
into the tunica media (in transparent white). C. Contrast agent volume penetrating into the
tunica media over time. *P<0.05, **P<0.001. Scale bar represents 200 μm. Adapted from 183.

The combination of in vivo techniques with ex vivo synchrotron imaging allowed the iden-

tification of early events and a characterization of the progressive pathology of Angiotensin

II-induced ascending aortic aneurysms.

Synchrotron-based biomechanics

In order to investigate the role of local biomechanics in the pathophysiology of branch-

related ruptures in Angiotensin II infused mice, Trachet et al. presented a mouse-specific

fluid–structure interaction (FSI) model of the (healthy) abdominal aorta in ApoE-/- mice that

incorporates in vivo stresses 249. The simulation showed zones of elevated wall stress near the

ostium of the celiac artery, which coincided with the location of medial rupture as seen on

another mouse imaged at synchrotron, for comparison (Figure 40).

The FSI framework incorporated some of the latest improvements in mouse-specific compu-

tational biomechanics, such as strongly coupled FSI, a material model with parameters tuned

to mouse-specific in vivo measurements, a high quality hexahedral mesh and a backward

displacement method to incorporate in vivo circumferential stress. However, the framework

was also subject to several limitations, namely:
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Figure 40: Left: FSI simulation of a healthy murine aorta shows zones of elevated wall stress
near the ostium of the celiac artery, Right: Recostructed 3D volume of dissected aorta from syn-
chrotron images. The transmural rupture occurs at the level of the celiac. Mural hematoma in
(transparent) orange, blood filled lumen in (transparent) red, Exitron in green. FC, false chan-
nel; AA, aortic aneurysm; IH, Intramural hematoma; CA, celiac artery; RRA, right renal artery;
CA, celiac artery, MA, mesenteric artery. Scale bar represents 1mm. Adapted from249,196.

• Assumption of a uniform wall thickness. Current in vivo imaging techniques (CT or

MRI in humans, micro-CT in mice) do not yield sufficient resolution to include a de-

tailed mouse-specific wall thickness into the model. A non-uniform thickness has been

shown to have a significant influence on the outcome of numerical simulations of

aneurysms250,251,252.

• Omission of minor arterial side branches. The aortic geometry did not include minor

side branches such as subcostal arteries. Similarly to the subject-specific thickness,

the resolution of standard imaging approaches does not allow to visualize these minor

branches. Nevertheless, it has been demonstrated that these small side branches are

preferred regions for hemodynamic perturbations and vascular lesion development253.

• Omission of axial pre-stretch. This is a general limitation for models based on in vivo

images since, unlike circumferential prestresses, the axial stretch can only be calculated

if one has access to the ex vivo, zero-stretch condition of the vessel. Nevertheless, local

variations in axial stretch and stress might have a significant influence in both the

initiation and development of different cardiovascular diseases 26,254.

• Lack of mouse-specific validation. Simulations were only performed on a healthy, non-

diseased aorta. While Trachet et al. did find stress concentrations near the same side

branches where vascular damage had been observed in angiotensin II infused mice, a
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mouse-specific (one on one) study in which simulations and experiments are performed

on the same animal is still lacking. Mice provide a unique opportunity to compare the

computational hotspot predictions, since in a clinical setting there are typically no

post-mortem scans available to investigate the predicted rupture risks.

• Arruda-Boyce material model. The Arruda-Boyce hyperelastic constitutive model used

is rather simplified, compared to the more sophisticated two-fiber 31 or four-fiber-family

model32. More complicated models generally need more parameters and are thus

difficult to fit to in vivo measurements. Moreover, while the anisotropic constitutive

relations and fiber directions have been established ex vivo (typically on idealized

cylinder-shaped geometries), the in vivo mechanical response at the bifurcation level

(which is of particular interest when investigating the role of side branches) is still

unclear.

These limitations (except for the use of the material model) were addressed using synchrotron

imaging and implementing synchrotron-based biomechanics.

Combination of in vivo micro-CT imaging with ex-vivo synchrotron imaging of a mouse

abdominal aorta conveys a level of detailed information not yet reached with clinical images.

Ferraro et al.255 developed a novel semi-automated framework to incorporate anatomical

aspects revealed by synchrotron imaging (namely non-uniform subject specific wall thickness,

minor side branches and non-uniform axial stretch) within a computational model of the

mouse abdominal aorta. The algorithm maps the non-pressurized, non-stretched ex vivo

synchrotron PCXTM scans (containing information on the local wall thickness and minor side

branches visualized at 6.5 μm resolution) onto the pressurized, stretched in vivo micro-CT

scans (only depicting the aortic lumen). Since in the biomechanical part of this dissertation

we have applied this framework for different mouse geometries, we will hereby describe in

detail its implementation steps for the sake of completeness. The framework, along with a

sensitivity analysis to evaluate the impact of each element included in the computational

model, can be found in 255.

Experimental protocol

One male ApoE-deficient mouse on a C57Bl/6 background was implanted with a 200 μL

osmotic pump, filled with a solution of angiotensin II in saline 0.9%. Prior to implantation

the pump was primed for 24 h at 37oC. The mouse was sacrificed after 3 days of angiotensin

II infusion to investigate the early phase of dissecting aneurysm development. Care was

taken not to damage the aortic tissue during the dissection of the aorta while surrounding

connective tissue was carefully removed. The following imaging modalities were used:

(a) In vivo contrast-enhanced micro-CT imaging after 3 days of AngII infusion. The animal

was injected intravenously in the lateral tail vein with 4 mL/g body weight of Exitron

nano 12 000 (Miltenyi Biotec, Bergisch Gladbach, Germany) and subsequently under-

went a micro-CT scan. During micro-CT imaging the animal was anaesthetized by
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inhalation of 1.5% isoflurane. This technique provides an isotropic pixel size of 50 μm

of the abdominal aorta lumen, but the tissue contrast is not sufficient to provide infor-

mation about the wall thickness. The scan was not gated and the generated micro-CT

segmentation represents an average between systolic and diastolic geometries.

(b) Ex vivo PCXTM imaging after sacrifice. Following euthanasia, the abdominal aorta was

excised and the sample was fixed by immersion in freshly prepared 4% paraformalde-

hyde. The samples were scanned at the TOMCAT beamline of the Swiss Light Source,

Paul Scherrer Institut, Villigen, Switzerland. PCXTM computer microtomography pro-

vides volumetric data of samples in a non-destructive way with an isotropic pixel size

of 6.5 μm. This novel imaging technique yields enough tissue contrast to accurately

evaluate the wall thickness and to segment small subcostal side branches.

Preprocessing

Both in vivo micro-CT and ex vivo synchrotron scans were semi-automatically segmented

in the software package Mimics v.17.0 (Materialise, Leuven, Belgium). For micro-CT scans

this required manual intervention to separate aortic and venous segments of the contrast

enhanced vasculature. The cross-sectional diameter of the smallest side branches (e.g., sub-

costal arteries) only consisted of 3–5 pixels in the micro-CT images. In case of doubt, the

PCXTM image stack was used as a guidance to guarantee that the correct structures were

identified. For PCXTM the contrast agent infiltrations within the vessel wall were segmented

separately since previous observations had shown that such infiltrations represent a clear

indication of early vascular damage, as described above in section 5.3. Both micro-CT and

synchrotron-based masks were smoothed while taking care not to cause any shrinkage. The

open-source library VMTK (ref) was subsequently used to finalize pre-processing. Inner and

outer walls of PCXTM were separated in order to generate the ex vivo computational mesh,

while the side branches of the PCXTM model were removed and reconstructed. Since we lack

any reference on the side branches, we decided to develop a consistent extension technique.

Each side branch was artificially extended by means of a branch-specific extension length

proportional to the corresponding one measured in the CT model. In particular, the distance

between the celiac and mesenteric bifurcation was calculated in terms of abscissa coordinate

of the centerline, both in the CT and PCXTM scans. The ratio between these two quantities

provided an extension coefficient which was multiplied by the PCXTM side branch length and

used as extension length.

Meshing procedure

In order to generate the ex vivo mouse-specific mesh, the outer wall of the PCXTM model was

discretized with an unstructured quadrilateral mesh and exported into the stereolithographic

(STL) file format. This geometry file was subsequently passed on to the extended Treemesh

method, a parametric interface that has been implemented in pyFormex to generate hexahe-

dral meshes 256. The outer mesh was then smoothed using a non-shrinking Taubin smoothing

filter (passband 0.1, 100 smoothing iterations) and projected onto the mesh of the inner wall
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through an in-house developed Matlab code (The Mathworks, Inc., Natick, MA, USA). The

result was an unstructured hexahedral solid mesh of the ex vivo geometry (Figure 41). All

meshes were auto-generated to ensure grid independency of the simulation results. The

average element edge length in the converged models is 9.6 μm, while the maximum and

minimum lengths are 34 and 1.5 μm, respectively.

Figure 41: Preprocessing step of the morphing framework. (a) Segmented synchrotron geome-
try (contrast agent in red). (b) Segmented micro-CT geometry. (c) Inner and outer walls of
the synchrotron model after artificial branch extension. (d) Conformal hexahedral mesh with
mouse specific wall thickness (zoomed panel).

Morphing Framework Set-Up

The evaluation of the local stretch field along the abdominal aorta requires the generation of a

pointwise correspondence between the ex vivo PCXTM mesh (not stretched, not pressurized)

with the in vivo CT model (in vivo axial stretch, pressurized). To this end we implemented a

branch-based change of coordinates. Using VMTK, branch splitting was performed on the

micro-CT model and the inner wall of the PCXTM mesh (Figure 42a).

At this stage, each branch of the arterial network was topologically equivalent to a cylinder

and a rectangular parametric space could be generated. In the circumferential direction,

the angular position of each point on the surface mesh was parameterized with respect to

the centerline following the method proposed by Antiga et al. 257 (Figure 42b). In longitu-

dinal direction, a parameterization was performed using the harmonic mapping method

presented by Halier et al. 258. In particular, a Laplacian partial differential equation was solved

on the surface by imposing Dirichlet boundary conditions on the two open boundaries, gen-

erating a longitudinal parametric distribution (see Figure 42c). The combination of the two

parametrizations can be compared between micro-CT and PCXTM models, and a standard

nearest neighbor approach has been used to find the minimum distance for each PCXTM

mesh node with respect to all the micro-CT nodes 259. Once all the maps were computed, the

global displacement map was generated using the element connectivity of the PCXTM model

as a reference. In order to avoid mesh distortion, smoothing and projection procedures were
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5. The Angiotensin II infusion mouse model

Figure 42: Setup of the morphing framework. (a) branch splitting; (b) circumferential mapping
computation; (c) longitudinal mapping computation; (d) global displacement map error
contour plot with respect to the original CT model; (e) max principal strain contour plot after
morphing FE simulation.

performed in a similar fashion to those used during the meshing phase. The final map shows

very good agreement with the original micro-CT model (Figure 42d), with maximum error of

10 μm located at the main bifurcations, which is five times less than the micro-CT pixel size.

The global map, representing a surface mesh with the shape of the CT model and the mesh

size and distribution of the PCXTM inner wall mesh, was employed as a set of displacement

conditions to morph the latter onto the former. Both the final PCXTM model and the global

displacement map were automatically embedded within an input file for the commercial

FEM solver Abaqus/Standard 6.13 (Simulia, Dassault Systemes, Providence, RI, USA). The

structural simulation was considered static and fully displacement controlled, under a large

deformation regime (Figure 42e). A nearly incompressible Arruda– Boyce 260 constitutive

model was used. The Arruda-Boyce model, also known as the eight-chain model, is based on

an eight-chain representation of the underlying macromolecular network structure of rubber

and the non-Gaussian behavior of the chains in the network. The strain energy function is

given below (Equation 3).

W =μ
5∑

i=1

αi

λ2i−2
m

(
I i

1 −3i
)

(3)
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α1 = 1

2
,α2 = 1

20
,α3 = 11

1050
,α4 = 19

7000
,α5 = 519

67375λ8
m

In these equations W is the strain-energy function, I1 is the first invariant of the Cauchy-

Green tensor, μ is the shear modulus, μ0 is the initial shear modulus and λm the locking

stretch, which approximately denotes the stretch at which the slope of the stress-strain curve

will rise significantly. This model captures the cooperative nature of network deformation

with only two material parameters, i.e., the shear modulus μ and locking stretch λm . The

two parameters are linked to the physics of molecular chain orientations involved in the

deformation of rubbery materials and elastomers. The initial shear modulus μ0 is related to

the locking stretch λm by Equation 4.

μ0 =μ

(
1+ 3

5λ2
m

+ 99

175λ4
m

+ 513

875λ6
m

+ 42039

67375λ8
m

)
(4)

The material parameters (μ= 24,358 Pa, λ = 1.01) were the same used in the previous FSI

work 249.

At the open boundaries, all nodes throughout the wall thickness were constrained to follow

the motion of the corresponding nodes of the inner wall, in order to avoid non-physiological

shearing effects. In order to facilitate the comparison of the final outcome with the location

of micro-ruptures in the ex vivo synchrotron model, the strain contour plot was mapped

backward onto the ex vivo undeformed configuration and the artificial extensions in side

branches were removed for visualization purposes.

Qualitative comparison of structural simulation with experimental data

The distribution of the maximum principal strain was quantified at the outer wall, with

particular focus on regions of high strain (termed hotspots). Looking at the full model, the

values ranged from 0.3 in the most tethered regions close to the mesenteric artery to 1.66 at

the orifice of the celiac artery. In addition to the main strain concentration on the ventral side

of the celiac bifurcation, two hotspots were detected on the dorsal side of one of the subcostal

arteries and on the left-ventral side of the mesenteric artery (Figure 43a). Two slices of the

morphed model corresponding to the contrast agent infiltration regions were selected for

a detailed comparison to the local strain concentrations (Figure 43c). Both the overall 3D

assessment and the 2D slices show good agreement between the computed strain and the

experimentally observed infiltrations of contrast agent (Figure 43c).

A sensitivity analysis was carried out to assess the impact of certain features of the morphing

approach on the computed aortic strain field (Figure 44). Results showed that the constant

thickness modelling assumption, which is standard in the field, may lead to incorrect results

at particular bifurcations. All side branches, including the very small ones, can alter the local

mechanical equilibrium of the aorta, both in axial and circumferential direction. Lastly, the

axial stretch in the murine aorta is highly nonuniform, and this non-uniformity contributes to

the distribution of stresses and strains along the aorta.
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Figure 43: Qualitative comparison of computed strain and infiltrated contrast agent.(a) loga-
rithmic strain max principal contour plot; (b) original PCXTM model (contrast agent infiltra-
tion is highlighted in red); (c) 2D slices comparison with focus on the regions of contrast agent
infiltration.

The biomechanics and mechanobiology underlying the branch-related ruptures in this mouse

model still remains to be demonstrated. Solid mechanics provide an approach to explain

branch-related ruptures as the mechanical tension exerted on the tunica media is expected

to be elevated near branch bifurcations. A thorough understanding of the biomechanics

in the murine aorta, and in particular the biomechanics of abdominal side branches, is still

lacking as we saw in subsection 5.2. Given the interplay of biomechanics with mechanobiology,

combining these approaches can maximize our insight of the mechanisms driving disease

initiation.

Figure 44: Sensitivity analysis: 2D slice strain max principal contour plot at the strain hotspots
locations, (a) model without minor side branches; (b) 5th percentile constant thickness; (c)
95th percentile constant thickness; (d) full model; (e) PCXTM scan (contrast agent in red).
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6 Aims of the thesis

Based on the knowledge gaps that exist in literature, we defined specific aims at the onset of

this thesis. The first goal arose from the need to describe the hemodynamic conditions in the

arterial system of the healthy mouse, the most commonly used laboratory animal today. In

Chapter 1 we developed a versatile tool to predict blood pressure and flow rate waveforms in

systemic and cerebral arteries of the mouse.

The next part of this thesis focused on the pathogenesis of abdominal aortic dissections in the

mouse model of systemic Angiotensin II infusion. We identified the research question that

emerged in the Introduction of this thesis (section 5.2):

What, if any, is the role of aortic side branches in disease initiation?

In order to answer this question, we started off from an inkling on the (previously underappre-

ciated) importance of aortic branching sites in disease, as suggested by synchrotron images of

parietal damage consistently present around the side branches in advanced-stage dissecting

lesions. In Chapter 2, we set out to assess the possible implication of side branches in the early

phase of the disease using dedicated synchrotron imaging of early-stage lesions.

After the important role of specific side branches, namely the celiac and superior mesenteric

arteries, in disease initiation was in fact demonstrated, we focused on understanding why

dissections are branch-related. This led to two studies, addressed from two separate stand-

points. In Chapter 3, we investigated the local biomechanics around the side branches of the

abdominal aorta and evaluate the association of mechanical strain with the branch-related,

early microstructural damage of the aortic wall. To complement these biomechanical findings,

in Chapter 4 we investigated whether regional variations in vascular function within the (dis-

eased but not yet dissecting) suprarenal abdominal aorta and its side branches may further

elucidate the branch-related nature of these lesions.

7 Summary of chapters

The chapters of this dissertation, summarized below, have been written as (parts of)

manuscripts that are published or in preparation for publication.

Chapter 1

Transposition of a 1D model of the arterial circulation from humans to mice.

In this work, we developed and validated an in silico, one dimensional model of the murine

systemic arterial tree consisting of 85 arterial segments. Detailed aortic dimensions were

obtained in vivo from contrast-enhanced micro-computed tomography in 3 male, C57BL/6J

anesthetized mice and 3 male ApoE-/- mice, all 12-weeks old. Physiological input data were
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gathered from a wide range of literature data. The integrated form of the Navier-Stokes equa-

tions was solved numerically to yield pressures and flows throughout the arterial network.

The resulting model predictions have been validated against invasive pressure waveforms

and non-invasive velocity and diameter waveforms that were measured in vivo on an inde-

pendent set of 47 mice. The output of this work is a validated one-dimensional model of the

anesthetized murine cardiovascular system that can serve as a versatile tool in the field of

preclinical cardiovascular research.

Chapter 2

A characterization of early-stage lesion formation

Over the last years, preclinical research on aneurysms and dissections has made great use

of the Angiotensin II infusion model on mice to explore the natural history of the disease. A

number of intriguing questions on this mouse model remain unsolved, notably concerning

the consistent localization of dissecting aneurysms in the suprarenal abdominal aorta, with

attention usually directed towards the end-stage of disease development. In this work, we use

synchrotron-based imaging to characterize the early stage of abdominal lesions and assess the

spatial distribution of observed microstructural damage. We submit that early microstructural

defects focally concentrate around the ostia of abdominal side branches, with a predilection

for the celiac and superior mesenteric arteries in particular.

Chapter 3

A mechanically-mediated hypothesis for disease initiation in the Angiotensin II mouse model

explored with synchrotron-based biomechanics.

In this work, we combined micro-CT and synchrotron-based imaging with computational

biomechanics to estimate in vivo aortic strains in the abdominal aorta of Angiotensin II in-

fused ApoE-deficient mice, which were compared with mouse-specific aortic microstructural

damage inferred from histopathology. Targeted histology showed that the 3D distribution

of micro-CT contrast agent that had been injected in vivo co-localized with precursor vas-

cular damage in the aortic wall at 3 days of hypertension, with damage predominantly near

the ostia of the celiac and superior mesenteric arteries. Computations similarly revealed

higher mechanical strain in branching relative to non-branching regions, thus resulting in

a positive correlation between high strain and vascular damage in branching segments that

included the celiac, superior mesenteric and right renal arteries. These results suggest a

mechanically-driven initiation of damage at these locations, which was supported by 3D syn-

chrotron imaging of load-induced ex vivo delaminations of Angiotensin II infused suprarenal

abdominal aortas. That is, the major intramural delamination plane in the ex vivo tested

aortas was also near side branches and specifically around the celiac artery. Our findings

thus support the hypothesis of an early mechanically-mediated formation of microstructural
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defects at aortic branching sites that subsequently propagate into a macroscopic medial tear,

giving rise to aortic dissection in Angiotensin II infused mice.

Chapter 4

A vascular function-mediated hypothesis for disease initiation in the Angiotensin II mouse

model explored with wire myography.

Aortic aneurysms and dissections are clinically silent entities whose etiology is not yet fully un-

derstood. Animal models can fill important gaps of knowledge on disease pathogenesis, with

a potential for clinical translation. Here, we focus on the early development of aortopathology

in Angiotensin II-infused mice, which is known to develop primarily in the ascending aorta

(aneurysms) and the abdominal suprarenal aorta (dissections), with a predilection for the

orifice of celiac and mesenteric arteries in the latter. First, we assessed at which time point

the onset of disease is manifested. We found that in vivo aortic volume dilatation and ex vivo

vascular damage only become significant after 3 days of infusion, both in the ascending and

the suprarenal aorta. On this time mark, we assessed the vascular reactivity of the suprarenal

aorta by dividing it in 3 segments (supraceliac, paravisceral, juxtarenal). We observed that

contractile capacity was severely blunted and endothelium-dependent relaxations were im-

paired in the aortic segment above the celiac artery, which is traditionally regarded as the

most-dissection prone. The effects were less dramatic in the more distal segments; the juxtare-

nal segment showed no vascular dysfunction. Dysfunctional contractility was not observed

for the aortic side branches tested, which included the celiac, superior mesenteric and left

renal arteries. These results are the first to evaluate vascular function at the early development

of disease within the suprarenal abdominal aorta of AngII infused ApoE-deficient mice. Early

vascular dysfunction may conspire with previously reported biomechanical mechanisms to

instigate the location-specific aortopathy of this mouse model.
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1 Introduction

Cardiovascular disease is often studied in a preclinical setting since small animal models offer

more flexibility, easier access to in and ex vivo tissues, and faster disease progression than hu-

mans. Mice in particular are a common model in hypothesis-driven cardiovascular research 1

due to their short lifespan, their small size, the similarity of their well-decrypted genome

with the human one and, most importantly, the possibility to induce genetic modifications 2.

Genetically or pharmacologically altered mouse models have provided insight into (amongst

many other cardiovascular applications) abdominal aortic aneurysm3 (see section 5.3 of the

Introduction), stable and unstable atherosclerotic plaque4,5, diabetes6, hypertrophy 7 and

Marfan syndrome 8. However, since mice have a much smaller (aortic dimensions are 10x

smaller, Table 2) and faster (average, non-anesthetized heart rate is 10x higher) cardiovascular

system, the interpretation of these results requires a cautious translation between murine and

human systems. Striking similarities between human and murine aortic flow velocity and

pressure waveforms9, as well as a highly similar branching pattern of the aortic arch10, have

been reported in literature. However, in-depth research on aortic anatomy and physiology

is not straightforward since, both in humans and mice, (non-)invasive measurements are (i)

technically difficult to obtain, (ii) limited to a restricted number of aortic locations, and (iii)

need to be justified from an ethical perspective. In a human setting, these limitations can be

circumvented since reference data for both anatomy and physiology are readily available for

many arterial locations. The development of a wide range of 1D models of the human arterial

circulation11,12,13,14,15,16 has allowed researchers to study the effect of alterations in anatomy
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or physiology17 without the ethical and technical limitations of in vivo measurements. In

mice, the available data are focused on arterial physiology rather than anatomy. To the best of

our knowledge, the most complete computational model of the murine arterial tree is the FSI

model of Cuomo et al. 18. They set up a 3D model to investigate the effect of invasive pressure

measurements on local hemodynamics, while accounting for ventricular-vascular coupling.

However, their 3D model was based on a single mouse and only included the major branches.

An extensive description of the ‘reference’ murine arterial anatomy and physiology has, to

the best of our knowledge, never been reported and a validated in silico model describing the

average murine systemic tree and its hemodynamics is lacking. A validated numerical model

of the murine circulation could facilitate the implementation of the 3R’s principle (Refine,

Reduce, Replace) in small animal research and contribute to minimize the use of animals by

providing valuable insight into murine hemodynamics without animal suffering.

In this work, we used high-resolution, contrast-enhanced micro-CT to obtain reference data

on the in vivo anatomy of the entire systemic arterial tree in mice. We subsequently com-

bined these measurements with a wide range of literature data to translate an existing one-

dimensional model of the human systemic arterial tree 19 into a murine setting. The resulting

in silico model of the anesthetized murine systemic arterial tree includes 85 arterial segments

and predicts pressure and velocity waveforms at all arterial locations without the need for

arduous invasive measurements. We demonstrated the validity of the model by comparing

its predicted pressure, velocity and diameter waveforms to those measured in vivo in a large

sample of young, male laboratory mice.

2 Methods

In vivo measurements

Mice

All procedures were approved by the Ethical Committee of Canton Vaud, Switzerland (EC

2647.1 for the wild type mice, EC 2647.2 for the apolipoprotein E gene-deleted [ApoE-/-] mice)

and performed according to the guidelines from Directive 2010/63/EU of the European Parlia-

ment on the protection of animals used for scientific purposes. Male wild type C57BL6/J and

male ApoE-/- mice on a C57BL6/J background were purchased from Janvier (Saint-Berthevin,

France). All surgery and measurements were performed under isoflurane anesthesia, and

all efforts were made to minimize suffering. The 3R (refine, reduce, replace) principle was

applied to minimize the number of laboratory animals. Initial micro-CT, invasive pressure

and ultrasound measurements were performed on five wild type, male C57BL/6J mice, 12-15

weeks old, that served as control animals in a study on murine abdominal aortic aneurysms

(AAA) 3. Subsequent micro-CT (n = 3) and ultrasound (n = 47) measurements were performed

on male ApoE-/- mice on a C57BL/6J background, 12 weeks old, that served as baseline data

in a follow-up study on murine AAA20. Mice were housed in the controlled environment of
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the EPFL animal facility, which is a part of the Lemanic animal facility network, and had ad

libitum access to water and food (standard rodent chow). The overall well-being of the animals

was inspected twice per day. Both wild type and ApoE-/- mice were euthanized at humane

endpoints defined by their respective studies (just after micro-CT for wild types, after 10, 18 or

28 days of angiotensin II-infusion for ApoE-/- mice).

Contrast-enhanced micro-CT

Animals were anesthetized by inhalation of 1.5% isoflurane and injected intravenously in

the lateral tail vein with 100 μl/25 g body weight of Exitron (Miltenyi Biotec, Germany). The

animals were subsequently scanned in vivo in dorsal recumbency with a Quantum FX micro-

CT scanner (Caliper Life Sciences, Hopkinton, Massachusetts), which has been optimized

for longitudinal studies owing to its low radiation dose. Acquisition was performed with a 90

kVp tube voltage and a current of 160 μA. Each animal underwent 5 consecutive scans, with

region of interest focused on the head, thorax, abdomen, legs and tail, respectively. Each scan

lasted for 2 minutes, and images were obtained with a 24 mm transverse field of view and a

theoretical spatial pixel size of 50 μm. Micro-CT images were reconstructed using an in-house

method based on the iterative maximum-likelihood polychromatic algorithm21.

Invasive pressure

In five wild type mice, a 1.2 F Scisense catheter (Transonic, Maastricht, The Netherlands) with

two pressure sensors spaced 2 cm apart was inserted via an incision in the femoral artery. The

catheter was guided into the correct position using simultaneous long axis BMode ultrasound,

and allowed to settle for 10 minutes. Continuous pressure waveforms were recorded with the

tip of the catheter (i.e., the first pressure sensor) at the descending, thoracic and abdominal

aorta.

High-frequency ultrasound

Ultrasound imaging was performed with a high-frequency ultrasound device (Vevo 2100,

VisualSonics, Toronto, Canada). During the procedure animals were anesthetized by inhalation

of 1.5% isoflurane and fixed on the imaging table in dorsal position. Physiological function

(respiration and heart rate obtained from ECG) was monitored while the animal was positioned

on the heated handling table. All measurements were performed by a single, experienced

operator. In 5 wild type mice and 47 ApoE-/- mice, pulsed Doppler measurements were

obtained in the ascending, descending, and 5 locations along the thoraco-abdominal aorta:

the thoracic aorta, the supraceliac region just cranial to the bifurcation of the celiac artery,

the paravisceral region cranial to the trifurcation of the mesenteric and right renal arteries,

the pararenal region caudal to the trifurcation of the mesenteric and right renal arteries

and the infrarenal region caudal to the bifurcation of the left renal artery. Pulsed Doppler
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measurements were also obtained in the celiac, mesenteric and renal (left and right) arteries.

In the 5 wild type mice additional pulsed Doppler measurements were obtained prior to

pressure probe insertion in the brachiocephalic trunk, common, internal and external carotid

arteries (left and right), caudal and iliac arteries. Ultrasound Pulsed Doppler waveforms were

traced within a custom-made environment in Matlab. For each measurement location, the

average of three different waveforms was calculated. The resulting waveform vectors were

subsampled to 501 points and filtered using a Savitsky-Golay filter of an order 3 and window

width 51. All blood flow velocity ultrasound measurements were divided by a factor of 2,

assuming that the ultrasound velocity measurements correspond to the maximum centerline

velocity of a parabolic velocity profile22.

In wild type mice RF (radio frequency) diameter waveforms were obtained with long axis

MMode imaging at the same locations as invasive pressure measurements, while in ApoE-/-

mice RF diameter waveforms were measured with MMode at the ascending aorta and at 2

locations in the abdominal aorta (cranial to the celiac and caudal to the left renal artery). A

custom-written platform in Matlab, based on the algorithm described by Rabben et al.23, was

used to reconstruct the complete MMode image from RF data as described in previous work20.

For each measurement, 3 cardiac cycles were subsequently selected and plotted as a reference

for semi-automatic wall segmentation guided by the user. The tracked aortic wall movement

yielded highly accurate in vivo diameter waveforms (Figure 1.4).

In silico model

For an in-depth description of the governing equations and assumptions that were made in

the modelling approach, we refer to a previous manuscript describing the human model 19.

Here, a synopsis of the most important modelling assumptions is given, with emphasis on the

aspects in which the murine modelling assumptions differ from the human ones.

Arterial tree

As literature data on murine anatomy are scarce and restricted to the main aorta, we based the

arterial tree only on dedicated in vivo measurements. For n = 3 C57BL/6J mice, reconstructed

micro-CT images were converted into TIFF format and imported into the 3D segmentation

software package Mimics (Materialise, Leuven, Belgium). Arterial branches were segmented

when micro-CT resolution allowed so, and when their inclusion was judged physiologically

relevant for future applications. This resulted in an averaged tree consisting of 85 segments

(Table 2). For each segment, inlet and outlet areas were measured perpendicular to and seg-

ment length was measured along the centerline that was calculated in Mimics. To account for

variation due to differences in genetic background, the detailed data from 3 wild type mice

were complemented with diameters and lengths of the main aorta and its major branches

(carotids, celiac, mesenteric and renal arteries) from micro-CT scans of the thorax and ab-

domen in 3 ApoE-/- mice. The schematic representation of the resulting arterial tree is shown
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in Figure 1.1. The 8 pairs of intercostal arteries were accounted for by introducing a single

vessel with a blood flow equivalent of the set of the 8 intercostal pairs, similar to what was

done in the human model 19.

Figure 1.1: Schematic representation of arterial tree. A: main systemic arterial tree, B: cerebral
vasculature, connected via the carotids (segments 4, 12) and the vertebrals (segments 8, 17) to
the main arterial tree shown in A, C: detail of the heart, ascending aorta and carotid branches,
D: detail of the principal abdominal aortic branches. R: right; L: left.
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Table 1.1: Arterial tree segments and dimensions

Arterial segment name Arterial

Segment

Number

(Right/Left)

Length,

mm

Prox.

lum.

diam.,

mm

Dist.

lum.

diam.,

mm

Dist.,

10-3

1/mmHg

TR,

mmHg·

s·ml-1

TC,

10-8

ml/

mmHg

Ascending aorta 1 2.6 1.41 1.54 2.95

Aortic arch A 2 0.7 1.33 1.33 2.79

Brachiocephalic trunk 3 2.1 0.80 0.71 1.97

Common carotid 4 10.2 0.52 0.49 1.52

Right external carotid 5 2.6 0.42 0.36 1.27

Right internal carotid 6 1.8 0.41 0.39 1.42

Right subclavian A 7 1.2 0.55 0.53 1.68

Right vertebral 8 13.3 0.40 0.27 1.13

Right axillary 9 7.8 0.35 0.27 1.11 1,015.7 9.8

Costocervical trunk 10 2.7 0.26 0.23 0.93 4,962.3 6.0

internal mammary 11 5.1 0.25 0.23 0.93 2,198.4 6.0

Left common carotid 12 13.3 0.63 0.52 1.55

Left internal carotid 13 1.8 0.44 0.41 1.43

Left external carotid 14 2.6 0.43 0.40 1.27

Aortic arch B 15 1.2 1.20 1.18 2.58

Left subclavian A 16 1.8 0.61 0.55 1.58

Left vertebral 17 13.2 0.34 0.26 1.12

Left subclavian B 18 6.1 0.40 0.32 1.36

Left axillary 19 3.0 0.25 0.22 0.92 2,079.2 5.5

Left cervical trunk 20 2.4 0.32 0.30 1.10 948.1 11.9

Thoracic aorta A 21 12.2 1.16 1.11 2.45

Intercostals 22 1.6 0.51 0.51 1.42 592.8 973.3

Thoracic aorta B 23 12.2 1.11 1.07 2.39

Left suprarenal 24 3.0 0.33 0.31 1.04 4,414.0 133.3

Thoracic aorta C 25 2.3 1.06 1.06 2.34

Coeliac 26 3.1 0.46 0.43 1.32

Hepatic 27 3.4 0.24 0.24 0.86 2,955.8 66.7

Lieno-gastric 28 5.1 0.31 0.27 0.98 1,680.4 110.0

Lieno-pancreatic 29 6.9 0.29 0.27 0.96 1,777.2 124.3

Abdominal aorta A 30 1.8 1.00 0.97 2.26

Superior mesenteric 31 4.7 0.60 0.56 1.56

Ileocolic 32 1.3 0.31 0.24 0.94 2,439.5 674.1

Ileac and jejunal

branches

33 2.6 0.55 0.53 1.48 319.3 1099.6

Abdominal aorta B 34 0.4 0.93 0.93 2.14

Right renal 35 2.9 0.51 0.49 1.40 641.3 666.6

Abdominal aorta C 36 1.9 0.88 0.87 2.06

Right Spermatic artery 37 5.1 0.26 0.23 0.87 21,346.7 4.3

Abdominal aorta D 38 1.2 0.85 0.83 2.00

Left renal 39 1.5 0.47 0.45 1.33 862.3 400.0
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Table 1.1: Arterial tree segments and dimensions

Arterial segment name Arterial

Segment

Number

(Right/Left)

Length,

mm

Prox.

lum.

diam.,

mm

Dist.

lum.

diam.,

mm

Dist.,

10-3

1/mmHg

TR,

mmHg·

s·ml-1

TC,

10-8

ml/

mmHg

Abdominal aorta E 40 1.0 0.80 0.80 1.94

Left Spermatic artery 41 5.3 0.23 0.22 0.83 46,939.9 3.9

Abdominal aorta F 42 9.0 0.78 0.70 1.85

Middle Caudal 43 28.1 0.34 0.22 0.96 20,303.3 4.5

Abdominal aorta G 44 0.7 0.70 0.70 1.77

Common iliac 45/46 3.4 0.51 0.47 1.41/1.41

Inner iliac 47/53 4.0 0.23 0.18 0.77/0.77 37,180.5 2.4

External iliac 48/54 1.5 0.48 0.47 1.36/1.36

Pudic-epigastric trunk 49/55 1.3 0.27 0.23 0.88/0.88 20,430.5 4.6

Femoral 50/56 8.6 0.47 0.43 1.32/1.32

Posterior tibial 51/57 4.3 0.30 0.23 0.98/0.98 6,807.5 6.0

Anterior tibial 52/58 3.0 0.35 0.26 0.98/0.98 6,761.8 5.8

Right subclavian B 59 0.7 0.53 0.53 1.62

Maxillary 60/84 8.3 0.26 0.20 1.23/1.24 2,373.8/

1,797.9

31.4/

32.3

Ophthalmic 61/82 3.2 0.33 0.21 1.13/1.22 3,203.2/

1,988.3

16.5/

22.4

Internal carotid sinus 62/81 4.8 0.35 0.30 1.36/1.37

Anterior choroidal 63/80 1.3 0.19 0.14 0.78/0.83 10,443.2/

8,857.9

5.6/

7.4

ICA distal 64/79 1.5 0.28 0.25 1.12/1.20

Posterior cerebral C 65/71 2.7 0.22 0.20 0.84/0.90

Posterior cerebral B 66/70 3.5 0.22 0.18 2.00/1.83 839.5/

898.5

249.4/

173.6

Posterior cerebral A 67/68 2.6 0.19 0.17 1.01/1.01

Basilar artery 69 4.8 0.23 0.24 1.33

Middle cerebral 72/7 2.2 0.19 0.16 0.86/1.82 6,068.4/

4,812.6

57.9

Anterior Cerebral 73/77 2.6 0.24 0.21 1.00/2.07

Supraorbital 74 2.1 0.31 0.23 2.00

Naso-frontal 75 2.0 0.19 0.16 1.59 2,427.7 95.1

Anterior facial 76 3.2 0.18 0.13 1.47 3,464.2 58.9

fac. occ. left sup. thy.

asc. ph. lyng. fac.

83/85 3.2 0.19 0.16 1.05/1.04 3,865.4/

5,087.7

16.8/

16.3

Prox.lum.diam.: proximal lumen diameter, Dist.lum.diam.: distal lumen diameter, Dist:

distensibility, TR: terminal resistance, TC: terminal compliance.
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Chapter 1. A 1D model of the arterial circulation in mice

Governing equations

The murine systemic arteries were modelled as compliant tapering cylindrical vessels with

a viscoelastic wall. The 1-D formulation of the continuity equation and the incompressible,

axisymmetric Navier-Stokes equations for a Newtonian fluid governed the propagation of

blood flow and pressure in the model (while taking into account the Fåhræus-Lindqvist effect

on viscosity, see below). A third, constitutive equation was used to relate the distending

pressure to the local cross-sectional area, thus describing the viscoelastic properties of the

arterial wall. The system of three equations with three unknowns (pressure, flow and area)

was solved numerically with an implicit finite difference scheme over 8 cardiac cycles, using

an in-house MATLAB code previously developed for the human arterial tree 19. The Witzig

Womersley theory was implemented to approximate the pulsatile effects on the velocity

profile, which was needed to calculate convective acceleration and wall shear stresses in the

momentum equation.

Viscoelastic modelling of the wall

Holenstein’s model 24 was implemented to describe the viscoelastic wall behavior. The instan-

taneous lumen area under a distending pressure P was expressed as the sum of a nonlinear

elastic and a viscoelastic component:

A(t ) = Ae [P (t )]+ Av (t )

The elastic component of the local area, Ae relates to the distending pressure by its elastic

compliance, C e
A . To account for both pressure and location dependence, we assumed that

elastic area compliance was the product of a pressure-dependent function, termed C e
p (P ), and

a location-dependent function, termed C e
d (d̄ ,Pr e f ). As Langewouters25,26 proposed for the

pressure dependency of the static compliance:

C e
p (P ) = Cm

1+
[

P−PmaxC
Pwi d th

]2

Fitting of the parameters was based on literature36 as well as in house pressure-diameter

measurements on excised C57BL/6 murine aortas, which resulted in the following values: Cm

= 17.3 m2/mmHg, PmaxC = 27.2 mmHg and Pwi d th = 20 mmHg. The local diameter-dependent

variation of the elastic area compliance was derived from the following equation:

C e
d (d ,Pr e f ) = A

ρPW V 2(d ,Pr e f )

In order to model the location-dependent compliance, local aortic stiffness data were gathered

from a wide range of literature data 27,28,29,30,37,31,32,22,35,34,33. If local ex vivo pressure-diameter
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2. Methods

Figure 1.2: Pulse wave velocity (PWV) values reported in literature for different arterial sites
as a function of lumen diameter. Acronyms refer to the publication reporting the values (AG:
Agianniotis and Stergiopulos, 201227; BO: Bolduc et al., 2012 28; FI: Fitch et al., 2006 29; GK:
Guo and Kassab, 2003 30; GU: Guo et al., 2006; HE: Herold et al., 2009 31; LU: Luo et al., 2009 32;
RE: Reddy et al., 2003 22; WI: Williams et al., 2007 33; WA: Wang, 200534; WG: Wagenseil et al.,
2005 35). Standard deviations are shown where available.

curves or distensibility values were reported, these were converted into local pulse wave

velocities (PWV) using the Bramwell-Hill equation. To allow for comparison with the human

model, PWV values were subsequently plotted against lumen area (Figure 1.2). In spite of

some well anticipated dispersion, we found an inverse relation between artery size and PWV:

PW V (d) = a

d
b

The coefficients obtained for the best fit (PWV in m/s, diameter in m) were α = 0.3693 and b =

0.3359, with R2 = 0.6, which is a better fit than what was obtained in the human model19. The

viscoelastic area component, Av(t), was calculated by the convolution product between the

elastic area, Ae, and the derivative of a creep function, J(t):

Av (t ) =
∫∞

0
j (τ)Ae [P (t −τ)]dτ

j (τ) = α̃
e−t/τ2 −e−t/τ1

t

Measurements on visco-elastic properties of mouse arterial tissues were kindly provided by

Tian et al.38, but as there was much scattering in the data we did not manage to obtain a

physiologically reasonable fit. Following Reymond et al.19, we used Holenstein’s fitted values

for τ1 (0.00081s) and τ2 (0.41s), which had been fit on canine data from Bergel 39. Further, we

assumed that the viscoelastic coefficient α̃ increases linearly from the heart to the distal beds:

α̃∼= a1 ·d +b1
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Chapter 1. A 1D model of the arterial circulation in mice

Since the dimensions of the human brain vasculature (0.5- 4 mm) are approximately of the

same order of magnitude as the murine systemic arteries (0.13 to 1.54 mm), we decided to

apply the fit obtained for the human brain vasculature in the murine systemic arteries. This

resulted in values of a1 = -0.0062 mm-1 and b1 = 0.34.

Fåhræus-Lindqvist effect

The Fåhræus-Lindqvist effect describes a significant decrease of apparent blood viscosity in

tubes of diameters less than 300 μm40 and down to approximately 10 μm41. In the murine

anatomy obtained for our model, 26 arterial segments out of 85 were of a diameter below

the critical 300 μm. We therefore implemented an empirical relationship to account for the

dependence of relative apparent viscosity on tube diameter and hematocrit, based on in vitro

and in vivo observations, for a hematocrit equal to 45%42.

Distal vasculature model and boundary conditions at terminal vessels

A three-element windkessel model was used to account for the cumulative resistance and

compliance of all vessels distal to the terminal segments. Following Reymond et al.19, the

windkessel compliance C i
T was assumed to be proportional to the area compliance C i

A of the

terminal vessel at its distal end:

C i
T
∼=CT

C i
A∑

C i
A

where CT =∑
i C i

T is the part of the total volume compliance attributed to peripheral vessels

beyond the termination sites. The addition of the segments’ volume compliance and the

compliance of the peripheral beds yielded the total systemic vascular compliance:

Cv =
n∑
i

Cv,i +
m∑
i

CT,i

where n = 85 is the total number of arterial segments and m = 39 is the total number of termi-

nal beds. The volume compliance for each segment was calculated by integrating the area

compliance over the segment length. Volume compliances (and, in order to preserve consis-

tency, distensibilities) were adjusted to match the literature value of 2.67 x 10-4 ml/mmHg for

the compliance of the murine central aorta including some of its major branches30. For the

estimation of the total terminal compliances, we followed the assumption that 20% of the total

systemic compliance lies in the terminal beds 19,15. Terminal resistances were calculated based

on flow rates into major branches that were reported by Trachet et al. 43. At locations where no

experimental data were available, we completed the values assuming that the mean wall shear

stress (given by Poiseuille’s law) was the same as for nearby arteries. Unlike the human model,

where the entire mean pressure drop was assumed to occur in the distal beds, we accounted

for losses within the system by subtracting the pressure drop predicted by Poiseuille’s law prior
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2. Methods

to calculating the terminal resistances.

Arterial bifurcations

Continuity of pressure and flow were imposed across each branching point. To minimize

forward wave reflections, the characteristic impedances of all segments were adapted so that

the absolute value of the reflection coefficient was <0.1 at all bifurcations.

Heart model

At its proximal end, the arterial tree was coupled to a varying elastance model of the left

ventricle44. Following the argumentation of Reymond et al.19, we imposed the following

expression for the varying elastance of an ejecting heart:

E(t ) = E∗(t )[1−kQ(t )]

where E∗ represents the elastance that would be measured during an isovolumic (non-ejecting)

contraction, and k a constant relating the internal resistance of the left ventricle to the ven-

tricular pressure during an isovolumic contraction. We derived the isovolumic elastance E∗

from the global normalized elastance curve reported by Senzaki et al.45, given the striking

similarity in normalized elastance curves between humans and mice46. This required the

use of a “standard” aortic flow waveform, which we obtained from averaged flow velocity

and aortic diameter waveforms at the ascending aorta in 47 ApoE-/- mice. The value of k

was derived iteratively, by minimizing the difference between the elastance resulting from

the 1-D model and the original one from Senzaki et al.45. The final k-value was 0.42 s/ml.

Other parameter values for the heart model were obtained from literature and, where needed,

calculated from reported P-V loops. Due to the large variety of measurement methods for

mice of different strains under different anesthesia methods, the mean literature values of

minimum 47,46,48,49,50 and maximum 47,51,52,48,49 elastance as well as dead volume 47,46,53 were

subsequently tuned to yield a physiological pulse pressure and velocity waveform at the proxi-

mal aorta. The final values were 0.1 μl for the dead volume, 0.09 mmHg/μl for the minimum

elastance and 6.2 mmHg/ μl for the maximum elastance. End-diastolic pressure was taken

equal to the mean of the literature values 47,54,48,49,50, which was 4.6 mmHg. Given the lack

of reports on venous resistance values for mice, we decided on a value of 0.23 mmHg·s·ml-1,

which yielded physiological heart parameters (presented in the results section). Anesthetized

heart rate was set equal to 445 bpm, i.e., the average of the measured heart rate values (during

ultrasound acquisition) of the 47 ApoE-/-, and was close to the mean heart rate of 480 bpm of

several literature reports 47,54,48,49,50. The time to maximum elastance was set equal to 59 ms

for a heart cycle of 0.135 s.
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Chapter 1. A 1D model of the arterial circulation in mice

Lumped parameter windkessel model

Global arterial properties can be estimated by coupling the time-varying elastance heart model

to a lumped parameter windkessel model representing the whole arterial tree55,56,57,58. For an

overall validation for the model, we coupled the heart model to a four-element windkessel

model so as to compare the arterial model parameters of total systemic resistance, total

compliance and aortic characteristic impedance to values reported by Segers et al. 59.

Cerebral circulation

The carotid arteries are expected to be susceptible to returning waves from the highly resistant

cerebral sites 19. We therefore investigated the effect of the presence of the cerebral vasculature

on the blood flow and pressure estimates in the right carotid artery. In order to ensure a

fair comparison, the distal sites of the carotids and vertebral arteries were terminated with

lumped three-element WK models appropriately tuned to account for the same total terminal

resistance and compliance as with the presence of the brain model.

Pressure in the tail

The mouse tail is a specific region of interest, since tail-cuff pressure measurements are

the most common noninvasive method to determine arterial blood pressure in mice. Yet,

thermoregulatory vasomotion in the tail of the mouse can cause a significant variance in tail

blood flow 60 and, hence, in tail-cuff pressure measurements61. The modelled percentage

of proximal aortic blood flow to the caudal artery was 3%. In order to simulate different

thermoregulatory states, a parameter study was performed in which the blood flow to the

caudal artery was varied between 1% and 5% of the proximal aortic blood flow.

3 Results

General physiological parameters

Main hemodynamic parameters estimated from the 1D model are presented in Table 1.3, along

with values of the 3D model published by Cuomo et al. 18. Cardiac output was 14 ml/min,

stroke volume was 31.4 μl, heart ejection fraction was 61% and mean blood pressure in the

proximal aorta was 98 mmHg. The aortic PWV was calculated with the transit time method

between the proximal ascending aorta and the distal abdominal aorta just before the iliac

bifurcation and was found equal to 4.44 m/s. In the proximal aorta, systolic pressure was 121

mmHg and diastolic pressure was 79 mmHg, with the mean flow equal to 0.23 ml/s. Modelling

of the entire murine arterial tree with the four-element lumped parameter windkessel model

yielded the parameters reported in Table 1.3. Maximum values of Womersley and Reynolds

numbers within the murine circulation were 2.5 and 175, respectively.
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3. Results

Model predictions vs in vivo measurements

Model predictions of blood flow velocity, mean blood pressure and pulse pressure as well as

the mean value of the validation set of 47 in vivo measurements are summarized for all major

arterial sites in Table 1.2.

Table 1.2: Quantification of pressure and blood flow velocity model predictions and corre-
sponding in vivo measurements at different locations along the aortic tree.

In vivo measurements Model In vivo measurements Model

Ascending aorta 0.17 ± 0.24 0.15 NA 98.2
Descending aorta 0.09 ± 0.12 0.15 96.5 ± 18.6 97.3

Thoracic aorta 0.09 ± 0.07 0.15 99.6 ± 17.4 95.5
Supraceliac region 0.12 ± 0.08 0.15 104.9 ± 16.2 95.2

Coeliac artery 0.12 ± 0.03 0.11 NA 94.4
Paravisceral region 0.13 ± 0.08 0.13 NA 94.9
Mesenteric artery 0.13 ± 0.05 0.13 NA 94.2

Right renal 0.11 ± 0.04 0.11 NA 94.2
Pararenal region 0.08 ± 0.07 0.11 107.2 ± 31.4 94.6

Left renal 0.10 ± 0.04 0.09 NA 94.0
Infrarenal aortic region 0.06 ± 0.06 0.07 NA 94.1

Table 1.3: Modelled hemodynamic parameters, compared against the 3D model of Cuomo et
al. 18 and a range of reported physiological values.

CO,
ml/min

SV,
μl

EF
%

MAP,
mmHg

aPWV,
m/s

R,
mmHg· μl-1· s

C,
μl· mmHg-1

Z,
mmHg· μl-1· s

1D model 13.96 31.4 61 98 4.44 0.42 0.54 0.021
Cuomo et al. 18 12.03 27.1 47 75 4.42 NA NA NA

Literature values 8-161,2 17-361,2 55-721 81-1051 2.86–4.283,4,5 0.41 ± 0.136 0.50 ± 0.156 0.021 ± 0.0056

CO: cardiac output, SV: stroke volume, EF: ejection fraction, MAP: mean arterial pres-
sure, aPWV: aortic pulse wave velocity, R: total systemic vascular resistance, C: total
arterial compliance, Z: aortic characteristic impedance. Values for R, C, Z are means ±
SD. Numbers refer to the publications reporting the values, i.e. 1: 47, 2: 62, 3: 63, 4: 22, 5: 64,
6: 59. *values refer to both adult C57BL/6 WT mice and ApoE-/- mice.

Figure 1.3 displays the modelled blood flow velocity waveforms against in vivo measurements

performed on a set of 47 ApoE-/- mice at 6 sites along the arterial tree. Due to the great

variability in heart rate among different measurements, the duration of the cardiac cycle has

been normalized to allow for comparison between different measurements and the model

prediction. The bottom panel of Figure 1.3 shows the model blood flow velocity waveforms

along the aorta, starting from the proximal ascending aorta and ending in the infrarenal

aortic part, before the iliac bifurcation. The mean waveform of in vivo velocity measurements

performed on the same aortic locations is also displayed separately in the bottom panel. A

good overall agreement in amplitude and waveform can be noted. The only arterial sites where

the model prediction presents a similar waveform but different amplitude from the in vivo
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Chapter 1. A 1D model of the arterial circulation in mice

measurements are the descending and thoracic aorta.

In Figure 1.4, the modelled diameter and pressure waveforms are compared with the corre-

sponding in vivo measurements. Similar to the flow velocity waveforms of Figure 1.3, the heart

cycle duration has been normalized in order to facilitate the comparison between the diameter

waveforms. The mean pressure of the model prediction falls within the range of the measured

pressure waveforms at all locations, yet the latter suffer from high inter-subject variability (cf.

Table 1.2). The modelled pulse pressure is 41.7 mmHg in the ascending aorta and drops to

40.2 mmHg in the infrarenal aorta. The in vivo diameter waveforms are similar in shape to

the in vivo pressure waveforms (e.g., panel C). The modelled inner lumen diameter change

from diastole to systole (Δd) in the ascending aorta is 0.22 mm, whereas in the supraceliac

aortic region it is 0.13 mm and 0.08 in the infrarenal aortic region. This corresponds very well

to the in vivo diameter measurements which yielded mean Δd values of 0.23 ± 0.07 mm in

the ascending aorta, 0.15 ± 0.03 mm in the supraceliac aortic region and 0.09 ± 0.02 in the

infrarenal part of the aorta.

Parameter studies

Figure 1.5a displays the effect of inclusion of the brain vasculature on the model flow velocity

and pressure waveform prediction in the right external carotid artery. In the first panel

(i) the modelled flow velocity waveform compares relatively well to in vivo measurements

performed in the right external carotid artery. Middle (ii) and right (iii) panels show that

considerable differences occur in the carotid flow and pressure waveforms with and without

inclusion of the cerebral vasculature into the model. In the absence of the cerebral tree, there

is non-physiological backflow and a substantially altered waveform. Figure 1.5b shows the

Fåhræus-Lindqvist effect in the posterior cerebral segment, which has a mean diameter equal

to 220 μm. Inclusion of the Fåhræus-Lindqvist effect into the model results in a 0.6% decrease

in mean pressure and a 2.1% decrease in mean flow velocity at this location. The effect of

the Witzig-Womersley formulation for wall shear stress and convective acceleration is small

on predicted pressure and flow: in the common iliac artery, use of the Witzig-Womersley

formulation leads to a 0.1% decrease in the mean pressure and marks no change in the mean

flow rate prediction, while in the thoracic artery it leads to a 0.1% decrease in mean pressure

and a 0.2% decrease in mean flow rate. When the inflow rate at the tail was reduced from 3%

to 1%, central pressure slightly increased from 98 to 99 mmHg, while the mean blood pressure

in the tail increased from 83 mmHg to 90 mmHg. In this case, the systolic and diastolic blood

pressure in the tail were 109 mmHg and 74 mmHg, respectively. When the flow in the caudal

artery was increased to 5%, central pressure slightly decreased to 97 mmHg, while the mean

blood pressure in the tail dropped to 77 mmHg. The systolic and diastolic blood pressure in

the tail decreased to 93 mmHg and 64 mmHg, respectively.
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Figure 1.3: Model flow velocity predictions against in vivo flow velocity measurements over a
normalized timescale at six locations along the arterial tree. The bottom panel depicts model
flow velocity predictions at 7 aortic locations extending from proximal to distal abdominal
aorta and the mean flow velocity waveform of the in vivo measurements performed on the
same locations. A: ascending aorta, B: descending aorta, C: thoracic aorta, D: supraceliac
aorta, E: paravisceral region, F: coeliac branch, G: right renal branch, H: I: infrarenal aorta.
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Figure 1.4: In vivo pressure and diameter measurements compared to model results at different
aortic sites. The left panels show the model prediction of inner lumen diameter change over a
normalized cardiac cycle against ultrasound MMode measurements performed at locations A,
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cardiac cycle against invasive pressure measurements at sites B, C and D. A: ascending, B:
thoracic, C: supraceliac region, D: pararenal region, E: infrarenal region.
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Figure 1.5: Influence of cerebral vasculature on model predictions. A. Influence of cerebral
vasculature on model predictions in the right external carotid artery: i) model flow velocity
prediction against in vivo velocity measurements in the same location, ii) Effect of brain
vasculature omission on blood flow velocity waveform, iii) Effect of brain vasculature omission
on pressure waveform. B. Fåhræus-Lindqvist (F-L) effect on blood flow velocity and pressure
waveform in posterior cerebral C segment.

4 Discussion

The original 1D model of the human systemic arterial tree that formed the basis of this work

was developed15 and improved19 in our lab, and has been successfully used as a research

tool in a number of subsequent studies17,65. Due to the fact that it includes a heart model,

ventricular-vascular coupling, a detailed description of the cerebral circulation, and a detailed

description of shear stress and wall viscoelasticity, the original model can be considered

the most complete model available in literature. The effect of separate features on model

predictions are demonstrated and discussed in detail in the original publication by Reymond

et al.19. Combining data from a wide range of literature with a detailed description of the

murine arterial anatomy, we have managed to translate the model into a murine setting, and to

validate its predictions with in vivo flow velocity, pressure and diameter waveforms measured

in a large sample of mice. Despite its generic character, the resulting in silico model provides

pressure and flow velocity waveforms that faithfully reproduce the actual wave characteristics

at all arterial locations.

Overall model validation

To the best of our knowledge, the most elaborate model of the murine vasculature is the recent

FSI model of an anesthetized mouse by Cuomo et al.18. This model was developed based

on data from one single animal and incorporates the central aorta and its major branches.

Table 1.3 compares our 1D model output to values predicted by Cuomo et al.18 and literature
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Chapter 1. A 1D model of the arterial circulation in mice

values. Cardiac output, stroke volume, ejection fraction and mean central pressure of the

1D model are within the range of published values. The central aPWV in both our 1D model

and the 3D model of18 were above the range of aPWV values that have been measured with

transit time methods. The reason is that in the 1D model we adapted the initial distensibility

of the central aortic segments (Figure 1.2) to match the central aortic compliance obtained

by Guo and Kassab 30. Transit time aPWV is not the most reliable measurement in mice since

the relative measurement error on the transit distance is much larger than in humans18,20.

Therefore, we judged that the global value of accumulated local in vivo pressure-diameter

loops performed by Guo and Kassab30 yielded a more accurate and trustworthy value for

central aortic compliance. This hypothesis is further corroborated by the close match of our

total volume compliance with the value that was obtained by Segers et al. using ventricular

pressure-volume loops in n = 17 anesthetized mice 59, while the latter was not used as an input

for the model.

Model validation at major arterial locations

When interpreting the model validation, it is important to keep in mind that the model is based

on averaged data and by definition provides generic pressure and flow waveforms. While

these aim to be representative for the average young, male laboratory mouse on a C57BL/6J

background, they can only be compared qualitatively, and not quantitatively, to individual

measurements. Ideally, full validation would require a mouse-specific approach, where all

input parameters defining the model (geometry, elastic properties, peripheral resistances,

varying elastance of the heart) would be tuned to each specific animal, after which predicted

pressures and flows could be compared quantitatively with the measured waveforms in the

same animal. Clearly, this is an impossible task, as the technical limitations hampering such

precise measurements are the very reason we need an in silico model. Instead, we opted to

compare the model predictions to measurements obtained in mice that were not used to

define the input for the model (i.e., the local flow split, pressure and distensibility) at these

locations.

In general, modelled flow velocities correspond well to the in vivo measurements (Figure 1.3).

However, while the modelled flow velocity predictions exhibit a gradual dampening along the

main aortic segment, the in vivo measurements show a drop in the descending and thoracic

aortic mean flow velocities, which is then followed by an increase of mean flow velocity in the

abdominal aorta. Since there is no physiological reason for the velocity to drop locally, we

believe that this discrepancy is due to a systematic underestimation of the measured velocity

at the descending and thoracic arteries, rather than an error in the model. Given the curvature

and branching of the local geometry in the descending aspects of the aortic arch, it is likely that

the ultrasound measurements at these locations did not correspond to the centerline velocity.

Another possibility is that, because of the spatially skewed velocity profile at the descending

aorta66, the ultrasound measurement at the center of the vessel did not correspond to the

peak velocity of an ideal, perfectly parabolic velocity profile. Both effects would lead to an
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underestimation of the measured velocities.

It is important to remark that the diameters shown in Figure 1.4 were not a direct output of the

model, but were calculated a posteriori based on the nonlinear elastic instantaneous lumen

area change under a distending pressure. Nevertheless, the diameter waveforms predicted

by the model showed very good agreement with measured MMode diameter waveforms.

Moreover, the general morphology of diameter and pressure waveforms was highly similar,

as could be expected from literature67. The pressure measurements were obtained in a set

of C57BL/6J animals (n = 5). Despite the similar genetic background, age, gender and diet

of the used experimental mice, pressure measurements showed significantly more inter and

intra mice variability than the velocities or diameters (Table 1.2, Figure 1.4). As discussed in

previous work 20, we hypothesize that this was most likely induced by (i) the invasive nature

of the pressure measurements, as the inserted pressure probe alters local hemodynamics 18

since it blocks the femoral artery and significantly obstructs the flow in the distal part of

the abdominal aorta, and (ii) the long period of anesthesia (around 45 min) required for the

combination of surgery (probe insertion) and pressure measurements. Therefore, we judged

the velocity and diameter model validations most trustworthy for validation purposes. The

modelled blood pressure in the tail was lower than the central blood pressure, and was found

to be dependent on the amount of blood flow in the caudal artery. Higher blood flow to

the caudal artery leads to higher viscous losses, resulting in a decrease of the mean blood

pressure in the tail. As mice regulate the blood flow in the tail during thermoregulation,

especially during anesthesia, these results confirm earlier findings that tail-cuff blood pressure

measurements in anesthetized mice are to be interpreted with caution 60,68.

Model validation in small side branches

Model predictions in smaller branches could not be validated, since such measurements are

technically very challenging: a rigid invasive pressure probe with a diameter of 0.4 mm cannot

be inserted into the small side branches18,20, while high-frequency ultrasound flirts with the

limits of the achievable resolution at these locations. Nevertheless, confirming previous results

in the human 1D model19, we found that inclusion of the cerebral tree is necessary for the

accuracy of model predictions in the carotid arteries (Figure 1.5, panel A). Moreover, as we will

see in Chapter 2, there seems to be a previously undetected role of small branches in the early

phase of cardiovascular pathology. Therefore, we decided to include the cerebral tree and

other small branches in the model, despite the lack of proper validation. In the near future,

improvements in imaging technology might lead to a more extensive validation that would

include physiological measurements at these locations.

Anesthesia

All in vivo experiments (micro-CT, high-frequency ultrasound as well as invasive pressures)

were performed under anesthesia, and so were all flow rates, cardiac parameters and local
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stiffness data that were extracted from literature. We did not attempt to convert all input and

validation data into values that are representative for conscious mice. Instead, we chose to

restrict the input of the model to measurements obtained under anesthesia, and thus de facto

construct an in silico model representing the average anesthetized mouse. This choice was

partly made for practical reasons, as it is neither possible nor ethically acceptable to perform

in vivo measurements in conscious mice. Moreover a conversion of anesthetized to conscious

data would have induced additional uncertainty and variability into the model. But we also

believe that a model of anesthetized mice will prove more useful for the research community

than a model for conscious mice, as it allows to investigate the influence of changes in anatomy

or physiology in silico and compare the outcome to actual values measured in vivo (i.e., under

anesthesia). Anesthesia slows down heart rate, reduces cardiac output69, and reduces pulse

pressure, and it is important to take these factors into account when interpreting model

predictions.

Genetic background

Model predictions were initially compared to a limited number (n = 5) of non-invasive flow

velocity and invasive pressure measurements in C57BL/6J mice. To account for the biological

variation in our initial validation data, we complemented them with velocity and diameter

measurements from n = 47 ApoE-/- that were readily available as baseline data from a study

on abdominal aortic aneurysm70. This strategy enabled a more extensive, accurate and

ethically justifiable validation of the model predictions since (i) many more animals and

arterial locations could be included in the validation, and (ii) no additional animals needed to

be sacrificed, which was after all the final goal of developing an in silico model. It is, however,

important to keep in mind that ApoE-/- mice are genetically different from wild type C57BL/6J

mice. These hypercholesterolemic mice develop atherosclerotic plaques when they are put on

a Western diet, and aneurysms when they are infused with angiotensin II. At the time of the

measurements, they were on a normal diet, at a young age, and had not yet been subjected to

any surgical or pharmacological intervention. To account for any variability induced by the

different genetic background, we compared micro-CT measurements of the main aorta and

major branches of 3 ApoE-/- mice with the arterial tree obtained in wild type mice. Since no

significant difference in segment diameters or segment lengths could be detected, dimensions

from both groups were combined in the final arterial tree. Since we did not observe any

morphological differences between diameter and flow velocity waveforms obtained from both

strains, and since genetic background, age, gender and diet were similar in both groups, we

decided to combine all data into one single model.

Of mice and men

Despite the many similarities between human and murine arterial anatomy, it would be wrong

to simply dismiss the murine cardiovascular system as a smaller and faster version of the

human one, which is also the reason why we acquired mouse-specific input for the entire
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geometry and all boundary conditions, rather than downscaling the existing human model.

For instance, while murine dimensions are much lower and murine heart rate is much higher,

both blood viscosity and blood flow velocity are similar in mice and men. This has a number

of implications.

First of all, mice have a much lower Reynolds and Womersley number 71,72 and thus murine

flow is more laminar and organized than human flow 43. In the numerical model of the human

arterial tree, the Womersley number falls below 2.5 only in the radial, tibial and cerebral

arteries. The Reynolds number drops below 175, which is the highest value it attains in the

murine arterial tree, in the human cerebral segments, vertebral and external carotid arteries,

as well as in the coronary arteries, the inner iliac and the inferior mesenteric artery. The

Fåhraeus-Lindquist effect has been included in our model to account for the drop in apparent

blood viscosity in small vessels, but appears to have no significant effect on our results, even

in the smallest vessels of the cerebral arterial network.

Arterial pulse wave velocity values in mice are slightly lower but in the same order of magnitude

as values measured in humans73, which means that pulse wave travels at similar speed in a

much shorter system. In the human 1D model that formed the basis for this work, the aPWV

was equal to 5.66 m/s 74 and the heart rate was 75 bpm (1.25 Hz), resulting in a wavelength of 4.5

meters predicted by the wave equation. At the same time the central aorta in the human model

measured 0.51 m, which is only 11.3% of the wavelength. In our murine model, the aPWV

value of 4.44 m/s and a heart rate of 445 bpm (7.4 Hz) result in a wavelength of approximately

0.6 m. The central aorta in the murine model equals 47.3 mm, which corresponds to 7.9%

of wavelength. Since the ratio of wavelength to total aortic length is similar in the two cases,

we would expect similar wave propagation behavior. However, there is no pulse pressure

amplification in the mouse model as we move from the proximal aorta (PP = 41.7 mmHg) to

the iliac bifurcation (PP = 40.2 mmHg). Instead, the pulse pressure is gradually dampened

from the heart to the periphery. At the same time the model yields a drop in mean pressure

of 5.5 mmHg from the proximal aorta to the distal abdominal part. On the other hand, when

assuming inviscid flow, the model does exhibit a pulse pressure amplification of 36 mmHg in

the proximal aorta to 42 mmHg at the iliac bifurcation, which is similar to the pulse pressure

amplification observed in the human model. The high frictional losses thus override the effect

of pulse pressure amplification in the mouse.

Model limitations and possibilities for improvement

Limitations related to the in vivo measurements (anesthesia, inter-mouse variability, genetic

background) have been discussed above. From a modelling point of view, we believe that

our model is state-of-the-art, as we managed to translate all features of the state-of-the-art

1D-model of the human arterial tree into a murine setting. Both the assets and the limitations

of our model are therefore comparable to those of the human 1D model. The model neglects

the venous circulation, the pulmonary circulation and the circulation of cerebrospinal fluid
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surrounding intracranial arteries. Windkessel models employed in the cerebral circulation are

based on assumptions and should be investigated in more detail. The varying elastance curve

may not be invariant in the presence of cardiovascular disease75, and the varying elastance

model may not be the most appropriate to account for changes in pressure and volume

during the cardiac cycle in anesthetized mice 76. Viscoelastic parameters were obtained from

a limited number of canine arteries39, and additional datasets on aortic wall viscoelasticity

are needed to refine this aspect for both the human and the murine model. Finally, the input

and validation of the model have been restricted to young male mice, while the cardiovascular

anatomy and physiology change significantly with age as well as gender 22. Future work will

focus on the development of dedicated age- and gender dependent models, in which arterial

dimensions, wall properties, peripheral impedances and cardiac function will be appropriately

adjusted.

Conclusions and future work

We presented a versatile numerical model of the systemic arterial tree in mice. Detailed

measurements of anatomy (obtained from in vivo micro-CT measurements) and physiology

(obtained from high-frequency ultrasound measurements and literature data) were combined

with a 1-D implementation of the Navier-Stokes equations to predict pressure and flow wave-

forms in 85 different branches. The output of the model has been shown to correspond well

with pressure, diameter as well as velocity measurements obtained in mice that were not used

as an input for the model. At a time of strong ethical considerations over animal testing, we

believe that computational models have an important role to play. While specific biological

experiments can and will obviously never be replaced by generic modelling results, our versa-

tile 1D model is perfectly suited to serve as an alternative for in vivo proof-of-concept studies.

Rather than performing cumbersome invasive measurements that often require to sacrifice

the animals in order to gain insight into the physiology of altered experimental conditions

(e.g., in case of the ligation of a specific artery or the increase of aortic stiffness), a wide range

of different physiological conditions can be simulated in the model without sacrificing a single

animal. The ability to simulate cardiovascular pathology (e.g., aortic valve insufficiency, aortic

aneurysm, stenosis, hypertension) or operative measures affecting the arterial anatomy (e.g.,

aortic ligation, castration, amputation) prior to or instead of sacrificing animals, can lead

to the reduction and ultimate replacement of the amount of sacrificed animals in (the pilot

stage of) newly developed experimental techniques and thus facilitate the implementation of

the 3R’s principle in research practice. The model could also lead to the derivation of central

pressures from tail cuff measurements, through a transfer function.
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*In comparison to the original published manuscript, the work presented in this chapter has

been restricted to the findings relevant to onset of disease, which were also the contribution of

LA to the study. Other findings of this study, focused on more advanced stages of Angiotensin

II-induced dissections, have been summarized in section 5.3 in of the Introduction.

1 Introduction

Ever since its first appearance, Angiotensin II (Ang II) infusion into hypercholesterolemic

ApoE-/- mice has been a mainstay in the study abdominal aortic aneurysm (AAA) 1,2,3. Despite

reproducing several clinical features of human AAA such as elastin degradation, macrophage

infiltration, thrombus formation and re-endothelialization, other observations have remained

unexplained, such as the suprarenal location of lesions and the role of aortic side branches in
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disease evolution4,5,6,7. As we saw in the Introduction (section 5.3), Trachet et al. have used a

novel synchrotron-based imaging technique (phase contrast X-ray tomographic microscopy;

PCXTM) to show that the luminal dilatation in Ang II-infused, anti-TGF-beta injected C57Bl6

mice is the result of a medial tear, occurring near the ostium of suprarenal side branches. This

tear was sometimes accompanied by a false channel with varying degrees of severity, and in

some cases it resulted in the formation of an intramural (but not intraluminal) hematoma

(IMH)8. Differently from human aortic dissection (AD), the medial tear transected all of the

elastic laminae and no re-entry into the true lumen was observed. They therefore described

these lesions as dissecting AAAs, a term previously coined by other researchers 9,10. In a follow-

up review article, they showed that synchrotron-based findings on dissecting aneurysms were

compatible with virtually all existing (2D-imaging based) literature on the abdominal lesions

of Ang II-infused ApoE-/- mice, and that the luminal dilatation in these models (if present at

all) was more reminiscent of AD than of AAA 11,12. But while these observations provided new

insights into the model, a number of intriguing research questions have remained unsolved.

Why do dissecting aneurysms primarily develop near suprarenal side branches? And why are

some branches more affected than others7? A better understanding of the interaction between

side branches and the initiation of disease in Ang II-infused mice could substantially improve

our understanding of the mechanisms leading to the formation of AAA and AD in humans 13.

To answer the lingering questions of this mouse model, appropriate imaging has to used able

to capture early changes within the murine vascular wall. Accurate morphologic evaluation at

microscopic level can be achieved through histopathology, but this relies on two-dimensional

sections that make 3D reconstruction and analysis challenging if not impossible9. In vitro

(vascular casting) as well as in vivo (contrast enhanced) micro-CT offer an isotropic pixel

size up to 50 μm but are restricted to the blood-filled aortic lumen and do not allow for

visualization of the aortic wall 5. In vivo micro-MRI provides soft tissue contrast visualizing

the aortic wall, but the typical through-plane distance is too coarse (order of magnitude

100–200 μm) for detailed 3D analyses14,15,16. Finally, 3D ultrasound offers a detailed in-

plane pixel size (up to 15 μm) and through-plane distance (up to 35 μm) as well as limited

soft tissue contrast, but it is a highly operator-dependent technique that is often subject to

interpretation17. Differential phase contrast X-ray tomographic microscopy (PCXTM) uses

synchrotron radiation to overcome all these limitations as it combines detailed soft tissue

contrast (obtained through grating interferometry) with an isotropic pixel size of 6.5 μm 18 (cf.

section 4.1 of the Introduction).

Here, we present an observational study in which we intend to characterize the early stage of

lesion formation in this model. The thoraco-abdominal aorta of Ang II-infused ApoE-/- mice

was studied in vivo with high-frequency ultrasound and contrast-enhanced micro-CT, and ex

vivo with PCXTM and PCXTM-guided histology. In this study, the use of contrast-enhanced

micro-CT has been done intentionally, as opposed to incidentally in the first synchrotron

study we described in section 5.3 of the Introduction. Following the incidental discovery of

micro-CT contrast agent infiltrations in the aortic wall, here we have used the same contrast

agent Exitron for two reasons. Its infiltrations in the aortic wall can point us to the exact
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location of primary damage after short-term AngII infusion, while it also serves for the in vivo

follow-up of animals with micro-CT.

2 Methods

Animals

All the procedures were approved by the Ethical Committee of Canton Vaud, Switzerland (EC

2647.2) and performed according to the guidelines from Directive 2010/63/EU of the European

Parliament on the protection of animals used for scientific purposes. Male ApoE -/- mice on a

C57Bl/6J background were purchased from Janvier (Saint Berthevin, France). At the age of 12

weeks, n=12 mice were implanted with a 200 μl osmotic pump (model Alzet 2004; Durect Corp,

Cupertino, CA) filled with a solution of angiotensin II in sterile saline 0.9% (Bachem, Bubendorf,

Switzerland), on the right flank via an incision in the scapular region. During the implantation

mice were anesthetized with 1.5% isoflurane. For every administration of isoflurane mentioned

throughout this dissertation for induction and maintenance of anesthesia, we note that we

have used compressors that concentrate room air to oxygen levels between 85% and 91%

(model: Sequal Integra E-Z Oxygen concentrator), and deliver this concentrated air to the

inhalation anesthesia system. To avoid interference with the micro-CT images, the metal flow

divider inside the pump was replaced by a PEEK alternative (Durect Corp, Cupertino, CA).

Each pump infused Angiotensin II at 1000 ng/kg/ min19, for a total duration of 3 days. Prior to

implantation the animals received buprenorphine (0.08mg/kg, subcutaneous) as analgesic.

Water and regular mouse diet were available ad libitum and animals were observed daily after

the implantation of pumps.

One animal died with hemothorax after in vivo imaging on day 3, but prior to sacrifice. Another

animal of the study experienced a medial tear and intramural hematoma formation in the

abdominal aorta during the micro-CT scan at day 3. This animal was treated separately, as a

special case of this study. The remaining n=10 animals were sacrificed after 3 days of AngII

infusion and studied for the occurrence of micro-ruptures.

In vivo ultrasound and micro-CT imaging

Animals were anesthetized with 1.5% isoflurane during the in vivo scans (in concentrated air

with oxygen levels 85% and 91%, see above). Ultrasound imaging was performed with a high-

frequency ultrasound device (Vevo 2100, VisualSonics, Toronto, Canada) using a linear array

probe (MS 550D, frequency 22–55MHz). Animals that were followed up in vivo with a contrast-

enhanced, non-gated micro-CT were injected in the lateral tail vein with 4μl/gram body weight

of ExiTron nano 12000 (Miltenyi Biotec, Bergisch Gladbach, Germany) (cf. section 4.1 of the

Introduction). After the experiments, mice were anesthetized with Ketamine/Xylazine (100

mg/kg and 15 mg/kg, respectively) and the aortic tissue was carefully harvested post mortem.
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Ex vivo PCXTM imaging

After sacrifice, the aorta was flushed in situ by transcardiac perfusion of PBS (pH 7.4) through

the left ventricle. The abdominal aorta of both intact and transmurally ruptured dissecting

AAAs was carefully excised, and samples were fixed by immersion in 4% paraformaldehyde

(PFA) in 0.15 mMPBS. The samples were scanned at the TOMCAT beamline of the Swiss Light

Source, Paul Scherrer Institut, Villigen, Switzerland for imaging. Differential phase contrast

X-ray tomographic microscopy (PCXTM) uses synchrotron radiation combines detailed soft

tissue contrast (obtained through grating interferometry) with an isotropic pixel size of 6.5 μm

(as described in section 4.1 of the Introduction).

PCXTM-guided histology

After PCXTM scanning, the samples were fixed as mentioned above, processed, and embedded

in paraffin according to standard histological procedures. Four micrometre thick paraffin

sections were carefully compared with the corresponding PCXTM images under a Leica

DM750 bright field microscope to spot the exact rupture sites. Selected slides were stained

with Hematoxylin-Eosin (H&E) to assess general morphology. Miller stain and Sirius red F3B

(CI35782, Direct red 80) were combined to specifically highlight elastic fibers and collagen on

the same section. All slides were photographed using an automated slide scanner (VI20-L100,

Olympus).

Statistics

Since only a limited number of animals was sacrificed, the ex vivo PCXTM-based results had

too few samples to ascertain normality. The measurements were analysed using a Kruskal-

Wallis analysis, followed by a post-hoc Dunn’s test for pairwise comparisons. P-value < 0.05

was considered significant (*).

Micro-CT and PCXTM image processing

All reconstructed 3D datasets were semi-automatically segmented into 3D models using the

commercial software package Mimics (Materialise, Leuven, Belgium). As a first segmentation

step, the aorta was manually thresholded and segmented where necessary. When the resulting

segmentation was judged sufficiently accurate, a separate threshold was applied for the

contrast agent infiltrations on the vascular wall. The volume of exitron surrounding the orifice

of each branch was then quantified separately for each branch. Perpendicular planes were

imposed as shown on Figure 2.1 at branching points to define circumferential quadrants. The

number of minor side branches (meaning besides the celiac, superior mesenteric, right and

left renal) which had contrast agent infiltration around their orifice were also quantified.
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3 Results

Early microstructural damage around side branches

Ex vivo PCXTM images revealed that in n=8/10 animals sacrificed after 3 days of AngII infusion,

despite a gross normal appearance of the aortic samples, the contrast agent had infiltrated the

tunica media of the vascular wall (Figure 2.1a). These infiltrated aggregates, denoting focal

microstructural damage, were predominantly found at the orifice of major abdominal side

branches, with a high preference for the celiac and superior mesenteric arteries in particular

(Figure 2.1b).

Figure 2.1: Early events in Angiotensin II-infused mice (n=10/11, since n=1/11 animal pre-
sented in vivo rupture). (a) 3D (segmented) and 2D PCXTM images of early-stage damage
as visualized with Exitron. (b) Scatter plot showing the volume of Exitron infiltration at each
of the five major branches. (c) Scatter plot showing the circumferential variation of Exitron
infiltration at the level of the celiac and superior mesenteric arteries (quadrants shown in
panel a, bottom right). (d) Bar plot showing how the number of minor branches affected by
Exitron infiltration varies across the circumference (quadrants as in panel a, bottom left). * P<
0.05. V: ventral, D: dorsal, R: right, L: left, LSRA: left suprarenal artery, CA: celiac artery,MA:
mesenteric artery, RRA: right renal artery, LRA: left renal artery.
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Circumferential distribution of vascular damage

We separated the aortic wall in quadrants to capture trends in the distribution of contrast agent

infiltrates along the circumference of the aorta. At the level of the most affected abdominal

branches, the celiac and the superior mesenteric arteries, the infiltration was most pronounced

in the ventral aspect of the aorta and sometimes left and right of the orifice, but never in the

dorsal aspect (Figure 2.1c).

Given the resolution of the imaging technique, we further assessed the circumferential vari-

ation in microstructural damage at the level of smaller suprarenal branches (such as minor

subcostal arteries). Exitron infiltration occurred predominantly around the ostia of dorsal

branches, which were also the most abundant (Figure 2.1d).

In vivo and ex vivo imaging of an ongoing aortic dissection

We serendipitously witnessed an aortic dissection play out in vivo during the micro-CT scan

of an animal on the third day of AngII infusion. Figure 2.2 shows how the free-flowing blood

outside the media and the resulting intramural hematoma evolved over time. A false channel

with a large volume of free-flowing blood was visible on the initial micro-CT scan (Figure 2.2a).

Imaging with Color Doppler 1 hour after the first microCT scan showed absence of blood flow

within the intramural hematoma. The 2D images of the follow-up micro-CT scan performed

just 2.5 hours later show how most of the free-flowing blood had already coagulated, evidenced

further by Exitron infiltration as dense white clusters within the false channel (Figure 2.2b).

The animal was sacrificed 4 hours after the initial micro-CT scan and imaged with PCXTM,

which showed that the adventitial dissection and IMH had extended even further cranial and

caudal of the medial tear. The medial tear that had been the source of free-flowing blood could

be visualized, and the coagulation patterns around the initial tear could also be seen on the

ex vivo PCXTM images (Figure 2.2c, also the 2D panels in e). PCXTM image-guided histology

(Figure 2.2e, bottom) with SR-Miller and H&Ε showed how coagulation had taken place at the

level of the tear, but not yet as organized at the cranial and caudal ends of the hematoma 4

hours after the live dissection.

4 Discussion

The suprarenal location of dissecting aneurysms: do side branches hold the key?

Motivated by previous observations of outstandingly frequent medial tears around side

branches of fully dissected abdominal mouse aortas, as evidenced by histomorphometry6,7

and high-resolution imaging 8, we set out to assess whether branches may also be implicated in

the early stage of disease process. Here we have made use of a previous serendipitous finding

of contrast agent percolations in the aortic wall, and have used contrast agent as a marker for

vascular damage. We report that microstructural damage in the abdominal aorta occurs as
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Figure 2.2: (a-c) 3D (segmented) micro-CT (top, middle) and PCXTM (bottom) showing how
the free-flowing blood outside the media and the resulting IMH evolved over time in the case
of a live rupture. (d) Timeline of in and ex vivo scans performed on the case of live rupture. (e)
Top-bottom: micro-CT images at T1, Color Doppler at T1+1h, micro-CT at T1+2.5h (notice the
dense white clustering of the Exitron), PCXTM at T1+4h, SR-Miller and H&E stains at T1+4h. *
P< 0.05. V: ventral, D: dorsal, R: right, L: left, LSRA: left suprarenal artery, CA: celiac artery, MA:
mesenteric artery, RRA: right renal artery, LRA: left renal artery.

early as 3 days post-implantation (compared to previous observations made after 28 days),

with a spatial preference for the orifice of aortic side branches. The most frequently affected

side branches were the celiac and superior mesenteric arteries. Given the identical topology

of medial tears around the same branching regions in fully developed dissecting aneurysms

(cf.Figure 37), this finding demonstrates unequivocally that side branches, particularly the

celiac and superior mesenteric, are implicated in the onset of dissection in this mouse model.

An in vivo dissecting aneurysm

While early events in response to AngII such as macrophage medial migration and dissection

have been captured within days of infusion 20, how fast these events progress once they have

been initiated has not been reported. Within the context of this study, we serendipitously
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imaged an aortic dissection occurring in vivo during micro-CT imaging. Follow-up of the ani-

mal using Color Doppler ultrasound and further imaging with micro-CT showed remarkable

propagation of the adventitial dissection and coagulation of the intramural hematoma within

only 2.5 hours. The synchrotron-imaged aorta of the mouse at the time mark of its sacrifice,

4 hours after the in vivo dissection, showed further propagation of the dissection cranially

and caudally in the 1.5 hours that elapsed between the second micro-CT scan and the final

sacrifice of the animal. This remarkable case shows how that, once initiated, these lesions

evolve in a matter of hours and is, to our knowledge, the first instance of such a dissection

extensively characterized during in vivo imaging.

Is contrast agent visible also on in vivo micro-CT, besides PCXTM?

The Exitron contrast agent was, exceptionally, visible not only on the PCXTM images but

also on micro-CT scans in the case of the in vivo imaged dissecting aneurysm presented in

Figure 2.2 (2D micro-CT images at panel e, timepoint T1+2.5h). However in most of the aortas

that underwent short-term AngII infusion and did not dissect (n=10/11 animals presented in

this study), such is not the case. In the intact-appearing aortas such as the ones we harvest

after 3 days of infusion, the resolution of the microCT does not suffice to distinguish the small

contrast agent quantities found within the wall. An example of a contrast agent aggregate

(3D rendering from a Synchrotron scan) is shown below on the left, with its dimensions in

x, y and z. On the right is the microCT image of the aorta at the corresponding level of the

celiac bifurcation (noted with arrow is the expected point of exitron appearance). No contrast

agent is visible on the microCT outside the lumen however. The contrast agent aggregate is

1.9-2.2 times the pixel size of 50 um, thus barely at the Nyquist theorem limit of detectable

objects for the given pixel size. Especially considering that during in vivo scans, the animal is

breathing and the aorta is pulsating, the wall motion during the non-gated scan makes it near

impossible to resolve details within the wall. Thus microCT-based approaches to evaluate

Exitron infiltrations may be used for late-stage disease investigations, but the method is not

well-suited for early-stage studies.

It is important to point out that the findings presented in this observational study mainly

explain what is happening near side branches at an early stage of Ang II infusion. The question

why this is the case remains remains unanswered and requires further investigation. While

intuitively such consistent localization around the aortic side branches can be attributed to

biomechanical forces, within the dynamic and constantly mechanoregulated environment

that is the aorta more factors may be at play at the cellular or molecular level.
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Figure 2.3: Exitron infiltrations are not visible on a micro-CT scan after 3 days of AngII infusion.
Left: 3D rendering of the aorta (grey) and local contrast agent infiltration (red) around the
celiac branch. Dimensions of the contrast agent infiltrate are annotated. Left: Transversal
micro-CT image at the level of the celiac bifurcation (arrow points at the aorta, at expected
site of Exitron visualization). P: Alzet pump, whose metal flow divider has been replaced with
a micro-CT compatible alternative, as explained in the Methods section.
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1 Introduction

Degenerative conditions of the aorta, such as progressive aneurysmal dilatation, acute dissec-

tion, or catastrophic rupture, are influenced strongly by the biomechanical loads that act on

the vessel wall. Importantly, dissection and rupture occur when the intramural mechanical

stress exceeds the strength of the wall 1,2, with dissections involving a tearing of intimal / me-

dial layers that allows blood to enter the wall. An associated progressive separation within the

medial layer can create a false channel parallel to the true lumen that may or may not re-enter

the aorta. Mechanical stimuli are thought to be key contributors to the initiation of aneurysms

and dissections, not just their progression3. Estimation of the mechanical stresses/strains

within the vessel wall via biomechanical simulations thus represents a promising approach

for risk stratification 4,5 and patient-specific interventional management 6,7,8. Simulations can

also help enhance our hitherto limited understanding of the pathogenesis and early arterial

remodelling that is characteristic of aneurysms and dissections, thus leading to an improved
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prognostic capability and therapeutic design. Computational models of the biosolid and

biofluid mechanics suggest, for example, that pressure-induced hotspots of elevated nor-

mal wall stress9 and flow-induced hotspots of elevated wall shear stress 10 occur around the

branching regions of the aortic arch, where initial dissecting tears often manifest. A continuing

limitation of computational models, however, is the lack of validation due to the paucity of

longitudinal patient data, particularly during early stages of the disease. Animal models can

therefore serve as invaluable complements to human studies.

Chronic infusion of the vasoconstrictive peptide angiotensin II (AngII) in atherosclerosis-

prone mice is a well-accepted model for dissecting aortic aneurysms11,12. The observed

lesions develop within hours to days in the suprarenal abdominal aorta and are caused by a

medial tear that is often accompanied by marked dissection and intramural hematoma 13,14.

A number of studies investigated roles of hemodynamic loads in this AngII-induced model

of dissection15,16,17, motivated by earlier suggestions of the likely importance of mechanical

stresses in the etiology 18,19. An important subsequent experimental finding, however, was the

histomorphometric identification of transmural disruptions in the vicinity of orifices at major

side branches in late stages of the disease, namely after 28 days of AngII infusion20,21. Although

this finding focused subsequent attention on the potential biomechanical vulnerability of

branch points 22,23 the precise role of biomechanics in the initiation and early progression of

AngII-induced lesions has remained elusive. Our continuing search for biomechanical mecha-

nisms must nevertheless build on prior studies. Numerous imaging modalities, including in

vivo magnetic resonance imaging, high frequency ultrasound and ex vivo panoramic digital

image correlation, have been used to estimate regional biomechanics in the AngII-infused

murine abdominal aorta 24,25,26,27. Biaxial mechanical testing has also shed light on the solid

mechanics of the mouse aortic wall prior to and during AngII infusion28,29. Mouse-specific

fluid dynamics simulations have been used to understand flow patterns in the true aortic

lumen either prior to AngII infusion 17 or in the late stages of disease development when

a false lumen is present30,31. Mouse-specific fluid-solid-interaction (FSI) simulations have

shown the distribution of principal stresses in a healthy mouse aorta 32, but computational

efforts focusing on the early stage of AngII-induced lesions with appropriate mouse-specific

validation are lacking.

We have previously performed ex vivo synchrotron-based imaging of AngII-induced dissect-

ing aneurysms by means of phase contrast X-ray tomographic microscopy (PCXTM), which

yielded 3D datasets of the aortic wall at 6.5 μm isotropic resolution22,23,33. We found that

dissections starting as medial microruptures can be visualized ex vivo due to a fortuitous

discovery: the micro-computed tomography (micro-CT) contrast agent injected into the mice

in vivo (prior to euthanasia) infiltrated the aortic wall intra vitam to form microleaks that

appeared as white aggregates. The advantage of such microleaks is that they can be analyzed in

3D along the entire vessel, and therefore offer a much more accurate and complete assessment

of vascular damage than what can be obtained by traditional slice-by-slice 2D histology - an

arduous, expensive, and invasive procedure. Consistent with earlier histological findings 20,21,

the microleaks occurred mainly near the ostia of suprarenal side branches, with a particularly
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high incidence around the celiac and superior mesenteric arteries. It is expected that the

preferential localization of these microruptures are intricately linked to the regional mechan-

ics. Aiming to test this hypothesis, we introduced a custom automated morphing framework

to map the non-pressurized, non-axially-stretched, PCXTM geometry onto the pressurized,

axially-stretched in vivo micro-CT geometry 34. The output of this morphing scheme is a

mouse-specific structural finite element simulation under pressurization and axial stretch.

In this way, this synchrotron-based biomechanical modelling considers often-overlooked

aspects of the native geometry - namely mouse-specific aortic wall thickness, minor aortic

side branches and local axial stretch – that impact the location of hotspots in the computed

in vivo aortic strain field 34. This morphing framework was only tested for a single mouse,

however, thus its general validity remained to be demonstrated.

The aim of this work is to test the hypothesis that the local mechanics at major abdominal

side branches drive disease initiation in AngII-infused mice. To that end, we present an

experimental-computational approach that was used to compare histopathological, imaging,

and computational results regionally for AngII-infused and saline-infused control mice. We

first verified that the infiltrated contrast agent can be used as a precursor for vascular damage,

and then compared the 3D distribution of infiltrated contrast agent to spatial hotspots of me-

chanical strain (obtained with synchrotron-based biomechanics). Importantly, the associated

mechanical strains were computed by comparing unloaded and temporally averaged loaded

configurations of the abdominal aortic wall, not in vivo diastolic and systolic configurations.

Finally, we further tested the hypothesis that load-induced delamination of the wall initiates

at or near branch sites via synchrotron imaging of aortas that were mechanically tested ex

vivo in the absence of complicating mechanical factors such as complex hemodynamics 30,31

and perivascular tissue support35, thus focusing on the effect of material and geometric

heterogeneities at branch sites.

2 Methods

Animals

All procedures were approved by the Ethical Committee of Canton Vaud, Switzerland (EC

2647.2) and performed according to Directive 2010/63/EU of the European Parliament on the

protection of animals used for scientific purposes. Twelve-week old male ApoE-deficient

mice on a C57BL/6J background (n=10) were infused for 3 days with AngII at a rate of

1000ng/kg/min, as described in the method section 2 of Chapter 2. Age-, sex- and strain-

matched controls (n=6) were infused for 3 days with 0.9% normal saline. All mice underwent

a micro-CT scan (detailed below) just prior to euthanasia with a ketamine/xylazine cocktail

(100 mg/kg and 15 mg/kg, respectively) and aortic tissue was collected immediately after

euthanasia.
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Imaging

In vivo.The abdominal region was imaged using contrast-enhanced non-gated micro-CT on

the third day of AngII infusion. The contrast agent (ExiTron nano 12000; Miltenyi Biotech,

Germany) was injected into the lateral caudal vein at 4 mL/g body mass and imaging was

achieved using a Quantum FX micro-CT scanner (Caliper Life Sciences, USA). Anesthesia was

maintained throughout scanning with an inhalation of 1.5% isoflurane. We used compressors

that concentrate room air to oxygen levels between 85% and 91% (model: Sequal Integra E-Z

Oxygen concentrator), which then deliver this concentrated air to the inhalation anesthesia

system. The resulting DICOM images had an isotropic voxel size of 50 μm. The soft-tissue

contrast of this technique delineates the blood-filled aortic lumen but is not sufficient for

visualization of the aortic wall thickness. Resulting segmentations of the aorta from these

(non-gated) scans represent an average of the systolic and diastolic geometries.

Ex vivo. The abdominal aortas of the 10 AngII-infused and 6 saline-infused control mice

were excised and fixed in 4% paraformaldehyde (PFA). The samples were then imaged at the

TOMCAT beamline of the Swiss Light Source in the Paul Scherrer Institut, Villigen, Switzerland.

Images were acquired in stacked scans with 6.5μm isotropic resolution using differential

phase contrast X-ray tomographic microscopy (PCXTM) with grating interferometry, as we

described in section 4.1 of the Introduction. This complementary imaging modality enables

tissue contrast sufficient to quantify wall thickness and to segment small side branches off the

aorta 36.

Histology

The reliability of local contrast agent distribution as a marker of vascular damage was first

validated against targeted 2D histology. Briefly, after ex vivo PCXTM scanning, samples were

fixed again in 4% PFA and embedded in paraffin using standard histological procedures.

We then followed procedures for PCXTM-guided histology that we introduced previously22.

Namely, upon examination of the PCXTM dataset for each sample, we identify sites of contrast

agent infiltration and serially section the embedded samples to obtain desired locations,

including those with and without contrast agent as well as with and without branches. Slides

were stained with Haematoxylin-Eosin (H&E) to assess general morphology: 214 slides from

the 10 AngII-infused mice and 157 from the saline-infused control mice. Whereas eosin also

stains erythrocytes red, a Martius, Scarlet and Blue (MSB) stain was used to assess fibrin

within coagulated blood. Immunostaining identified macrophages (F4/80), continuity of

the endothelial cell layer (CD31), and smooth muscle cells (α-smooth muscle actin, α-SMA).

Pathophysiological observations in each slide were assessed by an investigator blinded from

the PCXTM guided histology.
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Figure 3.1: Schematic depiction of aortic partitioning at the level of ramifications. a: Ramifica-
tion with one daughter branch. Cutting planes intercept the abscissae at a distance of ±2R
with respect to the origin of the bifurcation. b: Ramification with more than one daughter
branch (from a common origin). Cutting planes intercept the abscissae at a distance of ±2R,
where R is the maximal of the daughter branches’ radii. c: Neighboring ramifications. If
cutting planes applied for each ramification yield overlapping neighboring branching zones,
the aortic regions are merged into a single branching segment. d. Illustration of partitioned
aorta in branching (colored) and non-branching (gray) segments.

Computational Analyses

We sought to assess mechanical strains locally along the abdominal aorta by comparing the

loaded (micro-CT) and unloaded (PCXTM) configurations. Toward this end, semi-automatic

segmentations of paired in vivo micro-CT and ex vivo PCXTM scans were performed using the

image processing software Mimics (Materialise NV, Belgium). Preprocessing, meshing and

morphing were achieved using an integrated framework that has been described in detail in

section 5.3 of the Introduction, and in34.

Preprocessing

Precise lengths of the aortic side branches could not be estimated from the micro-CT images,

hence we developed a consistent extension technique to mitigate effects of artificial stretching

during the morphing simulation. Each side branch was numerically extended in proportion

to a related length measured in the micro-CT model. For example, the distance between the

celiac and superior mesenteric bifurcations was calculated in terms of the abscissa coordinate

of the centerline in both the micro-CT and PCXTM scans (see Figure 3.1d), which was clearly

identifiable with both imaging modalities. The ratio between these two quantities provided

an extension coefficient that multiplied the PCXTM side branch length to yield an extension

length.

Meshing

The outer vascular surface in each PCXTM segmentation was discretized with an unstructured

quadrilateral mesh. This mesh was then smoothed using a non-shrinking Taubin filter (pass-
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Table 3.1: Mesh size and edge lengths for the geometrical models.

Case Elements Average edge length Maximum edge length [μm] Minimum edge length [μm]

AngII-infused
1 713952 10.1 45.0 1.0
2 267808 17.2 113.0 1.7
3 275464 18.4 59.3 2.4
4 303740 15.4 152.0 4.2
5 245692 20.3 60.0 6.1
6 332784 13.9 84.8 4.5
7 833212 9.6 39.3 0.9
8 254472 19.6 89.4 4.5
9 916660 9.6 34.0 1.5

Saline-infused
1 611208 10.1 81.4 1.3
2 220000 21.1 72.1 1.3

band 0.1, 100 smoothing iterations) and projected onto the mesh of the inner wall using a

custom Matlab code (The Mathworks, Inc., Natick, MA, USA, code available in the supplemen-

tary material for 34). The final result was an unstructured hexahedral solid mesh of the ex vivo

geometry. Several meshes were auto-generated to ensure that the simulations were indepen-

dent of the grids used; details of the final converged meshes, including the average, maximum,

and minimum element edge lengths, are in Table 3.1. Convergence could not be reached for

only 1 of the 10 AngII-infused mice, mainly due to element distortions related to poor local

element quality. Conversely, the collapsed ex vivo geometry hindered mesh generation for 4 of

6 control mice. All of the 5 cases of poor mesh quality are shown in Figure 3.8 of this chapter’s

Appendix.

Morphing simulation set-up

In order to estimate strains along the abdominal aorta, we developed a pointwise mapping

scheme between the ex vivo PCXTM mesh (not stretched, not pressurized) and the in vivo

micro-CT model (in vivo axial stretch and pressurized). To this end, we introduced a branch-

based coordinate transformation in which a cylindrical parametrization was generated from a

rectangular parametric space for each branch. This transformation was applied to both the

micro-CT and PCXTM models, and a global displacement map was obtained by subtracting

each nearest neighbour node in the micro-CT and PCXTM models, respectively.

The output of this novel method thus synthesized the hexahedral PCXTM mesh and the

computed displacement map into a single structural finite element method (FEM) based sim-

ulation of morphing. The morphing simulation was static and fully displacement controlled,

allowing finite deformations. A nearly incompressible Arruda–Boyce constitutive model was

used, with material parameters (μ= 24.358 kPa, λm = 1.01) consistent with those used in a prior

fluid-solid-interaction simulation32.

In order to co-localize results of the simulation with locations of micro-ruptures that were
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identified using PCXTM imaging, the computed Eulerian strains were mapped back onto the

ex vivo undeformed configuration while artificial extensions of side branches were removed

for visualization and excluded from the analysis.

Partitioning of the abdominal aorta

To allow consistent region-matched comparisons between aortic strains (computed from the

FEM simulations) and vascular damage (observed from contrast infiltrations in PCXTM scans),

the aorta was sub-divided into branching and non-branching zones. Post-processing of data

was achieved using the vascular modelling toolkit (VMTK, Orobix, Bergamo, Italy37, Matlab

(The MathWorks Inc., Natick, MA, USA) and the open-source code Paraview38. The VMTK

subroutine vmtkbifurcationreferencesystems was used to compute reference systems for the

ramifications of the aortic tree, and Frenet-Serret tangents and abscissas were subsequently

computed along the smoothed and resampled centerline of the simulated vessel geometry

(subroutines vmtkcenterlinenormals and vmtkcenterlineattributes).

In the regions containing bifurcations, the aortic zone corresponding to a branch of radius R

was delimited by two planes at a curvilinear centerline distance of ±2R from the origin of the

bifurcation (Figure 3.1a). Planes laterally demarcating the branching segment were placed

perpendicular to the centerline as defined by local Frenet-Serret tangents. In the case of

multiple bifurcating branches from a common origin, the planes delimiting the segment were

placed at a distance 2Rmax above and below the origin, where Rmax was the maximum radius

of the side branches (Figure 3.1b). Adjacent ramifications were grouped with a single branching

aortic segment if the curvilinear centerline distance between the originating points was not

sufficient to define two separate segments without any overlap (Figure 3.1c). Straight segments

were then, by inference, defined as those lying between branching segments. Identical cutting

planes were imposed on the ex vivo PCXTM scans to divide them into branching and non-

branching segments. In most geometries, the sectioning yielded 7 straight and 6 branching

aortic segments, which are depicted inFigure 3.1d.

Quantification of strain and 3D microstructural vascular damage

Quantification of strain and 3D microstructural vascular damage For each simulation, high

values of strain were defined as ≥ 80% of the maximal principal strain. For each aortic segment,

the surface area A1 of high strain and the total surface area A2 of the aortic segment was

exported into Paraview. We used a nondimensional metric defined as the percentage of the

A1/A2 ratio as a high strain index.

Microleaks of contrast agent within the aortic wall were segmented in the Mimics software.

The quantified volume of contrast agent was subsequently partitioned using the same aortic

segment definitions – hence a volume of contrast agent, if present, was assigned to each aortic

segment.

143



Chapter 3. Co-Localization of vascular damage and excessive strain at branches

Load-induced intramural delaminations ex vivo

Ex vivo biaxial mechanical testing can also be used to explore biomechanical mechanisms

of aortic dissection in mouse models. In particular, load-induced intramural delaminations

have been observed in aortas of mice that have a propensity to dissect in vivo 39,29. Here,

for the first time, we use synchrotron imaging (PCXTM at 6.5 μm isotropic resolution) to

examine the abdominal aorta from male ApoE-deficient mice (n=4) that were infused with

AngII for 4 days (1000ng/kg/min) and underwent ex vivo biaxial testing with concurrent

optical coherent tomography (OCT) imaging, as previously described 39. The biaxial tests

were carried out on freshly excised, non-fixed samples. Because the delaminations were

observed in different regions (1 proximal descending aorta, 2 suprarenal abdominal aortas,

and 1 infrarenal abdominal aorta), we used these data to further evaluate the role of branching

regions as potential nucleation sites for dissection.

Statistical analysis

Differences in both mechanical strain and contrast agent infiltration between straight and

branching segments were assessed with the nonparametric Mann-Whitney U test. Differences

between AngII and saline-infused mice in a given aortic region were evaluated with multiple

t-tests between the two groups with post-hoc Sidak-Bonferroni correction. For AngII-infused

mice, a Kruskal Wallis test with post-hoc Dunn’s testing for multiple comparisons was used

to compare strain and contrast agent volumes between aortic locations and circumferential

quadrants. Linear relationships between variables were assessed by the Pearson correlation.

3 Results

Contrast agent infiltration in the wall is a proxy for microstructural damage

A 3D rendering of the abdominal aortic wall of a representative AngII-infused mouse shows

regions of infiltrated contrast agent in red (Figure 3.2a). Contrast agent was found in the

aortic wall of all 10 AngII-infused mice but was absent in all aortic regions within the saline-

infused control animals (cf. Figure 3.3c). Despite the near normal gross morphology, H&E and

immuno-staining revealed a compromised structural integrity of the wall of the AngII-infused

aortas in multiple locations (Figure 3.2b). Intimal and intramural defects in the AngII-infused

animals included a fragmented internal elastic lamina accompanied by subintimal cellular

infiltration, intramural accumulation of red blood cells and fibrin, macrophage infiltration,

and loss of vascular smooth muscle cells. In stark contrast, no histopathological findings arose

in the saline-infused animals (Figure 3.2d).

We also found good agreement between contrast agent localization and histopathological

findings, as quantified in Figure 3.2c. In 64% of the examined slides, absence of contrast agent

matched the absence of histopathological features (termed ‘true negatives’) while in 24% of the
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cases, contrast agent infiltration co-localized with histopathological findings (true positives).

The main histological findings of the true positive cases were subintimal cellular infiltration

and intramural hematoma (52% and 35% of true positives, respectively). False positives and

false negatives, that is, a mismatch between contrast agent infiltration and microstructural

damage, represented only 5% and 6% of the total cases, respectively. The finding that went

mostly undetected with PCXTM was medial VSMC loss (82% of all histologically identified

instances were not accompanied by contrast agent infiltration).

In the intercostal region of AngII-infused mice, the most prevalent histopathological feature

was disruption of the intimal layer accompanied by subintimal cellular infiltration (46%), fol-

lowed by loss of medial smooth muscle cells (24%). Intramural hematoma (i.e., accumulation

of red blood cells in the wall) was found in the outer lamellar layers at 7% of the branching

sites but in none of the non-branching ones. In non-branching sites of the intercostal region,

there was no lesion in 78% of the sections analyzed; this is in contrast to 61% absence for the

branching sites. In the paravisceral aortic region, extending from above the celiac down to the

right renal artery, the most prevalent lesions were intramural hematoma (50% of the observed

lesions), followed by subintimal cellular infiltration (42%). The incidence of hematomas was

similar in branching and non-branching sites (15% and 19% respectively, Figure 3.2d). We

observed that 50% and 55% of intramural hematomas in the intercostal and the paravisceral

regions co-localized with medial macrophages. No macrophage infiltration was observed

in the more distal aortic region, extending from above the left renal artery to the infrarenal

aorta. The only observed lesion in this region was fibrin accumulation (4% of sections from

AngII-infused mice).

Strain and contrast agent infiltration in the aorta: a macro-comparison

The structural FEM calculations of in vivo aortic strain obtained by implementing the mor-

phing framework for 9 AngII and 2 saline-infused mice are shown in Figure 3.3a. The cor-

responding ex vivo segmentations of the abdominal aortic wall and corresponding contrast

agent microleaks - which serve as indicators of vascular damage - are shown in Figure 3.3b.

The mean value as well as the range of predicted values of strain was similar between those

for the AngII and saline infused mice (Figure 3.3c). There was also no significant correlation

between minimum or maximum strain values and the total volume of contrast agent in the

wall (Figure 3.3d).

Strain and contrast agent infiltration in the aorta: branching and non-branching
regions

In order to evaluate the distribution of strain - rather than its range of values - and to consis-

tently assess the implication of branching regions on the strain map, we divided the aorta into

branching and straight (non-branching) regions. Representative analysis of the abdominal

aortic branching topology resulted in the partitioned geometry shown in Figure 3.4 (center).
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Figure 3.2: Targeted image-guided histology. a. 3D volume rendering of an abdominal aorta
after 3 days of AngII infusion with zoomed suprarenal region (contrast agent in red). Note
the correspondence between the ex vivo PCXTM image and targeted H&E section. The
infiltrated contrast agent (red arrow) co-localizes in the zoomed H&E image with an intramural
accumulation of red blood cells. This zoomed image also shows a transition of elastic laminae
from 5 to 2 in the branching region. b. Zoomed images of lesions (arrows) located on H&E,
MSB and immunostained slides (α-SMA, CD31, F4/80). c. Bar plot showing correspondence
between the presence or absence of contrast agent in the wall and histopathological findings
in AngII-infused mice. d. Bar plots showing histopathological findings in AngII and saline-
infused animals, in branching and non-branching sites of each aortic region shown in a.
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Figure 3.3: a. Structural FEM simulations of 9 AngII-infused and 2 saline-infused murine
abdominal aortas. The strain contour plot was projected back onto the ex vivo undeformed
configuration to enable direct comparisons of strain concentrations and contrast agent mi-
croleaks in the aortic wall. b. 3D aortic wall renderings corresponding to geometries presented
in A with contrast agent microleaks shown in red. c. Error bar plot of principal strain. The
thick black line shows the mean±SD. Grey line shows range of strain values from minimum to
maximum. d. A scatter plot shows total volume of infiltrated contrast agent per aorta.

For each mouse, the high strain index and volume of contrast agent infiltration was quantified

within each straight and branching segment. Overall, the high strain index in the branching

regions was significantly greater than in the straight regions (P<0.0001, Figure 3.4a). Similarly,

the volume of contrast agent was significantly lower in straight regions than in branching

regions (P=0.0028, Figure 3.4b).

For AngII-infused mice, the aortic zone around the first pair of intercostal arteries cranial to

the celiac artery had significantly higher strain than the control mice (Figure 3.4a, bottom).

The volume of contrast agent in the vicinity of the (i) celiac artery and (ii) superior mesenteric

and right renal artery was significantly higher than in corresponding regions in saline-infused

mice (P=0.00001 and P=0.0002 respectively, Figure 3.4b bottom). Moreover, the aortic region

around the celiac artery had more extensive microleaks of contrast agent than did the zone

around the left renal artery (P=0.0419). No contrast agent was found in 67% of the straight
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regions, whereas this percentage dropped to 35% for the branching zones.

Figure 3.4: Center: Color-coded division of the aorta in branching and straight zones. a. Scatter
plots show the computed high strain index (percentage of segment’s surface area with strain
values exceeding 80% of maximal strain) in straight and branching aortic regions in AngII-
infused (n=9) and saline-infused (n=2) animals b. Scatter plots show the volume of infiltrated
contrast agent in straight and branching aortic regions in AngII-infused and saline-infused
animals. Bold horizontal lines denote the mean of each group; grey lines denote the mean for
saline-infused animals. * P<0.05, ** P<0.001, *** P<0.0001.

In order to compare regions of high strain to high contrast agent more directly, we plotted the

high strain index versus contrast agent volume for all aortic segments, delineating between

straight and branching regions (Figure 3.5a, top and bottom respectively). Most straight

segments had low strain values, but among the clustered points around the origin of the

axes some had non-zero contrast agent volumes. Discordant pairs – defined by predictions

of low strain accompanied by high volumes of contrast agent and vice versa - were found

among branching regions as well. Upon closer examination of these cases, however, we

found that most could be classified in one of two categories (Figure 3.5b, cases 1 and 2).

First, in a number of cases, the cutting planes used to partition the aortic geometry into

segments intercepted a continuous volume of contrast agent that extended between two

consecutive zones. This infiltrated volume resulted from the propagation of a single initial

microleak (one point of entry) in the vessel wall. Thus, identifying two neighboring segments

with a continuous volume of contrast agent as contrast agent-positive potentially led to an

overestimation of the number of damage events suffered by the aortic wall. Second, in a

number of cases, a minor aortic branch visualized on the PCXTM images was excluded in the

FEM simulation due to difficulties in implementing the morphing framework. Omission of the

side branches could have altered (either over- or under-estimated) the computed local strain,

as previously shown in section 5.3 of the Introduction. In Figure 3.5b, the data belonging to

the aforementioned cases have been color-coded for straight (top) and branching regions

(bottom). After eliminating them from the analysis, no significant correlation was found

148



3. Results

between high strain and contrast agent infiltration for straight segments (Figure 3.5c, top).

Conversely, a significant positive correlation between high strain and contrast agent volume

emerged for branching segments (Figure 3.5c bottom, P<0.0001 with Pearson’s correlation).

These branching regions are color-coded and the data driving the correlation arise mainly

from the celiac and superior mesenteric/right renal arteries.

Figure 3.5: a. Scatter plots show the correlation between high strain calculation and volume of
contrast agent infiltration for straight and branching segments. b. Outlier cases 1 and 2 were
eliminated from the analysis (left) and color-coded on the scatter plots (right). The number of
segments classified as case 1 (18% of all segments) or case 2 (22% of all segments) is in blue
and orange, respectively. c. Final scatter plots with data from cases 1 and 2 excluded from
the analysis. For branching regions (bottom), color-coded data denote aortic regions (red for
celiac artery region, green for superior mesenteric/right renal artery region)

Circumferential distribution of contrast agent and strain around branch arteries

In order to assess circumferential variations in strain and vascular damage, and their relation

to one another, we divided the most affected aortic segments - including the celiac branching

region and superior mesenteric/right renal branching region - into four quadrants (Figure 3.6,

right). Both the volume of contrast agent and the computed strain were significantly higher in

the ventral than in the dorsal aorta (Kruskal Wallis test with post-hoc Dunn’s test for multiple

comparisons, P=0.0008 and P=0.0164). The strain was also significantly higher in the ventral

quadrant than in the left quadrant (P=0.0128). A significant positive correlation was observed

between ventral high strain index and ventral contrast agent accumulation (Figure 3.6c, P=

0.0191).

Load-induced intramural delaminations ex vivo: the role of side branches

PCXTM-based 3D representations of 4 aortic samples that underwent ex vivo biaxial mechani-

cal testing and presented with intramural delaminations can be seen in Figure 3.7 (a-c). In all

4 samples, small side branches were damaged within the delaminated regions. The number

of ruptured branches as well as the total number of branches found within the delaminated
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Figure 3.6: Scatter plots showing a. the volume of contrast agent microleaks and b. computed
high strain variations along the circumference of the aortic region extending from the celiac to
the right renal artery (quadrants as shown on right side). Bold horizontal line denotes mean
value. * P<0.05, ** P<0.001.

region of each sample are summarized in Table 3.2. Medial tears - defined as discontinuities

of the tunica media across all elastic lamellae - were found in the vicinity of a side branch

in the suprarenal and infrarenal aortas (Figure 3.7d, zoomed panels). The celiac artery was

the branch around which the medial tear appeared in the only sample that included this

ramification. In the proximal descending aorta, the major delamination plane was found in a

non-branching region (Figure 3.7d). All delaminations were contiguous with a ruptured or

unruptured side branch. Correlative histology validated the observations of the 3D PCXTM

images (Figure 3.7e).

Table 3.2: Quantification of ruptured and total side branches found within the delaminated
region of 4 aortic samples subjected to ex vivo biaxial testing.

Sample Aortic region Total number of branches Ruptured branch ostia [% of total branches]

1 Proximal descending thoracic aorta 7 3[43%]
2 Suprarenal abdominal aorta 8 6 [75%]
3 Suprarenal abdominal aorta 6 4[67%]
4 Infrarenal aorta 5 2[40%]

4 Discussion

To the best of our knowledge, this study is the first to use synchrotron-based biomechanics to

predict in vivo aortic strains and to correlate strain concentrations with mouse-specific 3D
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Figure 3.7: a. Illustration of the aortic regions for the four ex vivo tested samples. b. Aortic
delamination of the suprarenal aorta after 4 days of AngII infusion. Optical coherence to-
mography during biaxial mechanical testing shows spontaneous delamination of medial and
adventitial layers. c. 3D representations of the 4 samples that were subsequently scanned
with PCXTM. The separated adventitial layer is shown in orange. d. 3D representations of the
media (adventitia not shown). Zoomed images show the major medial tear for each sample. e.
PCXTM images and targeted H&E histology in the locations of major medial tears shown in d.

intramural histopathology in the abdominal aorta. Toward this end, we used a common animal

model of aortic dissection, the AngII-infused ApoE-deficient mouse 23. Histopathological

findings were similar to those reported by others. There was an early cellular infiltration in

the sub-intima, accumulation of macrophages in the media, and evident hematoma in the

outer lamellar units in the suprarenal aorta of the AngII-infused mice, but a lack of overt

morphological or histopathological changes in the aortas of saline-infused animals16,14. There

was also protection of the infrarenal aorta from pathological findings 28.

Contrast agent as a surrogate marker for precursor vascular injury

We first confirmed that infiltration of an intravenously injected micro-CT contrast agent into

the aortic lumen co-localizes with vascular damage. Comparative histology showed that this

contrast agent served as a reliable indicator of vascular damage in 88% of the histological
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sections examined (Figure 2c). Regarding the preferential detection of certain wall defects

over others, we found that contrast agent infiltration is better suited to detect subintimal

cellular infiltration and intramural hematoma, but less so the loss of medial VSMCs. Moreover,

localization of infiltrated contrast agent, combined with an ability to measure its distribution

non-invasively in full 3D-datasets, provides an added advantage that arduous, arbitrarily

located 2D histology cannot achieve. Thus, we submit that the 3D distribution of contrast

infiltration along the aorta is a suitable alternative to certain aspects of 2D histology for the

purpose of computational validation.

Initiating events in AngII induced abdominal pathology: branching sites are
biomechanically vulnerable

Aortic dissections occur almost exclusively in the suprarenal abdominal aorta in the AngII

infusion model 15 and typically present within 3-10 days after the onset of AngII administra-

tion12. Telemetric blood pressure assessment shows that the mice experience a +25 mmHg

rise in mean blood pressure within 24 hours from the onset of AngII infusion, with pressure

increasing continuously to +31 mmHg at 3 days of infusion 40. Elevated blood pressure can

differentially increase wall stress in the media and adventitia41, and it is expected that wall

damage occurs when wall stress exceeds wall strength. Within 24 hours after dissection,

neutrophil accumulation is much more pronounced than macrophage infiltration and very

little collagen has yet to be deposited despite focal elastin breakage in the media42. It has

been suggested that cellular targets of AngII also exert injurious effects to the aortic wall,

independent of blood pressure 43.

Using 2D histology Gavish and colleagues identified transmedial disruptions at branch points

in the abdominal aorta after 28 days of AngII infusion 21,20. Using 3D synchrotron imaging, we

subsequently observed similar microruptures in the tunica media after 28 days of infusion,

not only near major but also near minor suprarenal side branches, and this without the need

for serial sectioning22. Follow-up research revealed that medial defects already arise around

the ostia of major and minor abdominal aortic side branches by 3 days of AngII infusion,

thus suggesting involvement in initiation, not just outcome23. In addition to revealing local

sites of intramural damage, we have shown that ex vivo synchrotron-based imaging can be

combined with in vivo micro-CT-based imaging to provide geometric and kinematic infor-

mation sufficient for informing biomechanical calculations of mean strain fields along the

mouse aorta 34. In the present study we (i) validated our synchrotron-based biomechanics in a

unique pre-clinical setting and (ii) investigated the role of biomechanics in disease initiation

after only 3 days of AngII infusion, when lesions begin to form. As expected, we found that

branching regions act as geometric and material discontinuities that can give rise to strain

hotspots and sites of precursor vascular damage (Figure 3.4). That is, a positive correlation was

found between high mechanical strain and contrast agent infiltration in branching, but not in

straight, regions of the suprarenal aorta (Figure 3.5c). These findings thus support further the

importance of side branches in the initiation of aortic dissection in mice resulting from AngII
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infusion20.

Due to the correlative nature of our experiments, we cannot establish an unequivocal causal

link between high mechanical strain and vascular damage. In order to establish such a link, we

would need to estimate the mechanical strain using synchrotron biomechanics on a healthy

mouse, then follow the same animal after 3 days of AngII-infusion and compare sites of wall

injury to locations of elevated mechanical strain. This is currently not technically feasible since

PCXTM is an ex vivo technique and the animal is sacrificed before the images are taken. Yet, the

strain concentrations we observe at branching regions of control animals would be expected

to increase markedly at high pressures (i.e., with pressure elevation due to AngII infusion),

thus increasing the likelihood of vascular damage at these sites. Indeed, there does not appear

to be sufficient mechano-adaptation of the aortic wall via increased matrix deposition within

the first 3 to 4 days of AngII infusion 28,29, hence leaving sites of high stress/strain potentially

more vulnerable to mechanical damage. In the suprarenal aorta in particular, there is an early

and persistent increase in elastically stored energy at systolic pressure after 4 days of AngII

infusion that is consistent with an increased circumferential strain, which may arise due to an

early increase in MMP13 expression in the absence of collagen synthesis 28,29. This concept is

consistent with the suggestion by Gavish et al. 20 that dissections occur when vulnerable sites

are not reinforced properly by collagen remodelling. The present results suggest further that

following the AngII-induced rise in blood pressure, the first intimal and intramural defects in

the suprarenal aorta may nucleate at branch sites that constitute strain hotspots that precede

vascular damage.

Dorsal protection and circumferential variation

AngII-induced lesions not only occur preferentially in the suprarenal aorta of the mouse,

they also form on the left side of the suprarenal aorta24,16,44. Several hypotheses have been

offered to explain this circumferential specificity16,27, but a clear explanation remains wanting.

Despite having the highest strain index values and the highest volumes of contrast agent

infiltration of all branching regions, there was no evidence of significant microstructural

damage or strain hotspots in the dorsal quadrant of the celiac and superior mesenteric/right

renal segments (Figure 3.6b). Mechanical protection of the dorsal aorta is consistent with the

lower stored energy density computed in the dorsal compared to the ventral half of the healthy

ApoE-deficient suprarenal aorta 45 and the 3-fold lower expansion of the posterior compared

to the anterior abdominal wall 46. The posterior perivascular support of the aorta47 - such as

the dorsal musculature and spinal tethering - could also explain its mechanical shielding.

Another striking observation is that microstructural damage preferentially occurs on the

ventral and left quadrants of the celiac and superior mesenteric/right renal aortic segment.

Interestingly, these segments also experience high strain on the ventral and (to a lesser extent)

right quadrants (Figure 3.6) – the quadrants with prominent branch ostia. When it comes to

strain and vascular damage, the ventral quadrants of the celiac and superior mesenteric/right
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renal segments thus seem to be at the highest risk. This may at first seem contradictory to

previous findings, which point to medial tears in the left and ventral, but not in the right, quad-

rant23. It is important to note, however, the difference between initiation and propagation.

Indeed, the propagation of microruptures into medial tears, and the subsequent dissection of

the left side of the tunica adventitia, may be driven by additional mechanical factors.

Hypothesis on tear propagation

We previously conjectured that medial microruptures, occurring after 3 days of AngII infusion

around the celiac and superior mesenteric branches but sometimes at the ostia of intercostal

or left renal arteries, constitute the initial insult to the aortic wall in this mouse model of

dissection23. These microruptures subsequently propagate to form a medial tear, previously

termed by Gavish and colleagues21,20 as a transmedial or transmural disruption and found

after 4 weeks of AngII infusion in the vicinity of the orifices of major abdominal branches.

This theory is not in conflict with our current findings, which suggest that microruptures

may form in locations that experience the highest strain and then propagate to form larger

medial defects. We further hypothesized that the transition from microrupture to medial tear

is dictated by the local mechanics near the small side branches, which may or may not be torn

as the medial tear propagates in the aorta.

This general concept is supported further by the synchrotron-based images of spontaneous

delaminations that occurred in 4-day AngII-infused aortas during ex vivo biaxial testing

(Figure 3.7). Importantly, these vessels are tested in the absence of additional mechanical

factors such as complex hemodynamics and perivascular support, hence allowing one to focus

on discontinuities near branches. The medial tear that appeared to act as an entry point for

saline to enter between media and adventitia was found near a side branch for the suprarenal

and infrarenal aortas, specifically around the celiac artery in the sample that included this

bifurcation (sample 3). Moreover, all of the delaminations observed ex vivo coincided with

small side branches suggesting that the latter may have acted as originating sites or anchoring

points to sustain the propagating delamination. Though we do not know whether these

samples would have progressed to aortic dissection in vivo had they not been harvested at 4

days, our ex vivo observations suggest that the use of precisely controlled supra-physiological

loading conditions in the absence of in vivo perivascular support may reveal an intrinsic

predisposition to strain-induced delamination at branch sites following AngII infusion.

Limitations and future work

Our validation of contrast agent as an indicator of future vascular damage yielded a modest

number of false positives and false negatives (≤ 6% of all measurements; Figure 3.2c). Nev-

ertheless, these mismatches between contrast agent and histopathological lesion presence

constitute a potential source of uncertainty. It is important to emphasize, however, that histo-

logical preparations inherently induce cutting artifacts, particularly in structurally vulnerable
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samples and mismatches can occur due to errors in mapping histological slides to the cor-

responding ex vivo synchrotron image. Hence, using infiltrating contrast agent as an in vivo

marker of vulnerability is promising.

We used a custom semi-automated morphing framework to compute the in vivo strain field of

murine abdominal aortas. This framework combines ex vivo PCXTM and in vivo micro-CT

to provide morphological information on local axial stretch, minor aortic side branches, and

mouse-specific aortic wall thickness. A sensitivity analysis shows that all of these features can

significantly alter the computed strain hotspots in the FEM simulations 34 and are thus critical

to measure. Some limitations of the framework have been described previously, and include

(amongst others) shrinkage of the sample due the dehydrating fixation process for the PCXTM,

the absence of pre-stress, and the use of a simplistic material model 34. Additional limitations

of our morphing approach include the assumption of material homogeneity (which disregards

possible mechanical homeostasis near branches) and the difficulty of modelling small side

branches or a collapsed aortic geometry. Due to problems with collapsed (non-pressured)

geometries - leading to poor mesh element quality - we were unable to model 4 cases of saline-

infused animals and 1 case of an AngII-infused mouse (Figure 3.8). A similar problem did not

arise for the rest of the AngII-infused vessels, which appeared to be structurally stiffer. The

impact of this work would have been greater had we managed to include more saline-infused

control cases. We were also not able to model some of the smallest branches, which may have

influenced the results (Figure 3.5b).

In the context of computational-experimental studies, more sophisticated approaches have

been proposed for identifying correlations between indices of hemodynamic simulations and

plaque-related damage 47. We did not implement such approaches here because we did not

expect to find an exact match between voxels with high strain and voxels with contrast agent

infiltration. Indeed, our synchrotron images do not allow an unequivocal determination of the

point of entry of contrast agent into the wall. Upon entering the wall, contrast agent can spread

due to the transmural pressure gradient and diffusion. The choice for larger, branch- versus

straight-segment defined regions thus allowed more robust comparisons. In this context,

it is important that our post-hoc outlier removal (Figure 3.5b) was based on clear criteria -

binary variables of presence/absence of contrast agent and aortic side branches – that were

not subject to interpretation, thus avoiding observer bias.

Finally, it has been postulated that non-uniform distributions of collagen fiber orientation

near branch sites lead to local material heterogeneities that could generate intramural shear

stresses sufficient to initiate a delamination event which subsequently propagates into a

dissection48. Such effects were not considered in our current modelling and simulation

strategy. Conversely, studies on porcine aortas have recently suggested that a strain-driven

collagen fiber rearrangement mechanism may exist 49. In future work we intend to extend our

current methodology to include more sophisticated imaging and material models that account

for local fiber orientation. This might also allow us to gain a better understanding of the role of

biomechanics in the regional variations in contrast agent infiltration that was observed within
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the AngII-infused group (Figure 3.2d). More sophisticated material models will also allow

better computations of wall stress, not just wall strain, noting that it is yet unknown whether

intramural damage leading to dissection or rupture follow a stress-, strain-, or energy-based

failure criterion. Correlations of damage with strain have the added advantage, however, of

potential measurement without detailed understanding of the evolving, likely anisotropic and

heterogeneous material properties.

Conclusions

We have used synchrotron-based biomechanics to study initiating events in the AngII-infusion

mouse model of aortic dissection. We predicted in vivo aortic strains and correlated strain

concentrations with mouse-specific 3D histopathological defects in the abdominal aortas of

Ang-II infused mice. We submit that branching sites sustain significantly higher strain and

wall injury compared to non-branching regions, and that the dorsal aorta is mechanically

protected. Ex-vivo load-induced aortic delaminations further point towards branching regions

as nucleating sites for aortic dissections in AngII-infused mice.

5 Appendix

Figure 3.8: Collapsed geometries in undeformed configurations for n=4 saline-infused and
n=1 AngII-infused mice.
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1 Introduction

Aortic dissections and aneurysms constitute a leading cause of morbidity and mortality in

the aging Western population1. Aortic dissection (AD) is an acute and often lethal condition

characterized by a medial disruption which leads to the formation of a false lumen and/or

intramural hematoma 2. The resulting compression of the true lumen can lead to end-organ

ischemia3, while breach of structural wall integrity can lead to catastrophic rupture. Con-

trastingly, aortic aneurysm (AA) is a progressive focal dilatation of the vessel wall to more

than 50% of the normal diameter, which can also culminate to aortic rupture 4. In humans,

aneurysms manifest in the thoracic (ascending) and in the abdominal aorta. Despite sharing

similar gross characteristics, ascending and abdominal aneurysms constitute disparate dis-

eases driven by contrasting mechanisms5,6. Inflammation contributes to the development of

AD - inflammatory cells induce medial degradation and predispose to dissection7. Human

data on the etiology of these aortopathies are scarce, making animal models all the more

useful to elucidate the nascent stage of lesions that mimic the human condition.

Chronic systemic infusion of Angiotensin II (AngII) in mice is a well-known mouse model

used in preclinical research of aortic dissection and aneurysm. Phenotypically distinct lesions
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appear in the ascending and the abdominal murine aorta8,9. AngII-induced ascending aortic

aneurysms are associated with progressive uniform lumen expansion10,11, while their abdom-

inal counterparts chiefly mimic aortic dissection: focal medial ruptures lead to the formation

of a false channel12,13. Intriguingly, while AngII is administered systemically, the pathologies

inflicted on the mouse aorta are highly location-specific: aneurysms consistently form in the

ascending aorta9 and dissections occur almost exclusively in the suprarenal region of the

abdominal aorta 8,12,14. The time course of events in the formative stage of the AngII-induced

disease is not yet fully understood.

Delineating the effects of exogenous AngII which lead to aortopathy in this mouse model

can be a challenge due to the diverse actions of AngII signaling. Besides being a potent

vasoconstrictor of peripheral vascular beds through the contractile AT1 receptor15,16,17, and

hence a key regulator of blood pressure18, AngII also induces vascular inflammation and

remodelling 19,20. In AngII-induced dissections, the NF-κB-IL-6 pathway leads to macrophage

accumulation and activation as well as ROS production, while the TGF-β-Smad pathway elicits

myofibroblast transition and ECM remodelling 19,20.

Bersi and colleagues recently propounded a comprehensive hypothesis to disentangle AngII-

induced events in the ApoE-deficient mouse and link spatially varying responses of the aorta

to region-specific pathological outcomes21. In their view, AngII infusion initially increases

blood pressure and contractility. Blood pressure elevation increases the biaxial stress on the

aortic wall, an effect counteracted by the protective action of increased contractility22. The

increased wall stress then triggers the expression of chemokines and MMPs, which drive an

inflammatory and remodelling response involving medial and adventitial collagen deposition

but also degradation. The evolving balance of matrix deposition and degradation determines

the pathological outcome in each aortic region. Their findings suggest that the ascending

aorta’s intramural cells are unable to homeostatically respond to the rapidly increased cir-

cumferential stiffness and hence aneurysmal dilatation ensues. In the suprarenal region, a

transient imbalance in collagen turnover leaves the vessel unduly exposed to increased stress

and contributes to the region’s unique dissection propensity 21.

Previously studied AngII-induced thoraco-abdominal dissections by means of synchrotron-

based grating interferometry phase-contrast imaging have shed new light on the disease

evolution (discussed in section 5.3 of the Introduction). A fortuitous discovery of white ag-

gregates on images of the aortic wall at 6.5 μm resolution revealed that the micro-computed

tomography (micro-CT) contrast agent injected into the mice in vivo (prior to euthanasia) in-

filtrates the aortic wall intra vitam, to form microleaks visible on the ex vivo synchrotron scans.

Sites of intramural contrast agent infiltration correspond to locations of vascular damage

and offer the advantage of 3D localization along the entire vessel compared to traditional 2D

histology. This serendipitous finding allowed us to observe that dissections start with medial

microruptures mainly near the ostia of suprarenal side branches, with a particularly high

incidence around the celiac and superior mesenteric arteries (chapter 2). Motivated by the

location-specific insults to the aortic wall, we found, as we saw in chapter 3, that the excessive
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aortic strain at branching sites of the abdominal aorta may intrinsically predispose them as

nucleating sites for dissection. This strain-driven hypothesis is potentially complementary

with the mechano-mediated hypothesis put forward by Bersi et al. 21 (described in section 5.2

of the Introduction), whereby reduced collagen deposition in the suprarenal region renders

it alone dissection-prone within the abdominal aorta. On the other hand, these hypotheses

do not preclude the (synergistic) action of other mechanisms in vivo that may mediate the

maladaptive response of the suprarenal aorta to AngII.

In subpressor AngII doses, dysfunctional smooth muscle contractility strongly correlates

with maladaptive aortic remodelling and fibrosis in the mouse thoracic aorta23. Moreover,

restored smooth muscle contractility protects the otherwise vulnerable thoracic aorta from

dissection in a conditional knockout mouse model22. There is thus accumulating evidence

that contractile capacity and overall vascular function may play a role in dictating the aorta’s

local response to exogenous AngII. It is known that long-term exposure to pressor AngII doses

leads to altered vascular reactivity in the mouse thoracic aorta24, and more recent findings

have suggested altered properties in the same location after 1 week of AngII infusion 25. In

this work, we aim to assess early alterations in vascular function induced by AngII within the

dissection-prone abdominal suprarenal aorta.

The first question to address when studying disease initiation, is which time point one should

focus on. The ideal time point should occur late enough for meaningful changes to have

transpired with respect to the baseline, but early enough so that such findings are not the

result of complex and inter-dependent pathways of the AngII-elicited inflammatory cascade

or matrix turnover. This is why in the first part of our study we determined in vivo and ex vivo,

both in the ascending and the abdominal region, how long after the onset of AngII infusion

the aorta sustains initial vascular damage. In the second part, this temporal information was

subsequently used to evaluate spatial differences in the vascular function of the dissection-

prone suprarenal aorta (and its side branches) in response to AngII.

2 Methods

Animals

Imaging study

All procedures were approved by the Ethical Committee of Canton Vaud, Switzerland (EC

2647.3) and performed according to Directive 2010/63/EU of the European Parliament on the

protection of animals used for scientific purposes. Twelve-week old male wildtype C57BL/6J

mice (n=19) and ApoE-deficient mice on a C57BL/6J background (n=19) were infused with

AngII at a rate of 1000ng/kg/min as previously described in the method section 2 of the

Chapter 2. For each animal, the duration of the infusion was 1 (n=6 of each strain), 2 (n=6

of each strain) or 3 (n=7 of each strain) days. All mice underwent one contrast-enhanced

micro-CT scan at baseline and one just prior to euthanasia with a ketamine/xylazine cocktail
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(100 mg/kg and 15 mg/kg, respectively). Age- and sex- matched ApoE-deficient controls (n=6)

not implanted with an osmotic mini-pump underwent the same imaging protocol. Aortic

tissue was collected following euthanasia.

Micro-CT imaging

All mice underwent one contrast-enhanced non-gated micro-CT scan at baseline (prior to

pump implantation) and another one at end stage (prior to euthanasia). The contrast agent

(ExiTron nano 12000; Miltenyi Biotech, Germany) was injected directly into the lateral caudal

vein at 4 mL/g body mass. In each scan, the thorax and abdomen were scanned with a

Quantum FX micro-CT scanner (Caliper Life Sciences, USA), while anesthesia was maintained

with inhalation of 1.5% isoflurane in concentrated room air with oxygen levels between 85%

and 91% (compressor Sequal Integra E-Z Oxygen concentrator). The resulting DICOM images

had an isotropic voxel size of 50 μm. Aortic volumes were quantified using the Mimics software

(Materialise, Leuven, Belgium). In the ascending aorta, we considered the region from the

aortic root to the beginning of left subclavian artery (Figure 4.2). In the abdominal aorta, the

proximal landmark was fixed at 5mm above the celiac artery and 2.5 mm below the left renal

artery (Figure 4.2).

PCXTM imaging

Harvested aortic tissue was fixed in 4% PFA and imaged at the Paul Scherrer Institute (Villigen,

Switzerland) using propagation-based phase-contrast imaging at a 1.625 μm isotropic resolu-

tion, as we saw in section 4.1 of the Introduction. Indicative 2D images of this modality are

shown in Figure 4.1. The contrast agent used for the micro-CT scan percolated the aortic wall

intra vitam and was visible in PCXTM scans, as previously described in section 5.3 and Chap-

ters 2 and 3. The volume of contrast agent was quantified in the ascending and abdominal

aorta using the Mimics software (Materialise, Leuven, Belgium).

In order to facilitate comparison of the contrast agent distribution with vascular reactivity

findings, we set the axial length of the supraceliac segment as 2 mm above the celiac artery

bifurcation, corresponding to the maximal vascular ring length that can be tested on the wire

myograph setup.

Vascular reactivity study

N=25 male ApoE-deficient mice on a C57BL/6J background 12-14 weeks old were purchased

from Jackson labs. Micro-osmotic Alzet 1003D pumps were left to prime overnight at 37oC be-

fore implantation. Mice were sacrificed with ketamine/xylazine after 3 days of AngII (Millipore)

administration at 1000 ng/kg/min. Following transcardiac perfusion with PBS through the left

ventricle at 40mmHg, the abdominal aorta was carefully cleaned in situ from surrounding fat

and excised.
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Figure 4.1: Examples of 2D images obtained in this study with propagation-based phase-
contrast synchrotron imaging. A: aortic valve, B: ascending aorta, C: abdominal aorta, D:
abdominal aorta at the celiac artery branching site. Note the bright contrast agent percolation
in A and D. Scale bar is 300 μm.

In order to capture not only inter-subject alterations of vascular function between control

and AngII-infused ApoE-deficient mice, but also intra-subject differences between aortic

regions of different dissection propensities, an unaffected contralateral region was needed

as a natural control. The ascending aorta, from which only one aortic ring can be obtained,

offered no straight counter-segment as control in vicinity to the susceptible ascending segment.

Conversely, in the abdominal aorta and in proximity to the susceptible suprarenal segment, the

infrarenal segment is well-known to be protected from catastrophic events such as dissection,

fibrosis or aneurysm. This region instead achieves a homeostatic response following AngII

administration21,26,27, which is why it can effectively serve as a control region. We chose the

juxtarenal segment, between the right and left renal arteries, since it is located even closer to

the affected region. Note that in the study by Bersi et al.21, their infrarenal segment extended

from above the left renal artery (what we call juxtarenal segment here) down to the ’truly’

infrarenal aorta (under both renal arteries) (cf. Figure 31). For the aortic side branches, since

the celiac and superior mesenteric arteries are the most affected by microstructural damage,

one of the renal arteries had to serve as control. We chose the left renal as control, since the

right renal often branches off at the same level as the superior mesenteric and is hence directly
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involved in the disease onset.

Briefly, the following intact aortic rings were isolated from the abdominal suprarenal aorta

(cf.Figure 4.3): (i) a ring proximal to the celiac artery bifurcation (supraceliac segment), (ii) a

ring in-between the bifurcations of the celiac and the superior mesenteric/right renal artery

(paravisceral segment) and (iii) a ring in-between the right and left renal artery (juxtarenal

segment). The maximum length of these arterial segments was 2 mm, equal to the gap of the

wire myograph support system; the smaller length of the other two aortic rings was imposed

by the bifurcating landmarks of the aorta which bound each segment. Arterial rings were also

obtained from the celiac, superior mesenteric and left renal arteries, taken as proximally as

possible close to the aorta.

Table 4.1: Mean lengths of arterial rings.

Arterial ring Mean length [mm] ± SD

Aorta
Supraceliac 1.9 ± 0.3
Paravisceral 1.0 ± 0.3
Juxtarenal 1.1 ± 0.3
Side branches
Celiac 1.7 ± 0.2
Superior mesenteric 1.8 ± 0.2
Left renal 1.4 ± 0.1

Two 40μm-diameter tungsten wires were passed through the lumen of each ring except the ring

of the celiac artery, for which we used thinner 20μm-diameter wires to avoid damage of the

inner endothelial cell layer. The vascular rings were mounted on a DMT620M wire myograph

(Danish Myo Technology A/S, Denmark) and kept with carboxygenated physiological Krebs

solution at 36.8oC. They were allowed to equilibrate in their optimal resting tension evaluated

in preliminary experiments (0.45g for the aortic segments and superior mesenteric artery, 0.3g

for the celiac and left renal arteries, Figure A1), for at least 30 minutes before the start of the

protocol. Vasorelaxation was assessed with acetylcholine (Ach) and isoproterenol (ISO) (Sigma)

on vessels precontracted with serotonin at concentrations adjusted to yield submaximal

tension. Vasoconstriction was induced with phenylephrine (PE), and U-46619, a TXA2 mimetic

(Cayman Chem). The contraction of the vessels following incubation with 60mM KCl for

20 minutes was used to normalize vasoconstriction responses (the contraction values to

KCl were also assessed separately). We additionally tested Angiotensin II and endothelin-

1 as vasoconstrictors but neither produced contractions in the segments, consistent with

earlier reports28,17,24, presumably due to the low expression of contractile AT1b receptors

in the aorta. While such contractions are expected in the peripheral beds, we note that the

superior mesenteric and celiac branches we test here are of a larger size than peripheral

vessels (compared for example with first or second order mesenteric arteries typically used in

studies of the periphery). Data were recorded on LabChart. The length of the aortic rings was
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measured under a brightfield microscope following each experiment.

Histology

After imaging, samples were again fixed in % PFA. Paraffin-sections corresponding to the 3

suprarenal segments of the vascular reactivity study (supraceliac, paravisceral and juxtarenal)

were stained for smooth muscle α-actin and Hematoxylin-Eosin. The samples were taken

from the animals used in the imaging study. The quantification of αSMA was performed using

the ImagePro software (Media Cybernetics). The aortic wall was segmented manually and the

same intensity threshold was applied on all images.

Statistics

Changes in micro-CT aortic volume between baseline and endpoint geometry were evaluated

with Wilcoxon matched-pairs signed rank tests. Changes in contrast agent volume infiltration

between timepoints were assessed using Kruskal-Wallis tests with Dunn’s multiple compar-

isons. For the vascular reactivity study, statistical significance was determined using two-way

ANOVA with Bonferroni’s multiple comparisons post-hoc test. Statistical significance was

indicated by P values ≤0.05.

3 Results

Temporal aspects: Aortic volume increase and vascular damage evolution over the first three

days of AngII infusion

In ApoE-/- mice, we observed a significant increase in the volume of the ascending and

the abdominal aorta after 3 days of AngII infusion, but not after 1 or 2 days (Figure 4.2A, C

and Suppl. Table A1). For wildtype mice, the volumetric increase of the ascending aorta

was pronounced from day 1 of the AngII infusion leading up to day 3 (Figure 4.2B), while

in the abdominal aorta the increase did not become significant until day 3, similarly to the

ApoE-deficient mice (Figure 4.2D and Suppl. Table A1).

The volumetric enlargement of the ascending and abdominal aorta in vivo was paralleled

by intramural contrast agent infiltration over the first 3 days of AngII infusion (Figure 4.3,

Table A2), corresponding to aortic vascular damage as previously described in section 5.3 of

the Introduction as well as in chapter 3. In the ascending aorta of ApoE-/- mice, contrast agent

leaks were present (non-zero) by day 1 of AngII infusion but only reached a significant differ-

ence with controls by day 3 (P=0.0053, Figure 4.3A), as was the case for WT mice (P=0.0231).

Similarly, in the abdominal aorta of ApoE-/- mice increases in contrast agent infiltration did

not become significant until day 3 (Figure 4.3B). This observation was consistent for all three

investigated suprarenal regions, but the amount of infiltrated contrast agent was higher in the
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Figure 4.2: Ascending and abdominal aortic volumetric increase measured with micro-CT after
1, 2 and 3 days of AngII infusion compared to baseline, for ApoE-/- (panels A,C) and WT (panels
B,D) mice. Landmarks for the volumetric quantification of each region are illustrated on the
left: ascending aortic volume was quantified from the aortic valve until after the bifurcation of
the left common carotid. The abdominal region extended from 5-mm above the middle of
the celiac bifurcation to 2.5-mm distal to the middle of the left renal bifurcation. Black line
depicts mean±SD. BL: baseline, D1, D2, D3: day 1, day 2, day 3 of AngII infusion. Overbar
denotes statistical significance between groups, *: P≤0.05. Values of comparisons are reported
in Table A1.

.

supraceliac and paravisceral segments than in the juxtarenal segment. In the abdominal aorta

of wildtype mice, no significant increase in microleaks could be observed by day 3.

Spatial aspects: impaired vascular endothelium-dependent relaxation and contractility in

decreasing severity along the abdominal aorta

In the second part of this study we focused on the role of aortic reactivity in the propensity of

the suprarenal aorta to aortic dissection. Since increases in micro-CT volume dilatation and

intramural contrast agent volume infiltration did not become apparent until day 3 of AngII

infusion, we set the timepoint for vascular reactivity assessment at the 3-day mark.

After 3 days of infusion we observed different degrees of impaired endothelium-mediated

relaxation in the three abdominal aortic segments. In the supraceliac segment relaxation was
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Figure 4.3: Quantification of contrast agent infiltration within the major aortic segments.
Schematic depiction of the aortic segments tested is shown on the left. Contrast agent volume
has been normalized to the axial length of each segment (μm3/μm). Line denotes mean of
group. Overbar denotes statistical significance between groups, where *, ** : P ≤ 0.05 , 0.01.

strongly impaired and in the paravisceral segment relaxation was compromised, whereas in

the most distal juxtarenal segment there was no difference with control mice (Figure 4.4A). The

most dramatic change occurred in the contractile response to phenylephrine, a selective α1-

adrenoreceptor agonist, which was severely impaired in the supraceliac segment (Figure 4.4B).

In the paravisceral and juxtarenal segments, the PE agonist elicited a response that was blunted

with respect to controls, but not zero.

We additionally assessed responses to other agonists. The isoproterenol-induced relax-

ation was significantly decreased in the supraceliac segment (Figure 4.6A). Contractile re-

sponses to U46619 (a stable thromboxane-A2 mimetic and thus an agonist for the TXA2

prostanoid receptor) reached the same maximal value in control and AngII-infused animals
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but the half-maximally effective concentration shifted to larger values for the AngII mice

(Figure 4.6,Table 4.2).

Table 4.2: Shift of half-maximally effective concentrations for dose-response curves to TXA2.

Aortic segment Control EC50 [10-7M] AngII-infused EC50 [10-7M]

Supraceliac 1.14 4.82
Paravisceral 1.8 6.84
Juxtarenal 1.6 3.72

Figure 4.4: Vascular reactivity of 3 aortic segments. A. Dose-response curves of acetylcholine
on vessels precontracted with serotonin [10-6 M]. B. Dose-response curves to phenylephrine.
n=5-7 per group.

The most pronounced change in response among the vasoconstrictors tested was observed

for phenylephrine, we therefore aimed to identify the underlying cause of this modulation.

In order to assess whether the impaired contraction to PE stemmed from a local change

in the smooth muscle contractile apparatus, we compaired the rings’ contractions to KCl

(non-receptor-mediated response) (Figure 4.6D) but only observed a significant decrease in

the paravisceral segment of AngII-infused animals. We further assessed whether receptor

levels of phenylephrine were downregulated but instead found them to be upregulated in all
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Figure 4.5: Western blot of control and AngII-infused aortic segments (α1AR: adrenergic α1
receptor, TR: thromboxane receptor).

three abdominal segments (Figure 4.5). To further evaluate whether the α1-adrenoreceptor-

mediated contractility loss was due to loss of alpha smooth muscle-actin (a corollary of a

possible phenotypic switch smooth muscle cells from the contractile to the synthetic type),

we quantified the α-SMA content in the corresponding abdominal aortic regions but found

no significant differences between time points in any of the three regions (Figure 4.7).

We then assessed the vasoreactivity of aortic side branches (Figure 4.8). No remarkable differ-

ences were found in endothelium-mediated relaxations, or responses to the vasoconstrictors

phenylephrine, thromboxane-A2 or potassium chloride. These findings suggested that the

overall vascular function of the branches was not compromised but generally preserved.

4 Discussion

Numerous studies have been published on the pathogenesis of ascending 11,29 and abdominal

lesions21 in the AngII infusion mouse model, however the temporal and spatial aspects of

disease initiation still remain the subject of debate. It is known that lesion development in the

abdominal aorta is rapid, spanning from hours to days13,30,31. Mean blood pressure is already

elevated by 20mmHg after the first day of AngII infusion, an elevation sustained over the first

3 days of infusion before further increasing 32. After 2 days of AngII infusion to ApoE-deficient

mice, Saraff et al. observed elastin fragmentation associated with macrophage migration in

the aortic media of the suprarenal aorta12. In our previous work we reported micro-ruptures

after 3 days of AngII infusion, while Bersi et al. reported a significant increase in MMP-2 and

MMP-13 expression in the suprarenal aorta (and non-significant increase in the ascending

aorta) 4 days post-implantation21. These findings suggest that by day 4 the signaling cascade

of AngII inciting inflammation and remodelling is already in effect. Here, we used synchrotron

imaging to reveal that intramural infiltration of contrast agent, which serves as a proxy for

intramural vascular damage, appears as early as 1 day post-implantation in the ascending

and abdominal aorta of ApoE-/- mice. However, it does not increase significantly until day
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Figure 4.6: Vascular reactivity of the aortic segments. Dose-response curves of abdominal
aortic segments to (A) isoproterenol, (B) U-46619, (C) KCl. In (C), the vessel’s contraction
to KCl has been normalized to each ring’s axial length (g/mm). Mean ±SEM, * : P≤0.05; ** :
P≤0.01, n=5-7 per group.

3 of AngII infusion (Figure 4.3). Similarly, in vivo assessment of aortic volumes based on

contrast-enhanced micro-CT showed that a significant increase in the ascending and the

abdominal aorta does not occur earlier than day 3 post-implantation (Figure 4.2). Based on

these observations and those in literature, we determined day 3 of AngII infusion as the ideal

time point to assess vascular reactivity in the abdominal aorta.

Despite the fact that AngII is administered in a systemic way, aortic dissections are almost

exclusively localized in the suprarenal abdominal aorta of AngII-infused mice 8,12,14. We previ-

ously found that excessive aortic strain around the celiac and superior mesenteric branches

of the abdominal aorta co-localized with microstructural wall damage after 3 days of AngII

infusion (cf. chapter 3), suggesting a mechano-driven initiation mechanism. Bersi et al. 21
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Figure 4.7: Alpha-smooth muscle actin quantification for 3 abdominal aortic regions. The area
of αSMA has been normalized to the vessel area (%).

Figure 4.8: Vasoreactivity of aortic side branches. n=5-7 per group, except for: left renal
KCl/length (n=3 AngII infused, length values not available for all segments tested) and left
renal relaxation to acetylcholine (n=3 AngII infused, response not tested due to experimental
conditions).

recently conjectured that the suprarenal aorta is at dissection risk because it does not manage

to deposit sufficient collagen to stress shield the region against increased wall stress (previ-

ously described in section 5.2 of the Introduction). However, such reduced stress shielding

could also occur due to a local alteration of vascular function, particularly at an early stage
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of the disease. Taking into account the particular vulnerability of the aortic region in the

vicinity of the celiac and superior mesenteric arteries, ascertained in chapter 2, we focused

our vascular reactivity assessment on the abdominal suprarenal aorta in the early stage of the

disease. Specifically, we investigated differences within the suprarenal region, which Bersi et

al. previously considered homogeneous21, as well as its side branches.

Spatial differences in relaxation responses

Quantification of ex vivo contrast agent volume infiltration indicated that among the three

investigated suprarenal segments, the supraceliac segment underwent the greatest wall dam-

age (Figure 4.3, Table A3). This segment was also the one where the vascular endothelium-

dependent vasorelaxation to acetylcholine was most severely compromised. Similarly to

acetylcholine, relaxations through membrane hyperpolarization induced by isoproterenol

were abrogated in the supraceliac segment (Figure 4.6). Endothelial dysfunction has been

identified in previous isometric tension studies of AngII infused mice, albeit at later time

points and different aortic regions: marked impairment was found after 14 33 and 28 24 days of

infusion in the thoracic aorta, and in the femoral24 artery of ApoE-deficient mice as well as

in carotid arteries of C57BL/6 mice 34. No endothelial dysfunction was found in the adjacent

arterial side branches, however.

Spatial differences in contraction responses

The biomechanical findings of chapter 3 have highlighted the vulnerability of side branches,

particularly the celiac and superior mesenteric arteries, due to focal concentrations of strain

around their ostia in the early stage of AngII infusion, thus demonstrating that AngII-induced

dissections are branch-related. Here, the most dramatic change we observed in contractile

response before and after brief AngII infusion was the abolished contraction to phenylephrine

in the supraceliac segment of the suprarenal aorta, which borders with the coeliac side branch.

This segment has been identified as the most dissection-prone within the suprarenal aorta35.

The compromised contractile capacity followed a tapering trend becoming less severe towards

the distal end of the aorta, however side branches were spared of any dysfunction. Our present

findings suggest that there is a local ’discontinuity’ of vascular function properties around

the ostia of side branches, as we transition from the aorta, whose endothelial function and

contractile capacity have been impaired- to the -healthy- side branch, which has largely

preserved its endothelial and contractile function.

The reasons behind the loss of phenylephrine-induced contractility in the suprarenal aorta

are unclear. Cross-talk of alpha 1-adrenergic receptors and AngII has been reported in rats 36,

rabbits37,38 but not in mice. It has been argued that the degree of sympathetic innervation

could be a contributing factor in the pathophysiology of AngII-induced vascular changes in

alpha adrenergic receptors39. Other studies have reported that the C57BL/6 thoracic aorta

showed no change in phenylephrine-induced contractions after 21 days of infusion40, whereas
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the ApoE-deficient thoracic aorta exhibited a leftward shift of the concentration response

curve to phenylephrine after 14 days of AngII 33. However, those studies focused on later time

points.

A possible explanation for the loss of contractility after 3 days of AngII infusion is the smooth

muscle cell apoptosis, or switch of smooth muscle cells from the contractile to the synthetic

phenotype. While we found no significant change in the content of α-smooth muscle actin (a

smooth muscle cell marker protein customarily used to define the contractile phenotype 41)

over the first 3 days of AngII infusion, further histological investigation is needed to clarify

whether a phenotypic switch occurs early on, similar to what has been reported in humans 42,43.

No straightforward answer was obtained by observation of the change in responses to KCl, ei-

ther. Contractions through KCl are classically used to bypass G protein-coupled receptors and

activate smooth muscle by voltage-operated Ca2+ channels 44. KCl-elicited contractions were

reduced in the (middle) paravisceral segment but not in the supraceliac or juxtarenal segment.

Reduced contractile responses have been reported in thoracic aortic rings exposed to KCl

after high-dose (1250 ng/kg/min for 2 weeks)45 and low-dose AngII infusion (490 ng/kg/min

for 2-4 weeks) 23, however both of these studies were focused on a different aortic region at a

much later point in the time course of the disease and used different techniques. Interestingly,

subpressor AngII doses in rats increased both phenylephrine and KCl contractions in the

aorta 46,47, however important differences in inter-species vascular reactivity and response to

AngII impede interpretations from rats to mice48,49. Western blotting revealed a surprising

upregulation of α1-receptors in the aortic segments where we would have anticipated the

opposite effect, given the blunted α1-receptor-mediated contractions. This upregulation

however could indicate that a compensatory mechanism is already at place, if the molecular

pathway of α1-R is inhibited by a target upstream or downstream of the receptor.

Finally, we note that our results clearly indicate an early modulation of α1-adrenergic receptor-

mediated contractility in the AngII infusion model. Numerous studies designed to determine

whether AngII lesions are dependent or not on blood pressure use norepinephrine or phenyle-

phrine to induce hypertension in absence 50,51 or presence52 of AngII infusion. Given that

both norepinephrine and phenylephrine are neurotransmitters which bind to α1-adrenergic

receptors, our present findings suggest that replicating the AngII-mediated hypertensive set-

ting with signal transduction through α1-adrenoreceptors may be more perplexing than it is

elucidating.

5 Limitations and future work

Despite its encouraging results this is only an initial characterization study; there is a need for

both more data and further analyses to determine the precise mechanisms that mediate the

regional loss of endothelial and contractile function within the suprarenal abdominal aorta.

Temporally refining our results can further elucidate whether changes in vascular function

may occur even earlier than the 3-day mark.
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One of the limitations of our study was the assumption that the preload was the same on the

infused and non-infused samples. A different optimal stretch of aortic rings following 3 days of

AngII infusion with respect to controls, given that aortic stiffening occurs after 3 days of AngII

infusion35, may influence vascular reactivity findings 53. Moreover, an inherent limitation of

wire myography is the omission of axial stretch54,55, which may alter the in vitro response of

smooth muscle. In addition, the in vivo presence of perivascular adipose tissue may alter the

aortic contractile function with respect to in vitro observations 56.

In future work, we plan to use calyculin A, an inhibitor of protein phosphatases PP1 and

PP2A, to determine the inhibition of PE-mediated contraction is due to a target upstream or

downstream of the α1-R in the PP1/PP2A pathway.

6 Conclusions

Our results demonstrate that microstructural defects in the ascending and abdominal mouse

aorta as well as in vivo increase of the aortic volume become apparent only after 3 days of

AngII infusion. A spatially refined assessment of vascular reactivity within the suprarenal

abdominal aorta revealed regional differences in vascular function at the early stage of AngII

induced dissections. Specifically, we found severe endothelial and contractile dysfunction

in the supraceliac segment. Alterations of vascular function elsewhere were either milder, as

in the more distal, dissection-protected aortic segments, or did not occur at all, as was the

case for the major arterial side branches. The focal transition of endothelial and contractile

function properties from dysfunctional (aorta) to functional (branch) may further add to the

mechanical burden that branch orifices have recently been shown to endure in this mouse

model, to give rise to branch-related dissections. To the best of our knowledge, these results

are the first to evaluate the vascular function of the suprarenal abdominal aorta and its side

branches at the early phase of AngII-infusion.
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Appendix

Figure A1: Panels 1-3: Optimal tension of the 3 aortic suprarenal segments, determined by
vasoconstriction to PE [10-6] M for incremental tension levels. Panels 4-6: Optimal tension of
the 3 aortic branches, determined by vasoconstriction to SER [10-6] M for incremental tension
levels. Note the difference in scale for the arterial branches.

p-values
Pair WT ApoE-/-

Ascending aorta
Baseline – Day 1 0.0313 ns
Baseline – Day 2 0.0313 ns
Baseline – Day 3 0.0156 0.0156
Abdominal aorta
Baseline – Day 1 ns ns
Baseline – Day 2 ns ns
Baseline – Day 3 0.0313 0.0313

Table A1: Statistical significance for Wilcoxon matched-pairs signed rank tests of ascending
aortic volume shown in Figure 4.2.
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Chapter 4. Early alterations in vascular function of AngII-infused abdominal aortas

Figure A2: Contrast agent infiltration along the abdominal aorta after AngII infusion for 1, 2
and 3 days for ApoE-deficient and WT mice. Line denotes mean per group. Overbar denotes
statistical significance between groups, * : P≤0.05; ** : P≤0.01.
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Conclusions

1 Modelling the arterial circulation of the mouse

In cardiovascular research, mouse models have become a standard surrogate to emulate the

human pathology and investigate etiologic mechanisms where human data are not readily

available. Notwithstanding their frequent use, a thorough description of the reference murine

arterial anatomy and hemodynamics therein has been lacking. Thanks to recent improve-

ments in computer technology, modelling based on physical principles has become a powerful

tool to simulate the hemodynamic properties of the human cardiovascular system and has

been playing an increasingly important role in the diagnosis of cardiovascular diseases and

the development of medical devices. Low dimensional physics-based models of the vascular

network can describe the entire arterial tree at small computational costs, readily reproduce

wave propagation phenomena and enable patient-specific modelling. In the first study of

this dissertation (Chapter 1), we adjusted a one-dimensional model of the arterial network

from humans to mice. We averaged the micro-CT-acquired aortic geometry of two commonly

used mouse strains to obtain reference data of the mouse systemic arterial tree. We informed

the model with available literature data and validated the predicted blood flow and pressure

waveforms against in vivo ultrasound measurements of diameter and blood flow velocity as

well as invasive pressure measurements. The result was a numerical model of the murine

systemic circulation, representative of a healthy anesthetized mouse.

At first glance, translating an existing 1D model of the human systemic arterial tree into a

murine setting can seem counterintuitive. When the natural workflow of biomedical research

starts with animal experiments to ultimately reach a clinical application, what is the added

value of following the reverse path to scale human data down to mice? While the main

research interest lies with human physiology and disease, elucidating the anatomical and

hemodynamic parameters of the most commonly used laboratory animal is instrumental. The

cardiovascular system of mice is more than merely a downscaled, faster version of the human

circulation; not all hemodynamic parameters downscale uniformly across the two species.

While murine arterial dimensions are 10-times smaller and heart rate is 10-times faster, the
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blood viscosity, blood flow velocity and pulse wave velocity have similar values in mice and

humans. Both the Reynolds number, reflective of the turbulence of blood flow, and the

Womersley number, reflective of the pulsatility of blood flow, are lower in mice denoting that

murine flow is more laminar and organized than human flow. Whereas wave propagation was

expected to be similar between the two species, as we moved from the heart to the periphery in

the mouse model the pulse pressure did not amplify as in humans but was instead dampened.

Setting the viscosity of blood equal to zero restored the effect of pulse pressure amplification,

thus indicating that in the mouse high frictional losses override pulse pressure amplification.

The principle of the Three R’s, to Replace, Reduce and Refine the use of animals in scientific

research, is firmly anchored in recent legislative acts. This versatile generic 1D model of the

mouse circulation can serve as an alternative for in vivo proof-of-concept studies. Altered

experimental conditions, such as ligation of an artery, amputation, arterial stenosis or in-

creased aortic stiffness can easily be simulated without sacrificing animals. This can lead to the

reduction and ultimate replacement of animals during experimental design and harm-benefit

analysis. It is important, however, to keep in mind that this in silico 1D model is fit for use

depending on the research question it is meant to answer. It cannot and should not be used to

substitute experiments which aim to describe the pathogenesis of cardiovascular pathologies

arising from complex biological processes, such as aortic aneurysms and dissections.

2 Disease pathogenesis in a mouse model of aortic aneurysm and

dissection

Understanding the triggering determinants of aortic pathologies such as dissections and

aneurysms in which longitudinal human data are scarce, especially in early stages of disease,

is a task next to impossible. Aortic aneurysms can progress over decades before rupture and

acute aortic dissections can occur within hours - in both cases, human data temporally set

at the onset of disease are difficult to obtain. Research using mice allows us to investigate

questions impossible to address in human studies. In mouse models the temporal evolution

of disease is well-defined, a large number of experimental parameters such as age or genetic

background can be varied at will and the pre-diseased, longitudinal follow-up and postmortem

data are readily available.

The most common mouse model used in aneurysm research for the last 20 years is that of

systemic infusion of Angiotensin-II in mice. Following infusion, the animals present two

clearly distinct and location-specific aortic pathologies: ascending aneurysms and abdominal

dissections. Even though the model (like any other available model to date) is not a complete

set of replica for either aneurysm or dissection, it can nonetheless provide useful insight in the

underlying mechanisms driving the disease. In order to study the early stage of disease, one

ideally wants to follow-up the same animal from baseline to sacrifice; such in vivo longitudinal

monitoring is nowadays possible with contrast-enhanced micro-CT (to image the contrast-

filled aortic anatomy) and ultrasound (to measure blood flow velocity, among others). Imaging
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the compromised structure of the mouse aortic wall is the most important aspect of study

design, since it ultimately dictates the level of insight deduced from the study. Synchrotron-

based imaging of aortas postmortem at the Swiss Light Source yields high-resolution 3D

information on the mouse aortic wall. An added layer of insight stems from a fortuitous

discovery during the first implementation of synchrotron-based imaging from our group: the

micro-CT contrast agent injected in mice (originally meant to enhance the soft tissue contrast

during the micro-CT scan) infiltrates the aortic wall intra vitam at spots of vascular damage,

and is visible ex vivo on the synchrotron images. The micro-CT contrast agent can hence, apart

from enabling the in vivo distinction of the aorta during a micro-CT scan, additionally serve

as a proxy to localize early vascular damage of the vascular wall ex vivo. With a unique set of

imaging tools at hand, we set out to tackle the main questions surrounding the Angiotensin-II

mouse model of aortic aneurysm and dissection.

The most intriguing open question in this mouse model is:

Why do abdominal aortic dissections consistently occur in the suprarenal abdominal aorta

rather than the infrarenal location that is observed in humans?

Prior to any targeted study to address this issue, one has to properly formulate the research

question at hand and understand its context. Since the majority of previously published

studies on this mouse model concentered around abdominal dissections of the most advanced

stage (often treatment studies meant to prevent or aggravate the pathological outcome), the

first requisite step was to characterize the early-stage morphology of abdominal dissections

in the mouse model. In chapter 2 using synchrotron imaging combined with the proxy of

contrast agent at the inceptive stage of disease (prior to overt morphological changes of the

vascular wall) we detected damage around the ostia of two major side branches: the celiac and

superior mesenteric arteries. These findings are consistent with the location of medial tears

in fully developed (late-stage) dissections. While a role for the major side branches in disease

pathogenesis had been hypothesized in the past, we obtained for the first time early-phase

data to support their direct involvement in disease formation.

In addition, early damage was found around the orifice of small suprarenal side branches

of the abdominal aorta. This observation was also reflected in fully-fledged dissections that

affected minor suprarenal branches in previous synchrotron-based studies from our group,

highlighting a crucial role not only for major but also for minor suprarenal side branches

at the disease onset. A serendipitously imaged in-vivo rupture during micro-CT follow-up

further revealed that dissections in this model occur and propagate within only a few hours.

Following this early morphological characterization of abdominal dissections, we could refor-

mulate the main research question posed above to:

What is the role of aortic side branches in disease initiation?
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The scope of the subsequent studies of this dissertation was to address this question using a

two-pronged approach, divided in a biomechanical and a mechanobiological arm. Motivated

by the site-specificity of abdominal dissections, we hypothesized that local biomechanical

forces acting in the vicinity of the coeliac and superior mesenteric arteries trigger the onset

of dissection. Given the complex feedback loops between local mechanics and mechanobi-

ology, effects of or potential changes in smooth muscle contractility could play a key role at

the onset of disease. We therefore used the same mouse model to investigate whether the

most dissection-prone regions within the suprarenal aorta spatially associate with a locally

compromised vasonstrictive capacity.

2.1 The initiation of aortic dissection: a biomechanical perspective

Given the focal damage around the orifices of side branches, in Chapter 3 we conjectured

that local mechanical stimuli might trigger disease onset: it is, after all, intuitive that side

branches stemming out of a tubular structure (in this case, the aorta) are a source of mechani-

cal stress and strain concentration. The added value of our unique setting of sychrotron-based

biomechanics is twofold: (i) mouse-specific geometries can be used to set up computa-

tional structural mechanics of the abdominal aortic wall, and (ii) mouse-specific validation

can indicate whether locations of strain concentration coincide with early microstructural

wall damage. The work of this study built on a strong foundation set up in our group via

the development of a novel finite-element computational framework of synchrotron-based

biomechanics, where the mechanical strains are computed by comparing unloaded (ex vivo)

and temporally-averaged loaded (in vivo) configurations of the abdominal aortic wall.

Synchrotron image-guided histology showed that instances of micro-CT contrast agent intra-

mural infiltration corresponded to precursor vascular damage of the aortic wall and occurred

mainly at orifices of the celiac and superior mesenteric branches. The computed mechanical

strain was higher in branching relative to non-branching regions of the aorta, with a predilec-

tion for high strain in the celiac, superior mesenteric and right renal branching sites. This

resulted in a positive correlation between high mechanical strain and high vascular dam-

age in the branching, but non in the non-branching, regions. These findings suggested a

mechanically-driven initiating mechanism for the disease, with suprarenal branches acting

as loci minoris resistentiae along the aorta. Further supporting evidence came from comple-

mentary synchrotron imaging of load-induced ex vivo delaminations in suprarenal aortas:

the major delamination plane occurred near side branches and around the coeliac artery in

particular. This study thus points towards an early mechanically mediated formation of mi-

crostructural defects at branching sites of the suprarenal aorta, which subsequently propagate

into a macroscopic medial tear, eventually giving rise to abdominal aortic dissection.
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2.2 The initiation of aortic dissection: a mechanobiological perspective

In order to complement the biomechanical approach of Chapter 3, in Chapter 4 we inves-

tigated why dissections arise in the region around celiac and mesenteric branches from a

mechanobiological standpoint by assessing the local vascular function. As a first step, we iden-

tified, over the first 3 days of AngII infusion, the most appropriate time mark to characterize

the suprarenal aorta’s vasoreactivity. After quantifying in vivo dilatation and ex vivo vascular

damage in both the ascending and the abdominal aorta, we found significant changes to have

occurred only after 3 days of AngII infusion, which coincided with the duration of infusion in

the previous study of Chapter 3 but preceded overt morphological changes of the aortic wall

and any major aortic remodelling. The 3 aortic segments whose vascular function we charac-

terized were physically demarcated by the major branches of the suprarenal aorta (namely the

celiac, superior mesenteric and renal arteries). We additionally assessed the vasoreactivity

of the side branches themselves (celiac, superior mesenteric and left renal artery). While

the contractile capacity of the side branches was largely preserved, in the suprarenal aorta

there was a tapering trend of endothelial and contractile dysfunction: starting from the most

proximal supraceliac segment, the impairment became less severe towards the distal end.

2.3 A unified approach to explain a branch-related disease onset

The spatially varying response of compromised vascular function (impaired in the supraceliac

segment, compromised in the paravisceral and preserved in the juxtarenal segment) fits well

with the profile of dissection propensity along the suprarenal aorta, with the supraceliac

segment considered the most dissection-prone1. Bearing in mind the preserved vascular

function of the arterial side branches, around the orifice of a side branch seems to arise

a regional discontinuity in the profile of smooth muscle cell contractility and endothelial

function (affected in the aorta, but healthy in the side branch). This further adds to the

burden that the orifice of a branch has to sustain, as shown by our biomechanical data: in

Chapter 3, we found that strain concentrations in the aorta occur mainly around the ostia of

the celiac, superior mesenteric and right renal branching sites. It is thus at the focally, both

biomechanically and functionally compromised area of the aortic wall around the orifice of

these major branches that the initial parietal damage occurs.

Coming back to our research question, we showed that the initiation of dissections in this

mouse model is branch-related (Chapter 2), and the combined findings of the biomechanical

and mechanobiological studies of Chapters 3 and 4 have elucidated the role of major abdom-

inal side branches in disease initiation. Summing up, it appears that the location specificity

of dissecting AAAs around the celiac and superior mesenteric side branches arises from a

conglomeration of factors that include focal concentrations of mechanical strain as well as

local discontinuities in the function of endothelium and smooth muscle cell contractility.

Our results are consistent with the recent hypothesis proposed by Bersi et al.2, which has

been described in section 5.2 of the Introduction. At the earliest time point of their study at
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4 days of infusion, they reported a local increase in stiffness in the suprarenal aorta (which

was considered homogeneous). In their proposed mechanism, Bersi et al. submitted that

elevated blood pressure increases the wall stress, and conversely increased contractility may

act protectively to decrease the wall stress, in a dynamic but delicate balance. However, they

noted that regional differences exist in the aortic response to these stimuli. Our findings

show that the contractile capacity within the suprarenal aorta is compromised in a spatially

varying way, and does not act protectively to stress-shield the wall. Further, we found that

an important determinant of wall stress (or strain) distribution is the branching topology

of the aorta. The regions of elevated mechanical strain, from where subsequent signalling

through chemokine and MMP expression initiates the inflammatory recruitment, are therefore

preferentially found around the orifices of aortic side branches.

Going hand in hand with the decaying profile of early endothelial and smooth muscle cell

contractility dysfunction along the suprarenal aorta, from severe in the supraceliac to normal

between the renal arteries, is the early aortic stiffening profile of the aorta. At the same time

point of AngII infusion (3 days), the supraceliac segment has been the one found to stiffen

significantly 1, followed by a milder trend distally. Recalling the mechanism of segmental aortic

stiffening proposed in the elastase-induced mouse model of AAA3 described in section 5.2

of the Introduction, rapid local stiffening of a segment surrounded by adjacent compliant

segments may lead to nonuniform wall deformations during systole and hence generate

increased axial wall stress. The early stiffening of the supraceliac segment by ∼ 40-50% may

similarly create areas of increased axial wall stress at the boundaries of the segment where

stiffness gradients occur. The boundaries of this stiffened segment are, however, hard to

place in vivo. We can assume that in the distal direction, a physical boundary is imposed

by the celiac artery. Stiffening at two more the distal points of the suprarenal aorta may be

less pronounced but still occurs 1, implying that the stiffness gradients distally should be less

abrupt than in the proximal aorta (thoracic aorta vs stiffened suprarenal segment). An in vivo

aortic 3D strain mapping4 at this time point could elucidate the early regional variation in

stiffening.

We note here that our findings do not preclude other synergistic mechanisms. For example, lo-

cal perivascular support 5, the loss of dorsal tethering to the spine at the level of the suprarenal

aorta, the local natural vessel curvature and the anterior direction of wall expansion 6 may also

play key roles in the localization of AngII induced abdominal lesions.

3 Limitations and future perspectives

The caveats of this dissertation’s studies have been presented in detail in their respective

chapters. Here we will recapitulate the main limitations which could affect the essential

conclusions of each study, and propose future research directions.
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3.1 1D modelling of the arterial tree

Naturally, modelling the circulation as a 1D arterial tree entails some inherent limitations.

First of all, the model does not take coronary, venous and pulmonary circulation into account.

A number of modelling assumptions give rise to further limitations; we reiterate the main

ones here. Arteries are described as straight tapering segments with a circular cross-section;

the sigmoidal curve of the ascending aorta, aortic arch and descending aorta (as well as the

coronary tree, if included in the future) makes these arterial segments far from straight in

vivo. The flow is considered axisymmetric, however skewed velocity profiles are expected

in vivo in areas of curvature. The arterial wall is considered thin, incompressible, distensi-

ble, with material properties that are homogeneous and isotropic over each short segment.

Experimental research has shown that for most practical purposes, the arterial wall can be

considered incompressible; however, the heterogeneity and anisotropy of material properties

of the murine aortic wall in vivo have been well documented.

The 1D model of the murine arterial circulation is representative of a healthy mouse in an

anesthetized state. Anesthesia relaxes vascular tone and baroreflex sensitivity, slows down

heart rate, reduces cardiac output and pulse pressure, induces peripheral vasodilation and

results in systemic hypotension. The next research step is hence to adapt the model to

represent a mouse in the conscious state. The model can also be used to derive central aortic

pressures from tail-cuff measurements of blood pressure in mice through a transfer function.

Decreased distensibility values have been reported along the aorta following AngII infusion 2;

their implementation in the model will allow us to study alterations in flow and pressure wave

propagation arising from this vessel property change.

3.2 Mouse models: what is their translational value?

A primary concern not limited only to the mouse model used in this dissertation but expanding

to most animal models used in preclinical research is their translational value. How accurately

these models mimic human pathophysiology is difficult to ascertain given our lack of detailed

knowledge of the human disease (which leads to animal experimentation in the first place).

The mouse model of Angiotensin-II infusion presents demonstrable differences from the

human pathology. The exogenous administration of Angiotensin-II elevates the circulating

Angiotensin II levels well beyond their physiological range, creating a non-physiological setting

not directly translatable to humans. Moreover, Angiotensin-II receptors and signaling as well

as numerous other molecular pathways differ between humans and mice. Any extrapolation

from the mouse to the human setting should hence be made with great caution. Despite

marked differences between the two species, mice offer the unique advantage of hypothesis-

driven research. When seeking to address a specific measurable question, mouse models

allow us to obtain the necessary and appropriate data to answer it. Investigating the specific

role of side branches (Chapter 3) or contractility (Chapter 4) in disease initiation would not

have been possible in a human setting. Imaging, particularly at the early stage, of aneurysm
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or dissection in humans is incidental and resulting datasets are scattered and insufficient;

hence investigations of specific hypotheses are hampered. Preclinical research will continue

to elucidate the genetic, biomechanical and mechanobiological aspects of aortopathies and

other cardiovascular diseases, revealing their driving pathogenetic mechanisms as well as

potential therapeutic targets.

3.3 Blood pressure measurements

Infusion with Angiotensin II has been traditionally used as an animal model of hypertension;

higher doses were only incidentally found to cause aneurysmal and dissecting dilatations in

the ascending and abdominal mouse aorta. In a tentative mechanism proposed by Bersi et

al.2, blood pressure elevation is a key mediator in aortic lesion formation: the hypertensive

loading increases the wall stress, and it in turn initiates the inflammatory response through

chemokine and MMP expression. However, their conjecture is seemingly at odds with previous

reports; the question of whether increased SBP plays a significant role in lesion formation

has long engendered controversy. Since similar Ang II doses in normocholesterolemic and

hypercholesterolemic mice lead to much higher incidence rates of dissecting AAAs in the

latter, researchers were led to believe that blood pressure elevation alone is not sufficient to

cause lesion development. In an effort to decouple the contribution of blood pressure eleva-

tion to lesion pathogenesis in the Ang II infusion model, several studies have administered

vasoconstrictive drugs (other than Ang II) in doses adjusted to cause blood pressure increases

equivalent to Ang II-mediated hypertension, and subsequently assess the development of

dissecting aortic aneurysms. The absence of lesions following infusion of norepinephrine

in ApoE-deficient mice 7,8, or co-infusion of Ang II and phenylephrine in a genetically mod-

ified strain protected from pressor response to Ang II alone 9 has led several groups to the

assumption that dissecting abdominal aneurysm development is not contingent on blood

pressure elevation and its associated mechanical effects, but rather on the humoral effects of

Angiotensin II. Our findings in Chapter 3 suggest there is a strong biomechanical determinant

in lesion formation - but is not the only factor at play. Although trying to isolate effects of

elevated blood pressure (and pressure-induced increase in stress) or AngII-induced injurious

effects (e.g. proteolytic damage reducing strength) to the aortic wall can contribute to our

understanding of the initiating steps, both are clearly operative in vivo and likely synergistic.

With such debate surrounding the effect of blood pressure rise on lesion development, un-

doubtedly one of the limitations of our studies was the lack of blood pressure monitoring in

the initial phase of AngII administration. However, this was a conscious choice in our study

design. Our extensive protocols of contrast enhanced micro-CT and ultrasound follow-up

required significant amounts of anesthesia that put a heavy burden on the animals. In ad-

dition, our studies focused on short time periods (1-3 days), and a large number of in vivo

measurements would not only be ethically difficult but would also compromise the reliability

of our results. Particularly for blood pressure, which is stress-dependent and influenced by

the precise thermoregulatory state of the animal, since mice are known to vasoconstrict their
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tail under hypothermia (which is likely to occur after excessive anesthesia). The hypertensive

response to AngII infusion has, moreover, been extensively characterized by others: blood

pressure measurements using predominantly tail cuff on anesthetized and conscious mice,

but also using telemetry over 28 days of infusion, are reported in literature 10. Since abundant

pressure measurements were available, taken under more reliable circumstances (long-term

studies focusing exclusively on blood pressure monitoring without measuring other in vivo

quantities), we decided to rely on those values to evaluate the hypertensive state of the animals

over the first 3 days of AngII infusion.

3.4 Computational structural mechanics

An important limitation of the computational framework used in Chapter 3 concerns the

difficulty of modelling small side branches or a collapsed aortic geometry. The resulting poor

mesh element quality meant we were unable to model four out of six control geometries from

saline-infused animals. The limited number of control animals prevented us from drawing a

more solid and statistically relevant conclusion. If the presence of strain concentrations had

been demonstrated to occur in the same locations in healthy and diseased animals, it would

have potentiated the possible causative link between high strain and initial microstructural

damage. The implementation of the framework to include small side branches in different

aortic geometries showed that their presence can alter the localization of predicted strain

hotspots, however their inclusion required extensive manual intervention by the operator.

Hence depending on the application, the benefit from including the minor side branches in

accurate spatial predictions of strain may or may not outweigh the effort required to implement

them in the model - in all cases, it is important to be aware that they play an important role in

the computed strain field. More flexibility in meshing of branching topologies can be achieved

by modifying the Treemesh method, used to generate the unstructured hexahedral meshes.

Allowing the user to manually orient the hexahedral blocks placed at the branching points can

facilitate the inclusion of minor branches in the final mesh in the future.

A crucial limitation of our computational work is the assumed material model: the Ar-

ruda–Boyce hyperelastic constitutive model is a simplified model assuming homogeneity

of the arterial wall. It is well known that the arterial wall is heterogeneous - especially near

side branches, which represent regions of particular interest in our study, altered collagen

fiber orientations may lead to local material heterogeneities which in turn impact intramural

stress. Our results, especially at branching points, should therefore be interpreted with caution.

Ideally, a mouse-specific heterogeneous constitutive model should be used. The incorporation

of local fiber orientation in the area of bifurcations is of particular importance if the role of

side branches is to be evaluated further.

The unloaded configuration we consider still has residual stresses not accounted for: the

circumferential prestretch has not been calculated. An important step forward is the incor-

poration of residual stresses in the model, quantified by the opening angle when cutting and
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unloading the aortic wall.

Given that synchrotron imaging of the aorta can (for now) only be performed ex vivo, we cannot

unequivocally establish a causal link between high mechanical strain and vascular damage.

Were synchrotron imaging possible in vivo, we would estimate the strain using synchrotron

biomechanics on a healthy mouse and follow up the animal after 3 days of AngII infusion to

compare sites of wall injury to locations of elevated mechanical strain. It is also impossible

in our current setting to know which animals would have gone on to develop a dissection

and which would have been protected, so as to investigate the differences underlying their

dissimilar fates. An interesting extension to our study at present would be the additional

implementation of models made to predict disease status based on a combination of baseline

ultrasound metrics 11. Knowing which animals would be more likely to form a dissection and

which not, we could identify strain distributions or geometric patterns that differ between the

two cohorts.

3.5 Vascular reactivity assessment

In chapter 4 we used wire myography (uniaxial isometric testing) to assess the vascular

reactivity of aortic rings within the suprarenal abdominal aorta, as well as arterial rings of

the celiac, superior mesenteric and left renal branches. An important concern here is an

inherent limitation of the technique itself, which obscures (physiologically relevant) aspects

of in vivo loading such as axial stretch and luminal pressurization. A direct comparison of

uniaxial isometric, biaxial isometric and biaxial isobaric-isometric testing has shown that

biaxial testing holds particular advantages towards accurately evaluating smooth muscle

function 5. Nonetheless, isometric testing is high-throughput and easier to perform - therefore

ideal for an exploratory initial characterization of vascular function, which was the scope of

our work here.

An important limitation is incurred by the fact that the preload was the same for the infused

and noninfused samples. Taking note of the documented decrease in circumferential strain

after 3 days of infusion, we can expect that the local stiffening of the suprarenal aorta may

alter the optimal initial tension that should be applied on the infused samples to achieve

maximal smooth muscle responses. Further experiments will refine the temporal resolution

of changes in contractility, to elucidate the state of smooth muscle function after 1 and 2 days

of infusion. A still unidentified aspect is the possible switch of the smooth muscle cells from

the contractile to the proliferative phenotype after 3 days of AngII infusion, which needs to

be explored further - in first instance, with histological staining for contractile and synthetic

proteins, reflective of the two states. The most exciting field of study is the exploration of the

molecular pathways that mediate the localized loss of contractility we observed here, with

particular focus on α1 adrenergic receptor-mediated contractions. Genetic knockout mice

can be used to reveal in a direct manner the contribution of α1 receptor modulation to lesion

development.
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4 What’s next?

In this dissertation, synchrotron imaging provided exquisite insight into the pathophysiology

of the murine cardiovascular system ex vivo, reaching isotropic resolutions of 1.6 μm. Steps

towards the in vivo application of synchotron imaging are being made: an in vivo synchrotron-

based microtomographic technique has recently been developed for the imaging of lung

alveolae12. Advances in computational methods stretch the potential of existing techniques

even further. For example, in vivo 3D strain maps of the diseased mouse aorta have been

acquired using 4D ultrasound and direct deformation estimation4.

In recent years, technological breakthroughs in preclinical imaging have offered increasing

insight in previously unresolved questions of disease evolution, along with advancements in

computer science which have begun to revolutionize medical image processing. The greatest

leap forward in our understanding of disease etiology will be made with the advent of future

clinical imaging methods, which may allow us to observe in humans the microstructural

aspects of the disease initiation that we have in this dissertation started to grasp for the first

time in mice.
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