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... circulatory systems are among our greatest corporeal glories. ... that splendor of design, its overall coherence, its

exquisite detail, and its unobtrusive operation.” – Steve Vogel, 1992 [303]

1 Introduction

The proper functioning of the arterial wall is vital to the health of the individual, as evidenced by the numer-

ous debilitating medical problems which can arise when the wall falls prey to the effects of disease, aging or

deleterious genetic variations. Conversely, the arterial wall’s remarkable capabilities for growth, repair, and

continual renewal under diverse physiological loads have yet to be reproduced in tissue engineered vessels,

though rapid advances are being made [220, 225, 329].

The mechanical integrity of the arterial wall is dependent on its passive load bearing components: col-

lagen and elastin fibers, as well as on the proper functioning of its cellular components: endothelial cells,

vascular smooth muscle cells and fibroblasts. The intramural cellular content is responsible for the colla-

gen production, repair and degradation that is essential for maintenance of wall integrity during the human

lifespan as well as for recovery from external damage. However, the demands on our vascular system are

not static over time. These same cells must also be able to sense changes in mechanical loads and chemical

stimuli and orchestrate a collective response to adapt to these changes. Acting in concert, the cellular mate-

rial in our arteries can alter the quantity, distribution, orientation and mechanical properties of the collagen

fabric for pre- and postnatal vascular growth as well as for effective remodeling in response to changing

stimuli. As will become clear in this chapter, there are many fundamental unanswered questions regarding

these processes that impact how we treat nearly all cardiovascular diseases.

Biomechanists have developed mathematical models of the arterial wall (constitutive equations) in an

attempt to better understand the complex processes of arterial growth, remodeling and damage. These models

can be used to explore hypotheses about the coupled role of biology, chemistry and mechanics and, in some

cases, to develop predictive models of disease. For example, mathematical models have been developed and

used to great effect to study abdominal aortic aneurysms [137, 312, 315], intracranial aneurysms [16, 319,

320], hypertension [98] and vasospasm [134]. Damage models have been developed to study the process of

wall degradation under supraphysiological loading such as found during cerebral angioplasty as well as the

enzymatic damage that can arise in response to abnormal flow conditions [22, 23, 39, 173,174].

It is becoming increasing well understood, that the most idealized aspects of these modeling efforts relate

to the role of biology. Some of these idealizations reflect a need for further research, while others reflect

a gap between knowledge within engineering/mathematics and biology communities. Mounting evidence

demonstrates that purely mechanical models are insufficient for many vascular diseases [91, 136, 137, 242].

Rather, there is a need for increased sophistication by the biomechanics community to integrate the available

biological information into models of vascular disease and also, to work with vascular biologists to acquire

additional data through experiments motivated by these modeling studies. In anticipation of growing efforts

in this direction, we devote several sections of this chapter to a detailed review of the components and

architecture of the arterial wall.

We begin this chapter with a brief overview of the arterial wall in Section 2, including discussion of its

primary functional requirements and constraints. In Section 3, we turn attention to the extracellular matrix

(ECM) and its core components, i.e. collagen fibers, elastin fibers and elastin lamellae. The vascular cells

within this structural scaffold are the focus of Section 4 with particular emphasis on their function as trans-

ducers of mechanical stimuli and their vital role in maintenance and adaption of the ECM. In Section 5, we

return to the architecture of the arterial wall in more detail, with a discussion of how the cellular and extra-
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cellular building blocks are integrated into the arterial wall structure. In Section 6, we briefly discuss current

mathematical models (constitutive equations) for the arterial wall, including some illustrative examples. The

application of the earlier material to vascular disease is then considered in Section 7, through the particular

example of cerebral aneurysms.

2 Overview of the Arterial Wall

In 1846, M. G. Wertheim presented the results of his force elongation measurements on human tissues

including arteries, muscles, tendon, veins and bone to the l’Académie des Sciences, [323]. He recognized,

for what appears to be the first time, the fundamental difference in mechanical response of soft tissues such

as arteries compared with bone, wood and inorganic materials:

Bone tissue extends by significantly following the law of proportionality to the loads, that is to say, in the same way as

the inorganic body and wood. So, if we take the loads as abscissae and the corresponding elongations as ordinates, the

line that represents elongations is walking a straight line. It is not the same for the soft body parts in their natural state

of humidity, where the law of their elongation is represented by a curve which closely approximates a hyperbola whose

top is fixed at the origin of coordinates.

Translated from page 395 of [323]

Wertheim did not present his experimental data, but rather coefficients for the curves he fit to the data, (e.g.

Fig. 1). We now know that the loading curves he reported for these soft tissues are typical for healthy vascular

Fig. 1 Stress versus strain curves based on Wertheims results in [323]. Here, the range for artery, muscle and bone are 20%,

2.5% and 0.75%, respectively. Stress for artery and muscle is given in gm/mm2, while bone is given in kg/mm2.

tissue, displaying high flexibility at low loads (the toe region) followed by a relatively rapid transition to

3



high and nearly constant stiffness with increasing loads, Fig. 11 . In arteries, this transition region has been

found to coincide with the strain regime experienced during normal functioning. In 1909, Osborne proposed

an explanation as to why a loading curve of this shape would be beneficial for biological structures such

as the bladder [324]; a subject we return to in Section 2.2. It was not until 1957, that Roach and Burton

proposed an explanation as to how the shape of this mechanical loading curve is produced by the arterial

wall. As discussed in Section 5, their explanation has been supported by their own work as well as more

recent studies. Reproducing the mechanical properties of the arterial wall is one of the central challenges

in tissue engineering vascular grafts [220]. Efforts are also being made to design fiber reinforced materials

that reproduce this response, with the objective of creating more realistic in vitro test systems for studies of

vascular disease [21].

In the remainder of this chapter, we address these subjects as well as the more general questions of: i)

What design requirements much be met by the arterial wall? ii) What are the components and architecture of

the arterial wall? iii) How does this structure function to satisfy these design requirements? While complete

coverage of these questions is beyond the scope of a single chapter, we use them to motivate the material

covered in this chapter and to point out open questions in the field of vascular mechanobiology. Answers

to these questions are important for improving treatments of acquired and inherited diseases as well as for

designing tissue engineered blood vessels.

2.1 Brief overview of the architecture of the arterial wall

The arterial wall consists of vascular cells (e.g. endothelial cells, vascular smooth muscle cells and fibrob-

lasts) housed within an organized network of macromolecules, namely, the extracellular matrix. The ECM

is largely composed of two types of macromolecules: proteins (such as collagen, elastin, fibronectin and

laminin) as well as a class of unbranched, polysaccharide chains called glycosaminoglycans (GAGS). Most

GAGs are found covalently attached to protein cores, forming proteoglycans. Due to the stiffness of the

GAGs as well as their highly anionic nature, they draw water into the ECM to form a gel that provides the

tissue with compressive resistance and enables diffusive processes within the arterial wall [11]. While the

ECM was previously viewed as an inert scaffold, it is now understood to play a vital dynamic role in reg-

ulation of cells inside the ECM - influencing their structure, migration, proliferation, and function through

cell-matrix interactions [11].

In a tubular segment of arterial wall, the ECM and cellular content are found to be organized in a system

of concentric cylindrical layers, see Fig. 2(a). These layers are generally viewed within the context of three

specific regions which are separated by elastin lamellae (that lessen cell migration between layers) and

generally distinguished by cell type. In a prototypical healthy artery, the innermost region, or tunica intima,

is lined with endothelial cells (ECs), attached to a collagen network called the basement membrane, Fig. 2(a).

The middle layer, or tunica media, is largely composed of concentric layers of vascular smooth muscle cells

(VSMCs) within an ECM composed of collagen and elastin fibers. The outer layer or tunica adventitia

contains fibroblasts within a collagenous ECM. In most arteries, the medial layer is separated from the

intima and adventitia by concentric elastin sheets referred to as the internal elastin lamina (IEL) and external

elastin lamina (EEL), that line these respective vascular regions, Fig. 2(b). Stehbens provides the succinct

and unequivocal definition that the intima “rightfully includes the endothelium, internal elastin lamina (IEL)

1 Like others at that time, Wertheim believed bone and most inorganic materials behaved linearly. As correctly noted by Roy

in 1880, when a larger range of loads is considered, it becomes clear that these metals are also nonlinear, curving downward in

the opposite sense to that of soft tissue [245].
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(a) (b)

Fig. 2 (a) Fluorescence microscopy images of cross sectional preparation of the human left vertebral artery (cerebral), fixed at

30% stretch. Immunohistochemical staining of the arterial wall reveals elastin (green) localized in the internal elastic lamina,

cell nuclei (blue, DAPI stain), type III collagen fibers (red). (b) 3D reconstruction of confocal microscopy image slices taken

of a human anterior cerebral artery (ACA) revealing the autofluorescent internal elastic lamina, under (A) zero stretch and (B)

30 % strain. All three scale bars = 50 microns. (Reprinted from [243], with permission from Springer).

and all intervening tissue” [282] and we use this definition here. It should be noted that in some works, the

IEL is considered part of the medial layer, (e.g. [281]). The fenestrae (windows) in the IEL enhance transport

between the lumen and the media. In thicker walled arteries, the adventitia and outer media are also supplied

by small blood vessels on the adventitial side, the vasa vasorum. As will be elaborated on throughout this

chapter, the distribution and volumetric fraction of these components varies across the vascular system and

in response to stimuli through the process of growth and remodeling. The wall components and structure are

also modified by disease and aging.

AFI Aneurysm Formation Index IEL Internal Elastic Lamina

CFD Computational Fluid Dynamics GAGS Glycosaminoglycans

EC Endothelial Cell OSI Oscillatory Shear Index

ECM Extracellular matrix MMP Matrix Metalloproteinase

EEL External Elastic Lamina MPM Multi-Photon Microscope

EGL Endothelial Glycocalyx RVE Representative Volume Element

FACIT Fibril-Associated Collagens with Interrupted

Triple Helices

SAH Subarachnoid haemorrhage

FSG Fluid Solid Growth TIMP Tissue Inhibitors of Metalloproteinase

GON Gradient Oscillatory Number VSMC Vascular Smooth Muscle Cell

G&R Growth and Remodeling WSS Magnitude of the Wall Shear Stress Vector

GR&D Growth, Remodeling and Damage WSSG Magnitude of the Wall Shear Stress Gradient

IA Intracranial Aneurysm

Table 1 Definitions of Abbreviations
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2.2 Design Requirements for the Arterial Wall

The human heart can be conceptualized as a pair of periodic, positive displacement pumps and therefore

blood leaving the heart is pulsatile in nature. The left pump collects oxygenated blood from the lungs

and drives it through the systemic circulation, while the right pump collects de-oxygenated blood from

the systemic circulation and drives it through the pulmonary circulation. Both pumps have two chambers:

the smaller upper chamber, the atrium, elevates the pressure of the incoming blood and drives it into the

larger, lower chamber, the ventricle during atrial systole. Both ventricles of the heart contract together dur-

ing a phase called ventricular systole, ejecting close to 140 milliliters of nearly incompressible blood from

the adult human heart. This volume must be taken up by an expansion of the remainder of the circulatory

system. Therefore, by necessity, the vasculature must be compliant to avoid rupture [303]. In the remainder

of this subsection, we will discuss functional requirements and physical conditions that have driven qual-

itative aspects of the arterial elastic response as well as specific quantitative features. In fact, as discussed

below, there are other benefits from a flexible vascular system.

2.2.1 Constraints related to compliance of the arterial wall

It is clearly desirable that the material and geometric properties of the vasculature contribute towards the

reduction of mechanical load on the heart while still satisfying physiological requirements of the body re-

garding distribution of nutrients and collection of waste products. It is easy to see analytically for the ideal-

ized case of laminar flow in a straight, rigid pipe, that less energy is required to pump fluid at a steady flow

rate than to pump flow with an oscillatory component superposed on top of this same steady component

(e.g. [339]). There is simply less energy wasted accelerating the fluid and driving it back and forth against

viscous drag forces. Therefore, one means to reduce the energy expenditures of the heart is to decrease the

magnitude of the flow pulsations. Giovanni Borelli (1608-1679) appears to be the first to propose the role of

the elastic artery wall in flattening the velocity wave form [37] (pg. 243 of Eng. Transl [186]),

... the blood does not leave the heart in a continuous flow as do streams and rivulets from springs. It flows by jerks but

regularly. ... Although the heart does not pour blood into the arteries during its diastoles, the blood does not stop and

remain completely immobile and stagnant in the arteries, viscera, flesh and veins when the heart is as rest. This results

from the fact that the arteries themselves are constricted by contraction of their circular fibers.

Stephen Hales observed this decrease in pulsatility in the horse circulatory system and clarified the ca-

pacitance role of the elastic arteries, noting the similarity of this role to the pulse dampeners used in fire

engines,(pp. 22-23, [108]). Hales is often given credit for discovering this phenomena, later named the

“Windkessel effect” by Otto Frank, who placed Hales’ observations in a mathematical context [86] (Eng.

Transl [87,250]). Frank’s zero-dimensional analysis is based on several idealizations including the neglect of

reflected waves, which have been included in more recent studies (see [269] and references cited, therein).

Nonetheless, Frank’s model, now termed a two-element Windkessel model, provides a simple way to ap-

proximate the drop in pressure in the aorta during diastole.

While the capacitance effect of the artery will tend to smooth out the flow waveform and reduce the

energetic demands on the heart, there are other factors at play. In particular, reflections of the pressure pulse

at arterial bifurcations and narrowed regions can lead to proximal regions of increased amplitude of the

pressure pulse [200, 213]. Hence, the geometry of the vascular anatomy as well at the properties of the

arterial wall determine the efficiency of the circulation (see, e.g. [93, 200, 339]).
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2.2.2 Constraints on the Compliance of the Arterial Wall

Although it would seem energetically useful for the amplitude of the flow waveform to be dampened close

to the heart, there are constraints on how flexible the wall can be in the physiological pressure range without

adverse consequences. One constraint arises from a limit of the strain that arterial cells can be exposed to

without imparting damage to their intercellular junctions or attachments to the ECM. Another restriction for

the arterial elastic response is the need to avoid localized bulges in the wall arising from multiple solutions for

radii at a particular transmural pressure. Such limit point instabilities can be avoided in materials for which

the inflation pressure-radius relationship is monotonic. The shape of this curve depends on the constitutive

equation for the material and, for tubular geometries, on the boundary conditions at the ends of the tubes.

In a paper communicated by Lord Rayleigh in 1891, Mallock reported experimental results demonstrating

this limit point instability during inflation of a cylindrical tube, composed of india-rubber and capped at the

ends [184], Fig. 3. As will be discussed in Sections 4 and 7, the complex flows associated with a bulge of

the kind shown are undesirable in the vascular system.

Fig. 3 Schematic of uneven inflation of a cylindrical tube composed of india-rubber as seen by Mallock in his experimen-

tal studies of limit point instabilities in cylindrical tubes and hollow spheres. (Reprinted from [184], with permission from

Proceedings of the Royal Society of London),

.

Mallock also reported a similar loss of uniqueness in the case of pressure inflation of spherical membranes

composed of india-rubber. About ten years later, Osborne demonstrated the remarkable result that this limit

point instability is avoided in feline and monkey bladders [324]. Osborne attributed this qualitative difference

with rubber membranes to the fibrous structure within these biological membranes as well as the “initial

rigidity” of the rubber membranes after which the stiffness diminishes with increasing strain. Over 75 years

later, his qualitative explanation was made rigorous and generalized using results from finite elasticity theory

[27, 47].

2.2.3 Other Considerations

There are a number of other important design requirements for the arterial wall that we will only briefly

mention here. For example, it is essential that arteries are sufficiently reinforced to withstand periods of ele-

vated blood pressure, such as might occur due to emotional stress or physical exertion involving the Valsalva

maneuver [255]. As will be discussed in Section 3, the collagen fibers in the outer wall serve this protective

purpose. This is a stringent demand since blood pressure can rise well above physiological levels. For ex-

ample, the Valsalva maneuver during heavy weight lifting has been reported to increase arterial pressure to

480/350 mm Hg [116]. The association between rupture of cerebral aneurysms (see Section 7) and defeca-
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tion, coitus and weightlifting demonstrates the catastrophic outcome in pathologies with compromised wall

strength [80, 116, 175, 236]. In fact, the cerebral vasculature is particularly vulnerable to diminished wall

integrity, since many cerebral arteries are only supported externally by low pressure cerebral spinal fluid

( 3-5 mmHg).

On average, human blood vessels will undergo on the order of 109 loading cycles during a 75 year

lifetime and therefore arteries must also be resistant to fatigue. The arterial wall regularly replaces (turns

over) its central load bearing component (collagen) as a means of withstanding this extensive cyclic loading.

However, this is not the case for the elastin components of the wall, (see Sections 3 and 4). Furthermore,

from an energetic point of view, it is desirable for the elastic energy stored in the arterial wall during systole

to be nearly completely recovered during diastole (high resilience), though some level of viscous losses

are valuable for damping traveling pressure waves in the wall. The loss of energy is described through the

viscoelastic nature of the components of the arterial wall and their coupled interactions. In the Sections 3-5,

we return to these requirements in the context of the building blocks and structure of the arterial wall.

3 The Extracellular Matrix

We turn attention to the collagen and elastin components of the extracellular matrix including collagen

fibers and networks as well as elastin fibers and lamellae. The physical composition and morphology of

these components play a vital role in ensuring the structural integrity of the vessel wall and determining its

mechanical properties. In this Section we consider the ultrastructure as well as the superstructure of these

components in preparation for a discussion of their role and distribution within the layered architecture of

the arterial wall, Section 5.

3.1 Collagen and the Arterial Wall

Collagen is the most prevalent protein in mammals (25-30% of total protein mass) [11, 161, 239] and is one

of the central load bearing components in the body. It is found abundantly in tissues such as tendon, skin,

cornea, cartilage, bone and vascular tissue and is estimated to contribute between 20-50% of the dry weight

of arteries [161]. Its importance is not solely due to its role as a supporting scaffold: as will be elaborated on

later in this chapter, it has a profound influence on cell function.

3.1.1 Collagen Molecules and Supramolecular Assemblies

It is now understood that collagen is not a single molecular type but rather a heterogenous family of

molecules, all composed of three polypeptide α chains, with at least one rod-like segment in which the

α chains are wrapped into a triple-stranded right handed superhelix [33]. The α chains that make up the col-

lagen molecule are turned in a left-handed helix, with three amino acids per turn and glycine spaced as every

third amino acid, Fig. 4. When the three α chains are wrapped together, glycine is situated in the interior of

all three chains. Since glycine is the smallest amino acid, this configuration enables the closest packing of

the α chains [115]. The amino acid chain is thus formed of a series of Gly-X-Y sequences in which X and

Y are other amino acids; X is often proline and Y hydroxyproline.
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Although 25 different α chains exist, only 28 distinct combinations of the chains have been identified

to date [33, 239]. Each combination has been assigned a Roman numerals (I-XXVIII) and the value gener-

ally indicates the order of their discovery [239]. While the term collagen is used to refer to the family of

proteins with the general structural features just described, designation of specific collagen types is used

to identify proteins with similar supramolecular organization. Differences in size and location of the triple

helical domains between is the primary factor responsible for these distinct structures and influences their

physiochemical properties.

Collagen molecules can be assembled into supramolecular structures including fibrils, microfibrils, fila-

ments and network-like structures. These in turn can be assembled into higher order structures. For example,

fibrils can assemble into fibers and lamellae while network-like collagens can assemble into basement mem-

branes and anchoring fibrils [33]. The fraction of the collagen molecule occupied by the triple-helical domain

can vary markedly between collagen molecules influencing its ultrastructure. For example, type I collagens

have a single triple helix section, occupying more than 95% of the molecule resulting in the stiff, rod like

shape of these fibrils. In other collagen molecules such as type IV collagens, the triple helical domain is split

between numerous regions, lending flexibility to the ultrastructure [239].

The structural integrity of the collagen molecule and its higher order assemblies are of vital importance

for the proper functioning of the arterial wall and its ability to withstand mechanical loading. One source

of this integrity is the hydrogen bonds between the α chains that act to stabilize the helical conformation.

Thermal or chemical degradation of the these bonds causes the helix to unfold. The peptide bonds joining

amino acids are located within the triple helix, sheltering them from proteolytic attack by enzymes, with

the exception of collagenases [115]. This feature of the collagen molecule is essential for collagen turnover

during healthy growth and remodeling (see Section 4). Lysine, another amino acid found in collagen, plays a

role in cross linking between the α chains and between collagen molecules. The stability of the triple helix is

further increased by a high proline and hydroxyproline content in the chains [239]. The mechanical stiffness

of the arterial collagen can increase with age due to glycation, a process which leads to increased cross-

linking between collagen molecules [15]. This increased cross linking is believed to be an important source

of diminished vascular compliance, and is accelerated in diabetics [9]. Collagen Types and Subfamilies

Collagen molecules can be divided into subfamilies based on their supramolecular assemblies. The sub-

families and collagen molecules most relevant to the arterial wall are fibril-forming or fibrillar collagens

(types I, III, V), basement membrane network collagens (type IV), beaded filament forming collagen (type

VI), network forming collagens (type VIII), transmembrane collagens (type XIII) and fibril-associated col-

lagens with interrupted triple helices (FACIT) (type IX,XII,XIV) [11, 33, 148]. Additional collagen types

have been identified in the arterial wall but will not be discussed here (see, e.g., [148, 222]).

Fibril-forming collagens (types I, III, V)

Fibril-forming collagens play the most important role in load bearing within the arterial wall and therefore

their proper manufacture and assembly are particularly vital for the health and proper function of the vascular

system. The collagen molecules of fibril forming collagens assemble to form mature cylindrical shaped col-

lagen fibrils that are 10-500 nm in diameter in mammals [295], Fig. 5. These fibrils can in turn be combined

into fibers (0.5-3 µm) and these in turn can form fiber bundles [11,33]. We return to this assembly process in

Section 4.4 and concentrate here on a description of the morphology and functional role of fibrillar collagens

in the arterial wall.

Due to their non-centrosymmetric nature, fibers formed from fibrillar collagen have the capacity for

second harmonic generation and thus can be imaged using multi-photon microscopy (MPM) without the

use of exogenous stains or fixation, see Fig. 5ab [120]. This enables the architecture of these fibers to be
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Fig. 4 (A) Schematic of a single α chain forming a left-handed helix with three amino acids per turn. Each sphere represents

an amino acid. The chain is formed of Gly-X-Y sequences in which Gly is glycine and X, Y are typically proline and hydrox-

yproline, respectively. (B) Schematic of a segment of collagen molecule formed by three polypeptide α chains wrapped into

a triple-stranded right helix. As the smallest amino acid, Glycine is uniquely capable of fitting in the interior of the helix. A

typical collagen molecule is 300 nm long, formed of xxx such repeat units. (Reprinted from [11], with permission from Garland

Science.)

visualized and quantified in the context of a 3D segment of the arterial wall, [119]. The fibers as well as the

fibrils are also visible using scanning electron microscopy [295], see Fig. 5cd.

(a) (b) (c) (d)

Fig. 5 Arterial collagen fibers. Multi-photon images of collagen from (a) media and (b) adventitia of an unloaded left common

carotid rabbit artery. SEM images of rat aortic adventitia showing (c) flat collagen bundles with much smaller fibrils and fibril

bundles departing from the collagen fibers (x 2200) and (d) bundles of collagen fibrils (x 155,000, bar = 100 nm). (Figs. (a) and

(b) published with permission from Dr. M. R. Hill, Dr. A.M. Robertson, and X. Duan, Figs. (c) and (d) reproduced from [295]

with permission from Dr. T. Ushiki)

The collagen fiber morphology varies across the arterial wall and throughout the vasculature and includes

variable features such fiber diameter, orientation and tortuosity as well as fibril diameter. For example, in the
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rabbit common carotid artery shown in Fig. 5ab, the average fiber diameter is approximately four fold less

in the media compared with the adventitia and the medial fibers are more highly aligned than the adventitial

fibers. Figures 5abc illustrate that collagen fibers have a crimped and wavy nature in unloaded arterial tissue

in both the media and adventitia. It is this feature of the collagen architecture that gives rise to the strong

nonlinearity in the mechanical response curve of the arterial wall (see Fig. 1), i.e. the fibers are gradually

recruited to load bearing as they straighten under deformation [40, 120, 241]. In these figures of rabbit

common carotid artery, the waviness of the adventitial fibers can be seen to display a greater amplitude and

wavelength than the medial collagen fibers, with bands of adventitial fibers following the same curve (see

Fig. 5bc). The average diameter, distribution of diameters, and shapes of areal cross-sections of collagen

fibrils are observed to vary across arterial layers of the human thoracic aorta [70], see Fig. 6. We return to a

discussion of the collagen architecture within the arterial wall in Section 5.

(a) (b) (c)

Fig. 6 Collagen fibrils from the (a) intima, (b) medial and (c) adventitia of human thoracic aorta. The distribution of fibril

diameter is more uniform in the intima and adventitia compared with the media, where the cross sections can be irregular even

appearing as “collagen flowers” (Reprinted from [70] with permission from John Wiley and Sons).

Collagen types I and III contribute nearly all the passive mechanical resistance of the arterial wall to

circumferential and axial loading [189] and represent roughly 60% and 30% of the total arterial collagen,

respectively, with the remaining 10% coming from type V and other collagens [36]. However, these ratios

vary with location in the vascular tree, age and disease state as well as within the layers of the arterial

wall [161]. In fact, this heterogeneity, coupled with the fact that earlier works were affected by experimental

artifacts associated with pepsin digestion [189], could explain (apparently) conflicting published results for

mass fractions of collagen types in the arterial wall.

While the α chains making up collagen I and III differ, both these molecules have uninterrupted triple

helical region occupying about 95% of their length. This gives rise to their rod like nature. However, collagen

III fibrils are reported to be thinner, of more uniform diameter and more loosely packed compared with type

I fibrils [204]. More specifically, type III fibrils are reported to be approximately 45 nm in diameter and

loosely packed into 0.5-1.5 µm diameter fibers while type I fibrils are approximately 75 nm in diameter,

densely packed to form 2-10 µm diameter fibers and bound together in fiber bundles, [204]. Note that while

the diameters differ, collagen typing based on diameter may not always be appropriate, e.g., in wound healing

and some diseases [204].

11



Collagen V is found in the basal lamina underlying endothelial cells as well as that surrounding vascular

smooth muscle cells [268]. It is diffusely distributed in the intercellular space of the intima [268] and is

reported in all layers of cerebral vessels [201]. When the vessel wall is compromised, intimal collagen can

be exposed to blood products and contribute to platelet adhesion and activation [77, 217]. Whereas collagen

I, III and IV support platelet adhesion over a wide range of shear rates, type V collagen requires static

conditions for platelet adhesion [249]. Hence it is suggested that collagen V can serve an anti-thrombogenic

role in the vasculature, diminishing thrombosis in vessels that have only minor damage to the endothelium. In

vitro studies demonstrate adhesion and proliferation of endothelial cells [112], monocytes and VSMCs [252]

are also diminished on collagen V substrates relative to collagens I or III substrates.

Whilst collagen V only represents a small mass fraction of the arterial wall, it plays an essential regulatory

role in collagen fibril formation [33, 34, 81]. Much of what we know about this role has been gleaned from

studies in the corneal stroma where collagen V constitutes 10-20% of the total collagen compared with 2-5%

in most other tissues, [34, 285]. For instance, cell culture and in vivo mouse studies of the corneal stroma,

both demonstrated that reducing the ratio of type V to type I collagen increased fibril diameter and decreased

the quantity of fibrils [32, 34, 285].

Collagen IV (Basement Membrane Forming Collagen)

Collagen IV is exclusively found in basal laminae. These are thin, flexible sheets that serve to compartmen-

talize tissues, provide structural support and serve as a reservoir for enzymes and cytokines that influence

cell–cell activities, see, e.g., [11, 149, 170]. The endothelial cells lining the interior of the vessel wall are

structurally supported by a basement membrane and which includes a basal lamina as the central compo-

nent [11] and hence collagen IV is found in the basement membrane. In addition, it is also found in the

basal lamina surrounding VSMCs, where it is believed to influence VSMC activities such as migration,

proliferation as well as their phenotype [1, 24].

In type IV collagen molecules, the Gly-X-Y repeat units are frequently interrupted. This creates locations

of structural flexibility within these molecules, to the collagen networks they create and the basement laminae

scaffold formed from these networks. In fact, this flexibility enables type IV collagen molecules to assemble

into a chicken-wire like network [33]. Furthermore, these interruptions also serve as sites for cell binding

and interchain crosslinking [149].

Collagen VI (Beaded filament forming, Network forming)

Type VI collagen was initially isolated from the intimal layer of the human aorta [61]. It is now understood

to be distributed throughout all layers of large arteries [25, 189] as well as through many other connective

tissue. It can be found assembled in various supramolecular forms including beaded microfibrils and hexag-

onal networks. While its precise function is still not understood, it is believed to play a role in cell migration,

differentiation and apoptosis/proliferation [33]. For example, in cell culture, collagen VI microfibrils influ-

ence adhesion and mobility of human VSMCs [151]. It is of particular importance due to its assumed role

in anchoring cells, including platelets and VSMCs, to other cells and neighboring ECM [150]. It is found in

the subendothelium where it influences platelet activation and thrombogenicity [24, 330]. Platelet adhesion

and aggregation onto collagen VI is highly sensitive to shear rate, being most reactive at low shear rates (e.g.

on the order of 100 s−1) [244, 249].

Collagen VIII (Network Forming)

Type VIII collagen is a short chain non-fibrillar network forming collagen. Its was first identified in cell

culture ECs [251], however it is now known to also be expressed by contractile VSMCs of healthy artery

as well as by synthetic intimal VSMCs in atherosclerotic lesions [179, 222]. Type VIII collagen influences

a broad range of vascular process in both health and disease. It has demonstrated particular importance in
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mechanical stability of the vascular wall, vascular repair and atherogenesis. A comprehensive review of its

role in atherogenesis can be found is [222].

Collagen VIII is believed to serve as a bridge between ECM components and thereby influence the me-

chanical properties and mechanobiology of the vascular wall. For example: in the intima of healthy arteries,

it is found in association with the endothelial basement membrane and the microfibrils of the IEL [155]; in

the medial layer, it is found in association with the basal laminae of VSMCs and elastin fibers [222]; in the

adventitia, it is found to link elastin fibers.

Platelet adhesion is diminished on substrates of type VIII collagen compared with I and III, suggesting a

possible anti-thrombogenic role for endothelial and subendothelial type VIII collagen [222]. Its expression

in the adventitia is an early marker of vessel injury and it is closely associated with cell proliferation and

migration following vessel injury by angioplasty [28, 274, 277].

Collagens XII (FACIT)

Type XII collagen is a member of the fibril associated collagens with interrupted triple helices. They are

so named because their triple helix structure is interrupted by one or two non-helical domains. Similar to

type IV collagen, the interruptions add to the flexibility of the molecule. However, rather than forming fibrils

themselves, FACIT collagens bind in regular intervals to the surface of fibril forming collagens (see Fig.

7), e.g., FACIT collagen XII is found attached to the surface of fibrils of collagen I fibrils. They alter the

surface properties and assembly of fibrils [11, 33] and are believed to influence fibril-fibril interactions as

well as the interaction of fibrils with other macromolecules [11, 115]. Fibroblasts produce collagen XII and

this production is known to increase when the fibroblast substrate is stretched [293]. The production rate can

also be altered by disease, e.g. it is increased in abdominal aortic aneurysm tissue compared with control

arteries [69]; however, the significance of this upregulation is not known. In fact, little is known about the

role of collagen type XII in the arterial wall.

Fig. 7 Rotary-shadowed image of type II collagen containing fibril with FACIT type IX collagen molecules seen attached to

the fibril surface. Bar = 100 nm. c©1988. Rockefeller University Press. Originally published in the Journal of Cell Biology

106:991-997 [300]

3.2 Elastin in the Arterial Wall

Elastin molecules are the dominant protein within the elastin fibrils of the arterial wall. These fibrils (approx-

imately 10 nm in diameter) can combine to form fibers and lamellae (e.g. IEL, EEL and medial lamellae),

Figs. 2 and 8, Section 5. While the term elastin is often used to denote the entire structural element such as

the fiber or lamella, strictly speaking, elastin is simply the molecule within the elastin fibrils. These struc-

tures are also sometimes referred to as elastic fibers or elastic lamellae. We prefer the former terms since

both elastin fibers and collagen fibers are often idealized as mechanically elastic.
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Elastin is a chemically inert and extremely hydrophobic protein that is encoded by a single gene. In

contrast to the highly structured collagen molecule, the elastin molecule is formed of relatively loose, un-

structured polypeptide chains. While it is generally agreed that the elastin molecule is responsible for storing

the majority of the elastic energy, providing high flexibility of the arterial wall at low loads as well as the

wall’s resilience, [192], controversy remains about the conformation of the elastin molecule within the mi-

crofibril and the physical mechanism responsible for the high compliance [11]. Elastic fiber assembly is a

complex process involving production of a monomeric form of elastin (tropoelastin) that is secreted into the

extracellular space onto 10-15 nm microfibril scaffolds, composed largely of fibrillans. While many aspects

of elastin fiber assembly are still not understood, it is believed that these microfibrills are essential for cross

linking tropoelastin to form an amorphous elastin polymer, [128, 307]. We do not elaborate further on the

elastin fiber assembly process and refer interested readers to references such as [192, 307].

The majority of arterial elastin is laid down during the perinatal period and the arterial wall has limited

capacity for forming or repairing elastin components after puberty [67,307]. Therefore, damage to the arterial

elastin components from causes such as supraphysiological loading during angioplasty or fatigue damage

during aging, cannot be properly repaired. This is in sharp contrast to arterial collagen fibers, which are

regularly replaced (turned over). The absence of elastin turnover could have an important role in stabilizing

the wall morphology, in that the unloaded configuration of the elastin components remains as a reference

for the artery during the process of growth and remodeling, [297]. Elastin is also believed to be the primary

component responsible for the residual stresses and axial prestretches in the arterial wall (see, e.g. [297] and

cited references). In Section 5, we return to a discussion of elastin fibers and their distribution in the arterial

and in Section 6 to constitutive models used to describe the mechanical response and degradation of these

components.

(a) (b) (c)

Fig. 8 SEM images of the elastic components of the arterial wall of rat aorta after formic acid digestion to remove non-elastin

components. (a) Elastin fiber in the adventitia with visible bundles of fibrils (0.1-0.2 µm), (x 2,500) (b) Internal elastic lamina

(IEL) seen as smooth elastin sheet formed of fibrils with two fenstrae. Elastic fibrils can also be seen through the fenstrae, where

they form an underlying meshwork or “wire fence” like structure” (x 3,000). (c) Layered laminae and interlaminar elastic fibers

in transverse sections of the medial layer (x 1,500). Images reproduced from [295] with permission from Dr. T. Ushiki
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4 Vascular Cells

The artery is not simply an inert elastic tube. It is a living structure whose functionality is continually main-

tained by vascular cells, i.e. endothelial cells, vascular smooth muscle cells and adventitial fibroblasts. The

proper formation, degradation, and repair of collagen within the ECM is at the heart of the ability of our

vascular system to maintain its integrity over time (via collagen turnover), adapt to changing mechanical

and chemical stimuli (via growth and remodeling) and recover from external damage. Moreover, the mor-

phology, structure and functionality of vascular cells that maintain it are intimately linked to their local

extracellular environment. Environmental cues that are sensed by these cells can be classified into biochem-

ical or biomechanical cues. Biochemical cues are numerous and include pH, oxygenation, growth factors,

cytokines, chemokines, hormones, and lipoproteins [3]. Biomechanical stimuli arise due to the blood flow

within the artery which give rise to cyclic deformation of the arterial wall, frictional drag forces on the inner

wall (shear stress), transmural pressure and interstitial fluid forces due to the movement of fluid through the

ECM. Mechanosensors on the cells convert the mechanical stimuli into chemical signals; this is referred

to as mechanotransduction. Activation of second messengers, i.e. the molecules that transduce the signals

from the mechanoreceptors to the nucleus, follows. This leads to an increase in the activity of transcription

factors which can bind to the DNA to activate genes that regulate cell functionality, e.g., cell proliferation,

apoptosis, differentiation, morphology, alignment, migration and synthesis [142].

Malfunctions in the formation of structural proteins, e.g. collagen molecules, arising, from genetic muta-

tions, can result in vastly altered mechanical properties of the ECM and even lead to failure of the arterial

wall. Yet, fundamental questions remain unanswered in regards to these processes. For example, as elabo-

rated in Section 4.4, the precise process by which the three dimensional collagen fiber architecture is created,

such as that shown in Fig. 5 (a)-(c), and the role of the vascular cells in this process is still a subject of in-

vestigation. We now discuss the mechanobiology of ECs, VSMCs and adventitial fibroblasts in more detail.

4.1 Endothelial Cells

Endothelial cells derived from human umbilical veins were first successfully cultured in vitro in 1973. It is these land-

mark studies which helped initiate the growth of modern vascular biology [209]

A monolayer of endothelial cells, supported by the underlying basement membrane (see, Section 5.1), lines

the entire vascular system. This layer of cells, the endothelium, forms the cellular interface between circu-

lating blood and underlying tissue and, in this location, the EC are able to play a vital role in controlling

transport into the wall and responding to changes in flow within the vessel. ECs are highly active and partic-

ipate in many physiological functions such as control of vasomotor tone through the release of vasodilators

and vasoconstrictors that regulate contractility of VSMCs; hemostatic balance; regulated transfer of water,

nutrients and leukocytes across the vascular wall and angiogenesis [2, 232]. Dimensions of ECs vary with

the particular vascular bed, however when they are exposed to unidirectional shear flow, they are typically

long, narrow and flat with dimensions on the order of 50µm×10µm×1µm (see [4]). In the vasculature of an

adult, there are approximately 1013 ECs: if lined end-to-end, they would wrap more than four times around

the circumference of the earth [2].

As blood flows through the arteries, it applies a pressure and a viscous drag force to the endothelium.

Whilst the viscous drag force per unit area of artery (the wall shear stress vector) is of fundamental interest,

typically only scalar functions of this vector field, such as the magnitude (WSS) are considered. For example,
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deviations of the time averaged magnitude of WSS from physiological levels has been of great interest in

studies of atherosclerosis and cerebral aneurysms (e.g. [182, 263]). However, it is well recognized that ECs

are influenced by more than just the time averaged WSS, they are also influenced by the temporal variation

of both the direction and magnitude of the wall shear stress vector. For example, flows with large ratios of

peak to mean WSS are associated with proatherogenic patterns of gene expression [54, 55]. Furthermore,

ECs are also able to sense spatial gradients in the wall shear stress (WSSGs) [166]. High values of spatial

WSSGs typically occur in regions of flow detachment and at stagnation points. Interestingly, recent in vivo

animal investigations suggest that a combination of high WSS and a high positive spatial WSSG induce

protease production by ECs and VSMCs which leads to the type of destructive remodeling that is observed

in cerebral aneurysms [193]. We return to this subject in Sections 6 and 7

Both the intramural stress state of the arterial wall (e.g. arising from cyclic stretch) as well as the wall

shear stress vector influence the morphology of the ECs. In relatively straight arterial segments, where the

flow is nearly one-dimensional, the ECs are aligned and elongated in the direction of flow and perpendicular

to the direction of cyclic stretch [310]. However, in locations of the arterial tree where the geometry is

more complex, e.g. bifurcations, the flow can oscillate in direction during the cardiac cycle and the cyclic

deformation of ECs can be biaxial: in these locations the ECs have a polygonal morphology [310]. It is

observed that elongated ECs have well-organized, parallel actin stress fibers whereas the polygonal ECs

have short, randomly oriented actin filaments, mainly localized at the cell periphery [58]. It is conjectured

that remodeling of the EC cyto-skeletal structure acts to minimize alterations in EC intracellular stress/strain

during the cardiac cycle [58].

The question of how the mechanical stimuli are sensed by the ECs remains an area of active research

[203]. Several proteins and cell structures have been proposed as mechanosensors. These include membranal

structures (ion channels, tyrosine kinase receptors, caveolae, G proteins, primary cilia and the endothelial

cytoskeleton), cell–matrix molecules (integrins) and cell–cell junction molecules [203,235]. The endothelial

glycocalyx (see Section 5.1) lining the lumenal surface of the endothelium also plays a role in mechanotrans-

duction [311]. When shear stresses deform the endothelium, a mechanical perturbation is communicated via

the cytoskeleton to multiple sites of mechanotransduction, which include cell–matrix adhesion sites, intercel-

lular junctions and the nuclear membrane. Consequently, multiple elements located away from the luminal

surface can, independently or in combination, transduce the mechanical signals into chemical activities at

subcellular sites (see Fig. 9); this is referred to as a model of decentralized mechanotransduction.

The endothelium regulates the transfer of water, nutrients, leukocytes and other materials across the vas-

cular wall. This regulation of permeability is important for vascular homeostasis and wound healing [63].

The edges of endothelial cells general overlap and the degree of adhesion between these surfaces (or inter-

cellular junctions) is a central factor in determining permeability of the endothelium. Large macromolecules

such as low density lipoproteins are generally unable to pass through the endothelium of straight arterial

segments where the intercellular junctions are intact (see [58] and references therein). However, in regions

of disturbed flow, increased permeability to macromolecules occurs; a consequence of discontinuous inter-

cellular junctional distributions that can arise from factors such as accelerated EC cell turnover rate and

disrupted junctional proteins [58].

Local hemodynamic conditions can determine whether ECs are in a “quiescent” or “activated” state. Qui-

escent ECs are of vasodilatory phenotype and inhibit leukocyte adhesion, platelet aggregation and exhibit

anti-inflammatory, anti-coagulant, anti-adhesive, anti-proliferative and anti-oxidant characteristics [109].

The activated phenotype consists of some combination of increased cell adhesiveness, shift in hemostatic bal-

ance to the procoagulant side, secretion of inflammatory mediators and change in cell survival/proliferation

[6].
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Fig. 9 The decentralized model of endothelial mechanotransduction by shear stress. The cytoskeleton has a central role in

the transmission of tension changes throughout the cell. (A) Direct signalling can occur through deformation of the luminal

surface, possibly via the glycocalyx. (B) Mechanotransduction is also mediated via junctional signaling: that is, the transmission

of forces to intercellular junction protein complexes via the cortical and/or filamentous cytoskeleton. (C) Cytoskeletal forces are

also transmitted to adhesion sites. Transmembrane integrins bound to the extracellular matrix serve as a focus for deformation.

(D) Nuclear deformation is also likely to result in mechanically induced signaling, possibly via lamins in the nuclear membrane,

(Reprinted from [66], with permission from Nature Publishing Group).

Computational fluid dynamic analyses of the vasculature illustrate that shear stress is non-uniform, i.e.

spatially heterogeneous, within the vasculature tree. Hence, it is perhaps not so surprising that EC phenotypes

display heterogeneity in both structure and function in the vascular tree [6,66]. Several recent articles by Aird

(see [3,6,232]) suggest that this heterogeneity is the result of both nature and nurture, i.e. a consequence of

the environment and epigenetics. It represents a balance between stability and plasticity in gene expression

and phenotype [3] and enables the ECs to adapt and function in different environments within the vasculature

[232].

On this note, it is often stated that high WSS is atheroprotective whereas low WSS is associated with

atherogenesis. However, given the plasticity in gene expression and phenotype, it is perhaps preferable to

think in terms of increases or decreases in mechanical stimuli from homeostatic levels, rather than absolute

magnitudes of shear stress. Futhermore, given the plasticity of ECs, we believe it may be beneficial to keep

in mind that homeostatic values could potentially be both spatially heterogeneous and temporally adaptive.

4.2 Vascular Smooth Muscle Cells

In their contractile state, VSMC are spindle-shaped cells, approximately 100µm in length and 5µm in width.

The majority of these cells are located in the medial layer where they are approximately circumferentially

aligned and layered (see Fig. 10). In vascular homeostasis, they are partially contracted, i.e. they have a

basal tone. This enables them to relax or contract to respond to changes in their environment to regulate the

diameter of the blood vessel. In fact, their principal function is regulation of blood vessel diameter, blood
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pressure, and blood flow distribution [13]. Their contractile tone allows the redistribution of local flow in

relation to organ-specific metabolic demand [164] and they control local blood flow at the arteriolar level

[188]. They are cyclically stretched by 10% with a 25–50% mean strain in the healthy arterial wall [188].

Peak force development typically occurs at 90% of the distended passive diameter at 100 mmHg [8]. Their

contractile state can be activated by electrical, pharmacological and mechanical stimuli [117]. Contractile

VSMCs in blood vessels of adult animals proliferate at extremely low rates and exhibit low synthetic activity.

A VSMC can display a range of phenotypes from the quiescent (contractile) state just discussed to a

proliferative (synthetic) phenotype, capable of synthesizing large quantities of ECM. The synthetic VSMCs

are less elongated and show a more cobblestone shape compared with the contractile cells (see, e.g. [13,

234]). Generally, synthetic VSMCs proliferate and migrate at much higher rates than the contractile cells.

The VSMCs of even adult arteries have a remarkable capacity for switching between phenotypes, and can

therefore induce rapid changes in vessel caliber when in their contractile state and switch over to a synthetic

state when vessel remodeling or repair are needed, [234]. Interestingly, it is this plasticity that predisposes

the VSMC to adverse phenotypic switching and contribution to development and/or progression of vascular

diseases such as atherosclerosis [164].

As for ECs, the location of a VSMC along the phenotype spectrum is determined by an interplay between

epigenetic and environmental factors. Two such environmental factors are the structure and content of the

ECM [234]. For example, the contractile phenotype is activated by the presence of the fibrillar form of

collagen I, while VSMC proliferation is promoted by the presence of monomeric form collagen type I. The

ECM architecture can also influence the VSMC phenotype: cells located in 3D collagen matrix are less

proliferative compared with those in a 2D matrix [234].

Fig. 10 Structural characteristics of VSMCs: (a) Layers of VSMCs, (b) single VSMC with network of contractile units around

the centrally positioned nucleus, (c) contractile units connected in series via dense bodies, and (d) isolated, basic contractile

unit mainly composed of an actin and myosin filament connected by cross bridges, (Reprinted from [258], with permission

from Elsevier).
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4.3 Fibroblasts

Arterial fibroblasts are largely localized in the adventitial layer where they regulate the ECM content through

both the production and degradation of its components, [195]. For example, fibroblasts have the capacity to

synthesize approximately 3.5 million procollagen molecules (a precursor for the collagen molecule) per day.

However, only a small fraction of the procollagen molecules are released from the cell, rather between 10%

and 90% are degraded intracellularly prior to secretion. The availability of procollagen within the cell pro-

vides a mechanism for the arterial wall to rapidly adapt to changing structural needs, [190]. Fibroblasts can

also secrete a variety of other ECM components including proteoglycans, fibronectin, tenascin, laminin and

fibronectin. They control the balance between degradation and creation of the ECM through the produc-

tion of matrix metalloproteinases (MMP) and their inhibitors, tissue inhibitors of metalloproteinase (TIMP)

and thereby have an important role in both normal maintenance and in disease. It is now understood that

fibroblasts also play important roles in wound healing and are involved in the initiation, modulation and

maintenance of the inflammatory response. [74].

Fibroblasts display heterogeneous phenotypes ranging from limiting states denoted as inactive and active

fibroblasts. The active phenotype is associated with proliferation, differentiation and upregulation of ECM

proteins as well as release of factors that influence vascular function and structure [336]. Under pathological

conditions, fibroblasts can undergo phenotypic changes between these states. For instance, during inflamma-

tion, fibroblasts are activated and differentiate towards a migratory and contractile myofibroblast phenotype,

Fig.11. During vessel injury, fibroblasts differentiate into myofibroblasts and migrate into the wound bed,

proliferate, and synthesize a new collagen-rich matrix. While in most wounds, myofibroblasts do not per-

sist, when they do remain, excessive ECM deposition is observed, leading to altered tissue structure and

pathological wound healing [195].

In culture, fibroblasts do not adhere to other cells or form sheets of cells. However, when they are grown

on 3D substrate, they can transmit forces to other cells by applying tension to the substrate. The internal

skeleton in fibroblasts is minimal and so adhesions to these substrates is a major factor in determining their

shape and function. Fibroblasts securely attach to the adventitial ECM using matrix adhesion contacts on

their cell surface, in particular integrins [309]. These adhesions are mechanosensitive and can transmit force

across the cell membrane and regulate biochemical signals in response to the chemical and mechanical envi-

ronment [110]. The integrins serve both as strain gauges [56, 253] and as sensors that probe the mechanical

properties of local ECM [30, 59]. They enable fibroblasts to transduce mechanical into chemical informa-

tion, and they integrate these signals with growth factor derived stimuli to achieve specific changes in gene

expression [57] and synthesis of ECM molecules.

4.4 Matrix Assembly by Vascular Cells

There appear to be two central theories for the collagen matrix assembly [31, 35]. The first theory involves

the fibropositor model in which cells create the ECM architecture by directing the production and placement

of the collagen fibrils during early embryonic development when collagen concentration is low [33,45,145].

Fibril assembly starts within the cell (e.g. fibroblast) where three pro-α chains (α chains with propeptide

end attachments) are self assembled into procollagen molecules composed of a single triple-stranded helix

domain with propeptides at both ends. Once procollagen is secreted from the cell, the propeptides are re-

moved thereby forming collagen molecules that self assemble within infoldings in the plasma membrane

(see Fig. 12). First, relatively short protofibrils (diameter 20 nm and length of 4-12 nm) with tapered ends
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Fig. 11 Fibroblast activation in vascular inflammation. Schematic illustration of the healthy and inflamed vessel wall, and

the influence of intramural fibroblasts on endothelial cells and leukocytes. During inflammation, fibroblasts become activated,

secrete chemokines and cytokines, and differentiate towards a migratory and contractile myofibroblast phenotype, (Reprinted

from [74], with permission from John Wiley and Sons).

Fig. 12 Schematic of collagen fiber formation (A) Collagen fibril formation starts within the cell and is completed in an

infolding in the plasma membrane. Collagen fibrils are then bundled to form collagen fibers which are visible under light

microscope. (B) Electron micrograph of a collagen fibril that has been stained to show the regularly spaced striations.(Reprinted

from [11], with permission from Garland Science.)

.
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are assembled at the cell surface (nucleation). The length of the mature fibril is attained through fusion of

numerous protofibrils that are placed end to end with overlapping tapered regions. The diameter is believed

to be increased by lateral merging of the protofibrils [33]. In a study of embryonic tendon fibroblasts, Canty

et al. found, that during a brief period of embryonic development, protofibrils were found to be assembled

within the cell, inside projected extrusions of the cell membrane that are parallel to the tendon axis [45].

The tip of these extrusions, called “fibropositors” is the site of protofibril deposition into narrow channels

between cells [45]. It is conjectured that fibril alignment is established during this brief period after which

fibrils are assembled extracellularly as just described. However, fibropositors have not been identified after

embryonic development and hence cannot be used to explain changes in collagen during remodeling, later

in life. In vitro, collagen fiber alignment and position have been shown to be altered through the mechanical

action of cells physically pulling on fibers [196], see Fig. 13.

In the alternative theory, the fiber alignment is the outcome of the differential response of strained and

unstrained collagen to enzymatic attack [31,83,106]. The collagen matrix forms as a result of fibril conden-

sation from a “liquid crystal like” solution of collagen monomers [31, 97]. The matrix is then enzymatically

sculpted into a load adapted structure. In this theory, the role of the cell in remodeling is to produce the

collagen monomer and control vulnerability to enzymatic attack by modifying the force on the fibers, rather

than directing the deposition and orientation of collagen fibrils. Fiber growth is conjectured to result from

preferential uptake of collagen monomers by strained fibrils (strain induced polymerization) [31].

Fig. 13 Fibroblast moving an individual collagen fiber in “hand-over-hand” process of cell extension, retraction and release.

Shown in (a)-(f) are time lapse images of the motion of labeled type I collagen fibers on the upper surface of fibroblasts that

had been cultured on a coverslip. The cell orients itself parallel to the fiber and then extends the front of the lamellipodia (white

arrow) along the fiber during a 20-40 second period (a). The subsequent contraction of the cell moves the fiber relative to the

cell (during a period of about 85 sec). (b). The extension and contraction process repeats as shown in (c) - (f) until the end

of the fiber is reached. The displacement during a single retraction was approximately 3.5 µm. Scale bar is 5 µm. (Reprinted

from [196] with permission from Nature Publishing Group)

The vital role of collagen in providing proper functioning of the arterial wall is glaringly apparent in

diseases for which collagen manufacture is flawed. To illustrate this importance, we discuss just a few of

these diseases. As already noted, the glycine amino acid in the basement membrane collagens is naturally re-

placed at some locations by another amino acid, interrupting the superhelix structure and lending flexibility

to the collagen molecule. However, this replacement can also arise from mutations in collagen genes, leading

to undesirable flexibility in other collagen molecules and causing systemic connective tissue diseases [33].

Such a mutation in the COL3A1 gene is established for vascular (type IV) Ehlers-Danlos syndrome (EDS),
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leading to errors in type III collagen synthesis [183]. Vascular fragility of both small and large blood ves-

sels are outcomes of the structural flaws in type III collagen. In addition to causing excessive bruising and

bleeding, these defects can be life threatening when they result in arterial rupture.

Six distinct genes encode for the alpha chains of type IV collagen. Mutations in the COL4A1 gene have

been found to inhibit the normal assembly and secretion of type IV collagen that in turn alters the structure

of the basement membrane supporting the endothelial cells and surrounding the smooth muscle cells, [101,

167]. The range of vascular problems associated with COL4A1 mutations underscore the influential role of

collagen IV on vascular structure and function. For example, a COL4A1 mutation affecting a lysine residue

at the Y position of collagen IV has been shown to cause defects in the basement membrane and focal

detachment of the endothelium that are associated with altered vascular tone, endothelial cell function and

blood pressure regulation [299]. Mice with a mutation affecting the Gly position of the Gly-X-Y repeat

unit of type IV collagen display fragile brain arterioles and increased tortuosity of retinal vessels [101] . In

humans, mutations of the COL4A1 gene are associated with a spectrum of diseases of small cerebral vessels

leading, for example, to aneurysms of the carotid siphon [305].

4.4.1 Attachment of collagen fibers to the extra-cellular matrix

The continual maintenance of the ECM gives rise to a continual turnover of the collagen fibers within the

arterial wall. For example, in [215] the collagen half-life of the aorta and mesenteric arteries of a rat was

found to be 60-70 days in normotensive animals and reduced to 17 days in hypertensive conditions. Vascular

cells work on the collagen and configure the fibers in a state of stretch [12]. For the purposes of mathematical

models, it is often hypothesized that the stretch that the fibers are configured to the matrix is invariant of the

current configuration of the artery and constant in time; this approach has served the basis for many subse-

quent models of arterial growth and remodeling. Exact definitions can differ between authors, however the

stretch that the fibers are attached to the extra-cellular matrix is commonly referred to as the fiber deposition

stretch [99], attachment stretch [315] or pre- stretch [159]. We return to this subject in Section 6.7.

5 Architecture of the Arterial Wall

The overall mechanical properties and biological functioning of the arterial wall are determined by the col-

lective contributions of the wall components. The combined response is in turn influenced by the supramolec-

ular structure and spatial distribution of these components, their volumetric ratios, as well as their physical

and chemical interactions. The importance of these morphological features, the wall architecture, is particu-

larly evident when comparing the structure/ function relationship of vessels close to the heart elastic arteries

with those located more peripherally, the muscular arteries, (e.g. [325]).

As discussed in Section 2.2.1, there are energetic advantages to diminishing the amplitude of the pulsatile

waveform close to the heart. This reduction in pulsatility is achieved by the highly elastic character of the

elastic arteries such as the aorta, main pulmonary artery, common carotids and common iliacs, that enables

them to store blood during systole and release it during diastole. This distension is largest in the pulmonary

artery, where it reaches nearly 8% of the mean radius [200]. The effectiveness of the capacitance role in

elastic arteries is evidenced by the drop in ratio of peak to mean flow from approximately six in the aortic

arch to less than two in the femoral arteries [199]. Downstream of the elastic arteries, the functional role of

the blood vessels gradually shifts to controlling pressure in the muscular arteries and eventually to shunting

22



flow to areas of metabolic need in the smallest arteries and arterioles. Muscular arteries include vessels

such as the coronary, cerebral, femoral and brachial arteries. While the structure of elastic arteries gradually

transitions to that of the muscular arteries, the prototypical structures of these vessels are quite different. In

this section, we discuss the detailed architecture of the arterial wall with emphasis on these distinctions.

5.1 Tunica Intima

5.1.1 Glycocalyx

A polymeric network called the endothelial glycocalyx layer (EGL) or simply glycocalyx coats the luminal

side of the endothelial monolayer, Fig. 14. The EGL is composed of proteoglycans, glycosaminoglycans

(GAGs), glycoproteins, as well as adhering plasma proteins. It is found in both the macro and micro vas-

culature and plays an important role in regulation of vascular permeability for macromolecules, modulation

of leukocyte and platelet adhesion as well as transduction of shear forces to the endothelial intracellular

cytoskeleton [224, 291, 321]. As early as the 1980’s an association between atherosclerosis and EGL thick-

ness had been identified [171] and it is now known to be associated with other diseases with other diseases

including diabetes and ischemia. The glycocalyx thickness is a consequence of the balance between renewal

3in

Fig. 14 Electron microscopy image of the endothelial glycocalyx in a coronary capillary. (Reproduced from [214] with per-

mission from Wolters Kluwer Health).

and degradation, that can be effected by biochemical as well as mechanical influences such as shear stress.

For example, exposure to a high fat, high cholesterol diet has been shown to reduce the EGL thickness in

murine carotid artery bifurcations [29]. The EGL is now being explored as a potential diagnostic and thera-

peutic target in cardiovascular diseases. While there remain technological challenges for in vivo assessment

of the EGL, recent advances in imaging technology have been employed to obtain promising results [337].

For example, using two-photon laser scanning microscopy, Reitsma et al. were able to assess EGL thickness

in mounted intact, viable carotid arteries of mice [233].
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5.1.2 Basement Membrane

The intimal monolayer of ECs is attached to a supporting basement membrane, a composite structure con-

sisting of a thin basal lamina as well as a layer of underlying anchoring fibers [11, 202], Fig. 15. 2 Type IV

collagen and laminin are central components of the basal lamina, which also contains collagen type VIII,

the proteoglycans entactin (nidogen) and sulfated proteoglycans [202]. Type IV collagen and laminin indi-

vidually self-assemble into suprastructural networks, providing structure to the basement membrane [170].

Collagen types XV and XVIII are also found in association with the basement membrane [170, 281, 305].

Type XV is believe to be involved in anchoring cells to the membrane, while type XVIII is an inhibitor of

angiogenesis and EC migration [148].

In addition to providing structural support, the basement membrane serves as a reservoir for enzymes,

growth factors and other cytokines [170, 202, 305, 338]. In this role, the basement membrane influences

cellular events such as proliferation, adhesion, migration and differentiation. The basement membrane also

serves as a semipermeable selective barrier and substrate for cell adhesion and migration during vascular

wall wound healing [305].

5.1.3 Subendothelium

The intima is similar in healthy elastic and muscular arteries with the exception that in some elastic arteries

(e.g. aorta and coronary vessels) a layer of diffusely distributed, thin fibrillar components of collagens type

I, III, V and isolated VSMCs can be found between the basement membrane and the IEL [244, 268]. The

3.75in

Fig. 15 Schematic of central components and collagen distribution within the intimal layer, reproduced from [189] with per-

mission from Wolters Kluwer Health. Collagen types VI. XV and XVIII have also been found associated with the basement

membrane and are not shown here.

term subendothelium is sometimes used to define this region, though the definition varies and is often not

precisely stated [283]. Type VI collagen, which generally plays a role in cell adhesion, is also found in this

area [24,330] as is collagen VIII, which is seen as a bridge between the endothelial basement membrane and

the microfibrils of the IEL [155].

2 Frequently, the terms basement membrane and basal lamina are used interchangeably, though strictly speaking the basal

lamina is a component of the basement membrane, [202]. Kefalides et al. defined the basement membrane as the composite

of the basal laminae and two distinct layers on either side of the basal lamina: the lamina lucinda lying between the cells and

the basal lamina and the reticular lamina composed of the anchoring fibrils [147]. The lamina lucinda is now believed to be a

tissue processing artifact [202].
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When intimal collagens are exposed to blood products due to vessel injury, they have a great influence

on the thromobogencity of the arterial wall. For example, collagens I, III, VI can recruit and then activate

circulating platelets, leading to platelet plug formation and occlusion at the site of vessel damage [77, 217].

In contrast, collagen types V and VIII are believed to play anti-thrombogenic roles [222, 249].

The thickness of the region between the basal lamina and IEL increases with age, demonstrating an

increase in both VSMCs and collagen fibers [268,281]. In particular, the ratio of collagen type I to III in the

intima increases with maturation [281]. This region may be quite small or nonexistent in healthy muscular

arteries [268]. Previous biomechanical models of the arterial wall have largely neglected the contributions of

the intima. More recently, it has been recognized that in the aged vessel wall, this layer can have a significant

influence on the wall properties [125, 322]. For example, in nonstenotic human left anterior descending

coronary arteries of humans (age 71.5 ± 7.3 years), Holzapfel et al. found the contribution of the intimal

layer to the load bearing capacity and mechanical strength of the artery to be significant relative to that of

the media and adventitia [125]. A recent analysis of collagen fiber orientation in the intima of human aorta

and common iliac arteries using polarized light microscopy provides extensive data on fiber orientation in

this layer and demonstrates its complexity [259].

5.1.4 Internal Elastic Lamina (IEL)

The internal elastin lamina is a fenestrated sheet (70-90 nm thick) that forms the boundary between the inti-

mal and medial layers, influencing both its mechanical and mass transport properties. The size and number

of these fenestrae vary in the arterial system and also change with maturation [100,118]. The main function

of the fenestrae (or pores) in the IEL, clearly seen in Fig. 2bc and Fig. 8b, appears to be the enhancement of

passage of water, nutrients and electrolytes across the wall. Using a two-dimensional model for macromolec-

ular transport, Tada and Tarbell concluded transport of ATP but not low density lipoproteins is sensitive to

IEL pores distribution [288]. Furthermore, three dimensional models of transmural flow of water through

these pores suggest shear stresses on VSMCs adjacent to the IEL could be large enough to influence cell

proliferation and migration [286,287]. The density and area fraction of these pores have also indirectly been

shown to have a modest influence on the mechanical properties of the IEL [42,43]. Note that the IEL is also

conjectured to play a role in preventing direct contact between precursor VSMC and ECs [152]; however,

physical contact between ECs protruding through these pores and establishing contact with VSMCs have

been reported [238].

As will be discussed in Section 7, the loss of the IEL is a defining step in cerebral aneurysm initiation.

IEL degeneration has been recreated in animal models of aneurysm initiation solely as the result of supra-

physiological hemodynamic loading at arterial bifurcations [94, 194]. This damage is conjectured to arise

from a process of enzymatic degradation rather than mechanical overloading. Hemodynamic derived changes

to the aneurysm wall after damage to the IEL (initiation) are the subject of intense experimental research

[140, 194] and biomechanical modeling [131, 318, 320], including the development of damage models that

include enzymatic damage to the arterial wall [173].

The IEL in adults also suffers from mechanical damage in the form of cracks, Fig. 16. As early as the

1920s, Reuterwall reported “tears” in human IELs. These breaks in the IEL have been termed “Reuterwall’s

tears” by Hassler [113]. They are generally found in larger cerebral arteries, such as basilar and internal

carotid arteries, in the form of transverse gaps 700-3000 µm in length [113], Fig. 16(a). Cracks have also

been seen in experimental arteriovenous fistulas created between the common carotid artery and jugular

vein [39]. In this latter case, no evidence of elastolytic activity was found, so the cause was hypothesized to

be due to direct over-stressing (acute rupture) or from fatigue-type wear. Histological examination of the IEL
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(a) (b) (c)

Fig. 16 Cracks in the internal elastic lamina of human cerebral vessels. Multiphoton microscopy images from en face prepara-

tions of the human basilar artery depicting autofluorescent elastin, by utilizing two-photon emission (2PE) spectroscopy. The

fenestrated internal elastic lamina can be seen. (a) Sample fixed at 30% strain,with a crack oriented in the direction of applied

load (circumferential direction, vertical in image). (b) Sample loaded in uniaxial tension in circumferential direction (vertical

in image) until macro scale crack propagation seen. Crack opened perpendicular to the direction of applied. The IEL (green)

can be seen to be retracted and underlying medial collagen fibers (red) are visible using the signal from second harmonic gen-

eration [243]. (c) Zoomed image of lateral side of an induced crack showing the porous nature of the IEL on the medial side.

Bars = 50microns. Figs. (a) and (b) reprinted from [243], with permission from Springer. Fig. (c) unpublished, with permission

from Drs. M. J. Hill and A. M. Robertson.

from common carotid arteries subjected to longitudinal [39] and circumferential uniaxial loading [118,243]

have also shown damage to the IEL in the form of mechanically-induced tears, Fig. 16(b),(c).

In vivo, as the IEL is progressively damaged and possibly fails, the mechanical loads will be transferred to

the stiffer collagen fibers [104,241,326,333], leading to loss of the toe region in the vessel, Fig. 1. Scott et al.

hypothesized overload of this kind was responsible for the loss of toe region after supraphysiological loading

of cerebral vessels [260]. Robertson et al. introduced a constitutive model that can capture this loss of toe

region using a non-zero recruitment stretch for collagen [172, 331, 333], i.e. the stretch (> 1) relative to the

unloaded reference configuration that collagen fibers begin to bear load. Subsequently, damage theories built

on this concept were developed and used to model acute over loading during cerebral angioplasty [173,174].

The long term biological response to mechanical damage of this kind has important clinical implications and

is not well understood. Mechanical damage theories for the arterial wall are gaining increasing attention and

are considered in Section 6.7.3 [20, 243, 304, 322].

5.2 Tunica Media

5.2.1 Tunic Media of Elastic Arteries

In 1964, Wolinsky and Glagov published their classic paper on rabbit aorta, demonstrating that under phys-

iological pressures, the tunica media of the elastic artery can clearly be seen to be composed of nearly

equally spaced layers of fenestrated elastin lamellae surrounding nearly circumferentially aligned VSMCs,

collagen fibers and fine elastin fibers. They later termed this structural unit the “lamellar unit” [326], Fig.
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17(a) and Fig. 8c. Wolinsky and Glagov undertook a comparative study of adult thoracic aorta in ten mam-

malian species including humans and identified a lamellae unit in all species. Remarkably, though the tension

(force/width) supported by the arterial wall ranged from 7.82 N/m in a mouse to 203 N/m in a sow, the ten-

sion per lamellae unit only ranged from 1.1 N/m to 3.1 N/m. They concluded that these mammalian species

adapted to the increased wall tension in vessels with larger lumen by simply adding more lamellar units,

rather than increasing the thickness or the ECM content of these layers. It was observed that sufficient layers

were added to maintain the tension per lamellae approximately constant across species and they conjectured

that the structure and number of the lamellar unit is determined during fetal and postnatal periods as an adap-

tive response (now termed growth and remodeling) to rapidly changing intramural loads during this period.

(a) (b)

Fig. 17 Components of the medial layer in elastic arteries. (a) Layering of elastin lamellae and smooth muscle cells seen in

a cross sectional view of a normal rabbit left common carotid artery. Lumen side is down in figure with nuclei in endothelial

monolayer (red, CD31), IEL (green), elastic lamella in media (green, autofluorescence), cell nuclei (blue DAPI). Imaged un-

der confocal microscope, bar = 50mm, unpublished, from Dr. M. Hill, with permission and (b) Schematic of a lamellar unit

containing two smooth muscle cells (SMC) enveloped in a thin, basal lamina, positioned between two lamellar sheets (EL)

with round fenestrations. The VSMCs are connected to the lamellae by an oxytalan fiber (Ox) containing fibrillin and type VI

collagen as well by thin elastin protrusions that attach to longitudinal ridges outside the main cell body (smoothed and filled in

for illustrative purposes). Collagen fibers (Coll) are located close to both elastic lamellae. (Reprinted from [70] with permission

from John Wiley and Sons).

The number of lamellar units decreases with peripheral distance from the heart, until there are very few

remaining lamellae in the peripheral muscular arteries. Close to the heart, the number can be considerable,

with 78 lamellar units in the media of ascending thoracic aorta [70]. At a fixed peripheral distance, Wolinsky

and Glagov found little variation in width of the lamellar unit across the medial layer and even between

species. At a reference point in the descending thoracic aorta, they observed a range in average thickness

of only 6 -18 µm between mice and humans [327]. In studies of the media of human thoracic aorta (45-74

years), Dingemans et al. found the lamellae unit to be 13.9 µm thick, varying less than 1% across the medial

layer, [70]. Not surprisingly, in larger arteries, the outer media requires a separate blood supply. Small blood

vessels (vasa vasorum) are found in the adventitia for vessels with greater than 29 lamellar units, and are not

found in smaller mammals with fewer than 29 layers, [328].
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Further investigation of the components of the lamellar unit have revealed the complexity of architecture

within this structure and underscore the many unanswered questions regarding the association between cel-

lular function and extracellular matrix during normal remodeling, disease and maturation. The VSMCs in

the lamellar unit are almost completely covered by a thin, basal lamina that also bridges the gap between

the cells, Fig. 17. These cells are connected to the fenestrated lamellar sheets by fibers containing fibrillin

and type IV collagen (see Fig. 17) [70, 76] as well as by thin elastin protrusions from longitudinal ridges

on the cells. The interlamellar elastin fibers are clearly seen in Fig. 8c. Type VIII collagen has also been

identified in association with the basal laminae of VSMCs and elastin fibers [222]. The relative amounts of

type I, III and V collagen varies with location and age. Dingemans et al. identified all three fibrillar collagens

within the media of human thoracic aorta (45-74 years) [70]. Menashi et al. reported a 2:1 ratio of collagen

types I and III in the media of both normal and stenotic aorta (mean age approximately 67 years), [191].

A detailed study of the layer dependent collagen fiber orientation within non-atherosclerotic, human elastic

arteries found differences in orientation between the aortas and common iliac arteries, [259]. Two families

of medial collagen fibers were identified in the media of the aorta, while only a single preferred direction

was found in the common iliac arteries, demonstrating the need for vessel dependent structural information.

Fig. 18 Schematic of representative region of medial layer of a muscular artery, reproduced from [189] with permission from

Wolters Kluwer Health.

5.2.2 Tunic Media of Muscular Arteries

The architecture of the tunica media in elastic and muscular arteries is substantially different, reflecting the

different roles of these vessels, [238]. As the muscular arteries are reached, there are few elastin laminae.

Rather, the media is dominated by nearly circumferentially aligned layers of smooth muscle cells with inter-

spersed collagen fibers and small amounts of elastin fibers, and as a consequence the internal elastin laminae

is much more prominent., Fig. 18. Active contraction of VSMCs endows muscular arteries with the capacity

to actively change their arterial cross section, (see, Section 4.2). In addition, to providing a means to main-

tain blood pressure, this feature also provides a means to elicit more permanent changes in vessel caliber in

conjunction with vessel remodeling. This capability is also evident in the smaller muscular arteries and the

arterioles which are the primary regulator of peripheral resistance.
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5.3 Tunica Adventitia

In both elastic and muscular arteries, the adventitial layer is composed of collagen fibers, some elastin fibers,

(Figs. 8a and 19), as well as a sparse population of vascular cells (mainly fibroblasts, Section 4.3). This layer

is a larger percentage of the wall thickness in muscular arteries, where it can be as thick as the medial layer,

(e.g. Fig. 2a). Collagen fibers can be found in bands in the aorta as well as in bundles or individual fibrils

interconnected to the bundles [295], Fig. 5bc. Orientation of the collagen fibers in the adventitia shows a great

variability among vessels and, as for collagen in the medial layer, this orientation depends on the loading

conditions of the vessel. Schriefl et al. found two fiber families with close to axial alignment in the adventitia

of human thoracic and abdominal aortas as well as in common iliac arteries, [259]. Canham et al. report a

nearly circumferential alignment in adventitia of coronary vessels fixed at distending pressure [44]. A much

wider range of orientations have been found in cerebral vessels at physiological loading conditions, [82]. The

inner surface of the adventitia is lined with the external elastin lamina, which is generally less pronounced

than the IEL. It is absent in some arteries, for example the cerebral arteries.

(a) (b)

Fig. 19 Adventitial collagen and elastin. (a) Adventitia of a rabbit common carotid artery imaged using multi-photon mi-

croscopy (2PE for elastin and second harmonic generation for collagen) revealing elastin fibers (green) and tortuous collagen

fibers (red), bar = 50 µm, and (b) SEM image of elastin (E) an collagen (C) fibers in adventitia of a mouse aorta. (Fig. (a)

reprinted from [243], with permission from Springer. Fig. (b) reprinted from [295] with permission from Dr. T. Ushiki).

The importance of the vascular adventitia not only in vascular disease but also in normal maintenance and

homeostasis of vessels is increasingly being recognized [114]. For years it was thought that the adventitia

merely provided a passive structural support for the blood vessel to prevent overstretch of the arterial wall

under acute loading conditions [68]. However, recent studies suggest the adventitia plays an important to

in vascular inflammation, Fig. 11. Myofibroblasts and progenitor cells can also be found in the adventitia.

The latter cells are capable of differentiating into VSMCs and migrating into the medial and intimal layers.

Moreover, the adventitia is in contact with tissue that surrounds the vessel and can actively participate in

exchange of signals and cells between the vessel wall and the tissue in which it resides.
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6 Constitutive Models for the Arterial Wall

Given the complexity of the arterial wall, it is important to start this section with a reminder that no material-

either organic or inorganic- has a uniquely defined constitutive model. Rather, we seek to define a material

model that includes what are perceived as the most salient elements for the application of interest. It is

therefore helpful to first recall some of these complexities in the structure and function of the arterial wall as

well as commonly employed idealizations.

As discussed in the previous sections, the arterial wall is a multi-layered composite material made up of

passive structural material (e.g. collagen fibers, elastin fibers and other structural proteins such as glycopro-

teins), actively contracting SMCs, and other vascular cells. The ECM components vary across the thickness

of the arterial wall as well as along its length, lending a strong heterogeneity to the wall material properties.

Numerous biomechanical studies idealize the three dimensional wall as a membrane (or two-dimensional

surface), (e.g. [160,315,333,340]). Each material point on the surface represents the through thickness wall

properties as well as the lateral boundary conditions [210]. This can be appropriate when bending and trans-

mural shear stresses are negligible such as in pressure inflation of some materials. However, in cases where

the load distribution across the wall are of interest such as in layer specific growth and remodeling or damage,

necessarily a more complex, computationally intensive multi-layer model must be used [124,174,243,297].

Other idealizations depend on the degree to which individual fibers and matrix components are included

in the model. Structural models explicitly include information on the tissue composition, structure, and load

carrying mechanisms of individual components, such as collagen and elastin fibers. In doing so, they pro-

vide insight into the function and mechanics of tissue components, at the expense of requiring constitutive

data for each of the wall components and adding complexity to the governing equations. Phenomenolog-

ical models describe the bulk mechanical response of the arterial wall without consideration of the role

of specific components. Between these two extremes are structurally motivated models, that include some

structural information, such as the fiber orientation, without directly incorporating the mechanical properties

of individual components. For example, the mechanical response for individual fibers is not prescribed.

The vessel wall is subject to large deformations during normal physiological operation and hence a lin-

earized elasticity theory is inappropriate. While in some applications it can be suitable to consider small on

large theories of elasticity, (e.g. [18, 60, 103]), for the most part, all arterial models are based on nonlinear

elasticity. Linear and nonlinear viscoelastic models have been also been introduced to account for energy

dissipation during tissue deformation, though these are less commonly used, [48, 219, 346].

Constitutive equations for the arterial wall can further be categorized by the types of biological processes

they are capable of modeling. As discussed in detail in Section 4, the intramural cells alter the ECM in

response to mechanical and chemical cues. Changes in the quantity, distribution, orientation and mechanical

properties of the ECM are known to occur as part of a healthy response to changing stimuli (e.g. growth and

remodeling) as well as during pathological and damage processes in disease and aging. Further, this response

is of a multi-scale nature, involving multiple spatial and temporal scales. For example, remodeling of arterial

collagen in response to altered hemodynamic conditions involves physical scales ranging from the molecular

scale (collagen molecules) up through at least the centimeter scale (local vascular region). This remodeling

process is believed to depend on hemodynamic cues on the order of seconds, while the remodeling process

occurs over a time scale of weeks.

Classic models of nonlinear elasticity [294] are used to characterize the elastic response of the arterial

wall without accounting for changes to its structure. In contrast, growth and remodeling (G&R) theories

have been introduced to model the deposition and degradation of components, such as collagen fibers, during

normal maintenance and growth, as well as the remodeling that occurs in response to altered loads. Damage

theories are receiving increasing attention as a means to account for mechanically and enzymatic derived
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changes in mechanical properties of the ECM [22, 23, 173, 174, 218, 219, 243]. Theoretical frameworks for

growth, remodeling and damage are introduced in Section 6.7. Applications of these theories to cerebral

aneurysms are then considered in Section 7.

There is insufficient room in this chapter to comprehensively cover the vast subject of constitutive mod-

eling of the arterial wall. We therefore refer the reader to classic texts such as [294] as well as [53, 122]

for background material in continuum mechanics. The recent review paper by Holzapfel and Ogden [126]

provides a thorough discussion of fiber based constitutive models that are motivated by the earlier work of

Spencer [280]. The remainder of this section is focused on the passive response of the arterial wall, and

in particular will not cover the active response due to smooth muscle cells. A review of models for active

contributions from smooth muscle cells can be found in [126] including early phenomenological modeling

by Rachev and Hayashi [226] and by Zulliger et al. [347]. See, for example, [296, 325] for more recent

approaches for modeling active and passive contributions of VSMC.

6.1 Multiple Mechanism Models

Indirect and direct experimental evidence supports Roach and Burton’s conjecture that the nonlinear nature

of the loading curve for the arterial wall, Fig. 1, arises from the highly flexible elastin components acting

in parallel with stiffer collagenous fibers that are recruited to load bearing beyond a critical level of stretch,

[84, 120, 241, 246, 260]. Scott, Ferguson and Roach later evaluated the mechanical response of cerebral

arteries loaded beyond their elastic limit, obtaining data that suggested the elastin mechanism could fail prior

to the collagen component, resulting in an increase in unloaded vessel radius, [260]. Motivated by this earlier

work, Wulandana and Robertson introduced a dual mechanism constitutive model that included a kinematic

criteria for collagen recruitment at finite strain as well as failure of the elastin mechanism separately from

that of collagen, [331–333]. Watton, Hill and Heil introduced a more structurally realistic fiber model for the

collagen mechanism, describing collagen recruitment in terms of critical conditions for collagen fiber stretch

and have used this approach in many subsequent studies of abdominal aortic and cerebral aneurysms, [315]

(Section 7). Li and Robertson [172] considered both anisotropic collagen fiber recruitment and collagen fiber

dispersion and used it in the context of cerebral angioplasty [174]. Gradual fiber recruitment is implicit in

the integral G&R theories discussed later in this section.

Most current constitutive models for the arterial wall now consider the mechanical response to arise

from additive contributions of distinct components which we term as mechanisms, as opposed to individual

material components of the wall. For example, these mechanisms are most often introduced as collective

isotropic and anisotropic mechanisms. For example, the isotropic component might be viewed as represent-

ing the IEL as well as other ECM contributions of a nearly isotropic nature. The anisotropic contribution is

often assumed to arise from one or more families of collagen fibers and possibly VSMC, defined by their

orientation (angle) relative to a reference direction in a chosen configuration. Some studies have also consid-

ered the anisotropic nature of the elastin fibers [107, 237] It is also frequently assumed that all mechanisms

can be modeled as nonlinearly elastic, and in particular as hyperelastic. In this case, a strain energy function

W (C) defined with respect unit volume in a reference configuration κ0 can be introduced,

W = Wiso + Waniso (1)

where C is the right Cauchy Green tensor C = FT F and F is the deformation gradient tensor relative to

κ0. The arterial wall is also generally idealized as incompressible (determinant of F = 1), though slightly
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compressible formulations are frequently introduced for numerical purposes (e.g. [122]). For incompress-

ible, hyperelastic materials, the strain energy function can be shown to be related to the Cauchy stress tensor

through (e.g. [279]),

T = −pI + 2F
∂Wiso

∂C
FT + 2F

∂Waniso

∂C
FT , (2)

where p is the Lagrange multiplier arising from the incompressibility constraint and I is the identity matrix.

These mechanisms will, in general, have different constitutive responses and different unloaded configura-

tions. For example, the arterial collagen is in a wavy or crimped state in the unloaded artery and is gradually

recruited to load bearing as the vessel is strained. In such cases, multiple reference configurations will be

needed to identify the kinematic state for recruitment. Further, damage to the isotropic and anisotropic mech-

anisms (e.g. elastin and collagen fibers) can occur independently and prior to failure of the arterial wall. The

explicit treatment of these multiple mechanisms makes it possible to separately model damage and failure

of the components [331, 333].

6.2 Isotropic Mechanism

After imposing invariance requirements [102,294], the incompressibility condition and material isotropy, the

strain energy function for the isotropic mechanism can be expressed, without loss in generality, as a function

of the first and second principal invariants of C [280,294], which are the same as the invariants of B = FFT ,

i.e.

Wiso =Wiso(II, III) (3)

where II = tr(B), III = (1/2)[tr(B2)− (trB)2]. Most strain energy functions for the isotropic mechanism in

the arterial wall depend only on the first invariant. The two most commonly used models of this form are:

Neo-Hookean Model:

Wiso =
α

2
(I1 − 3), Tiso = −pI + α B

(4)

Exponential Model:

Wiso =
α

2γ
(eγ(I1−3)n

− 1), Tiso = −pI + α n(I1 − 3)n−1 eγ(I1−3)n

B (5)

where α and γ are material constants and the constant n used in the exponential model is often chosen as

one or two). Alternatively, strain energy functions that depend on both the first and second invariants of B

are considered, with the Mooney-Rivlin being a frequently used model,

Mooney-Rivlin Model:

Wiso =
α

2
(I1 − 3) +

β

2
(I2 − 3), Tiso = −pI + α B − β B−1,

(6)
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where α and β are material constants. Eq. 2 has been used with the strain energy functions in Eqs. 4-6 to

obtain the corresponding Cauchy stress tensor, T .

6.3 Anisotropic Mechanisms: Kinematics of Fiber Recruitment

The non-random orientation of the collagen fibers in the arterial wall is largely responsible for its anisotropic

material response. Though in some instances, it can be appropriate to consider a single fiber type with a

single orientation, more generally the fibers display multiple orientations (or angles) and unloaded reference

configurations, Section 5. In preparation for a discussion of constitutive modeling of such diverse families

of fibers, we first discuss the kinematics needed to describe the deformation of an infinitesimal segment of a

single fiber and then generalize this formulation in the following sections.

In the ensuing discussion, we consider an infinitesimal material segment of an arbitrary collagen fiber

that is buckled (or crimped) in the unloaded configuration of the body, κ0, Fig. 20. Under suitable stretch,

this fiber region will straighten and begin to resist further stretching. We denote the configuration where the

fiber is ready to bear load (recruited) as κR and the current configuration of the material at some arbitrary

time t as κ , Fig. 20. At the current time t, the contribution of the infinitesimal fiber region to the strain energy

function depends on the actual fiber stretch λ f , namely its stretch in κ relative to κR.

Fig. 20 Schematic of reference configurations and notation used for collagen fiber recruitment kinematics. In the unloaded

configuration of the body κ0, the infinitesimal fiber segment is crimped (buckled). Under stretch, this fiber segment gradually

uncrimps. The configuration where the fiber is ready to bear load (recruited) is denoted as κR and the current configuration as κ .

At the current time t , the contribution of the infinitesimal fiber region to the strain energy function depends on the real stretch

of the collagen fiber segment, λ f = ds/dSR, which is the stretch in κ relative to its unloaded state in κR. For convenience, the

fiber segment can be mapped back to κ0 under an affine deformation, with stretch λR = dSR/dS0 between κ0 and κR. It follows

that, λ f = λ/λR where λ =
√

(C : m0 ⊗m0) and C = FT F.
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We can put this in mathematical terms by noting that an infinitesimal material line element (fiber segment)

mRdSR in κR will be mapped to mds = F f mRdSR in κ , where mR and m are unit vectors and F f is the

deformation gradient tensor for this mapping. It follows that,

λ f = ds/dSR =
√

C f : (mR ⊗mR), (7)

where C f = FT
f F f . It is often useful to describe this deformation relative to the unloaded configuration of the

body κ0. For this reason, we note that the infinitesimal fiber segment in κR can be mapped back to κ0 under

an affine deformation through m0dS0 = F−1
R mRdSR, where mR is a unit vector and FR is the deformation

gradient for the mapping from κ0 to κR. It then follows that,

λR = dSR/dS0 =
√

CR : (m0 ⊗m0), (8)

and therefore,

λ f = λ/λR, where λ = ds/dS0 =
√

C : (m0 ⊗m0). (9)

The value of the recruitment stretch λR is a (spatially and temporally heterogeneous) material property of

the fiber reinforced material. We point out that recently, direct methods have been developed for measuring

both the collagen fiber orientations and the collagen fiber recruitment stretches λR [119]. Consequently, the

geometric configuration of the crimped fiber in κ0 is not inherently relevant for the fiber modeling (and

remodeling). Rather, the process of mapping the fiber vector mR back to κ0 is merely done for mathematical

convenience so that a single reference configuration can be used to define the mechanical response of all

constituents. In fact, the affine mapping from κR back to κ0 describes compression of the fiber, rather than

the actual crimping (buckling) process. As discussed below, the contribution of the collagen fiber to the

strain energy function is explicitly defined to be zero under compression, to be consistent with the negligible

loading expected during buckling.

6.4 N-Fiber Anisotropic Models

In formulating structurally motivated models, we consider a representative volume element (RVE) at an

arbitrary material point in the body, rather than tracking the behavior of individual fibers. Within this region,

fibers of multiple orientations and levels of tortuosity can exist and hence, the constitutive equation at this

point reflects the combined contribution of all these fibers. In N-fiber models, each material point in the

body is assumed to contain N families of fibers, with each family distinguished by distinct orientations,

mechanical properties and/or recruitment stretch. While N-fiber models were previously developed, [278,

280], Holzapfel, Gasser and Ogden appear to be the first to apply these theories to the arterial wall [124].

Following earlier work [172,243,315], here, we consider a generalization of the model used by Holzapfel

et al., in which fiber recruitment can initiate at non-zero strains of the underlying material, such as would be

expected to occur for fibers that are crimped (or tortuous) in the unloaded arterial wall, Fig. 6.

The strain energy function for each of the fiber families is assumed to depend solely on the real stretch of

this fiber λ f , (stretch beyond uncrimping)

Waniso = Waniso(λ f ), Taniso = λ f

dWaniso(λ f )

dλ f

m⊗m. (10)
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Holzapfel et al. [124] introduced an N-fiber model using an exponential strain energy function that has

found widespread application. Each fiber is modeled as an exponential function of the fiber stretch. When

this model is generalized to include fiber recruitment at finite (non-zero) strain, it can be written as,

Waniso(λ f ) = H(λ f − 1)
α

4γ

(

e
γ (λ 2

f −1)2

− 1
)

, (11)

where the symbol H is the unit step function. Namely, the anisotropic contribution is zero when the fiber is

buckled (λ f < 1). Eq. 10 can be used to obtain the Cauchy stress corresponding to the strain energy function

in Eq. 11

Taniso = H(λ f − 1)α λ 2
f (λ

2
f − 1)e

γ(λ 2
f −1)2

m⊗m. (12)

The classical model without fiber recruitment is recovered when λR is set equal to one, so that λ f is equivalent

to λ in Eqs. 11 and 12. It is straightforward to see that Eqs. 11 and 12 can be used to define the relationship

for an N-fiber model,

Waniso =
N

∑
i=1

H(λ
(i)
f − 1)

α(i)

4γ(i)

(

e
γ(i) (λ

(i)
f

2
−1)2

− 1

)

,

Taniso =
N

∑
i=1

H(λ
(i)
f − 1)α(i)λ

(i)
f

2
(λ

(i)
f

2
− 1)e

γ(i)(λ
(i)
f

2
−1)2

m(i)⊗m(i).

(13)

The difference in orientation of the N-fibers enters directly through the definition of m
(i)
0 which will in turn

be reflected in m(i). Fibers of different orientation will in general experience different stretches, and hence

will have different values for true fiber stretch λ
(i)
f , even in cases when the recruitment stretch is the same.

Eq. 13 also includes the possibility that the fibers have distinct material properties, defined through η(i)

and γ(i). In writing Eq. 13, we have neglected any contributions arising from coupled effects between the

fibers. See [280], for a formulation which includes coupled effects. The N-fiber exponential constitutive

model in Eq. 13 has been used to model the contributions from collagen fibers of different orientations (e.g.

circumferential, axial, [124, 172]) as well as the passive response of vascular smooth muscle [296, 325].

As noted in [124], the constants in the exponential model can be chosen to ensure collagen fibers have

little contribution at low pressures. However, where a microstructural model is of interest, it is valuable to

recognize that collagen has been shown to remain crimped until finite strain levels are reached, [120]. In

fact, as will be elaborated on below, the single material constant neo-Hooken strain energy function was

found to be well suited for collagen fibers when gradual collagen recruitment was included in the model,

commencing at finite strain, [120]. It should also be emphasized that, while collagen is known to undergo

irreversible changes at strains larger than 4%, under physiological loads, the arterial wall was is subjected

to strains that are much greater than this relative to the unloaded state (e.g. [308]). Hence, if collagen is

immediately recruited to load bearing, it will be beyond its elastic limit in physiological settings. Therefore,

while an exponential model can be used to model the phenomenological data, it does not realistically model

the recruitment role of collagen fibers, nor account for its limited extensibility.
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6.5 Anisotropic Models with a Distribution of Fiber Orientations

We now turn to a generalization of the N-fiber theory that allows for a distribution of fiber orientations in

the regional volume element, rather than idealizing the fibers as oriented in a few primary directions. For

convenience, we define this distribution of fiber orientations, after the fibers have been mapped back to κ0. In

this configuration, the orientation of an arbitrary fiber direction is denoted as m0 and hence, the orientation

density function can be written as ρ = ρ(m0), (e.g. [95, 168]). Using local rectilinear coordinates with unit

base vectors (e1,e2,e3), Fig. 21a, the vector m0 can be written with respect to spherical coordinates θ and

φ , through

m0(θ ,φ) = cosθ e1 + sinθ cosφ e2 + sinθ sinφ e3. (14)

Hence, the orientation density function can be written as a function of θ ∈ [−π/2,π/2] and φ ∈ [0,π ], Fig.

21a. Note that each fiber is only counted once, since for an arbitrary m0, the fiber −m0 is not included. The

distribution function is non-negative and defined such that ρ(θ ,φ)cosθ dθ dφ represents the proportion of

fibers with angles in the range [θ ,θ + dθ ] and [φ ,φ + dφ ] where, for definiteness, ρ(θ ,φ) is taken to be

normalized on a unit semi-sphere,

1 =
1

π

∫ π/2

0

∫ π/2

−π/2
ρ(θ ,φ) cosθ dθ dφ . (15)

E

1

2

3E E

e e

e

12

3

(a) (b)

e e

e

12

3

dθ
dΦ

dθ

Fig. 21 Schematic displaying the geometric variables used in modeling the distribution of collagen fiber orientation for (a)

general 3D distribution and (b) planar or “fan splay” distribution (Reproduced from [120] with permission from Elsevier).
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Several symmetries in the orientation distribution have been found to be useful for studies of soft tis-

sue. At material points where a coordinate axis can be chosen such that orientation distribution function is

independent of φ , we can simply write ρ = ρ(θ ). This symmetry is referred to as conical splay, and the

materials are said to be transversely isotropic For planar splay, the distribution of fibers in an RVE lies

within a single plane, (e.g. [88, 89]). In this case, a local rectilinear basis can be chosen such that all fibers

lie within the e1 ⊗ e2 plane, Fig. 21b. A 2D orientation distribution function ρ2D(θ ) can then be defined on

θ ∈ [−π/2,π/2] with normalization condition,

1 =
1

π

∫ π/2

−π/2
ρ2D(θ )dθ . (16)

The strain energy function for the material is then the result of the integrated response of fibers over all

angles. For deformations that do not not break these respective symmetries, we can write the strain energy

function in a simpler form,

Conical Splay Waniso =
1

2

∫ π/2

−π/2
w f (λ f )ρ(θ ) cosθ dθ

Planar Splay Waniso =
1

π

∫ −π/2

π/2
w f (λ f )ρ2D(θ )dθ .

(17)

A variety of orientation distribution functions have been used including a π-periodic von Mises distribu-

tion [95], Gamma distribution [248], and a Bingham distribution [7, 96]. Experimental studies of collagen

fiber orientation in the media of rabbit carotid arteries [120] and in all layers of the human thoracic aorta, ab-

dominal aorta and common iliac arteries [259] support this two-dimensional idealization for the orientation

distribution function. Recently, a methodology was developed to measure ρ2D(θ ) from stacks of projected

images obtained using multi-photon microscopy, Fig. 5, [120, 243]. In this case, the orientation can be im-

posed directly without the need to select a functional form.

6.6 Distributions of Fiber Recruitment Stretch

In the unloaded state, the medial collagen fibers are found in a crimped state and are gradually recruited,

beginning at finite strain, as the vessel is loaded, Fig. 22. The transition region from the highly flexible toe

region to the stiff regions of the loading curve has been shown to arise from the gradual recruitment of

the medial collagen fibers, rather than a strong nonlinearity of the fibers themselves, [120]. The collagen

undulation level therefore determines the onset of the stiffer region of the loading curve and can have a

profound influence on the mechanical behavior of the vessel wall [96] as well as the growth and remodeling

process [187]. Hill et al. appear to be the first to measure 3D collagen fiber tortuosity in arteries [120] in

their study of collagen fabric in the media of rabbit common carotid arteries, fiber tortuosity had previously

been measured in fixed arterial segments [246]. Following earlier work of Lanir [169], Hill et al. described

the distribution of collagen fibers recruitment stretches using a recruitment probability distribution function,

denoted by ρR(λR). In this case, ρR(λR)dλR represents the fraction of fibers with recruitment stretch in the

range [λR,λR + dλR]. The contribution to the strain energy from this fiber ensemble is ρR(λR)w
∗
f (λ f )dλR.

Therefore, the strain energy potential of the whole fiber ensemble in the RVE for the ensemble and the

corresponding normalization condition are:
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Fig. 22 Medial collagen recruitment in a single sample from a rabbit common carotid artery during uniaxial loading. Images

shown are projected stacks of the sample sample under increasing unaxial stretch λ . Samples were loaded in circumferential

direction - shown left to right in images. Corresponding location on Cauchy stress versus stretch shown for each image. Loading

curve of multi-photon images (Unpublished image, produced with permission from Drs. M.R. Hill and A.M. Robertson).

w f (λ ) =

∫ λ

1
ρR(λR)w

∗
f

(

λ

λR

)

dλR, 1 =

∫ ∞

1
ρR(λR)dλR. (18)

The collagen fibers in an RVE are assumed to bear no load when the local tissue stretch is less than the

minimum recruitment stretch, λ min
R . Here, this condition is directly imposed by defining ρR(λR) to be zero

for λR < λ min
R . It can also be imposed using a Heaviside function [120, 243]. Other approaches have been

introduced for modeling the recruitment process such as that in [41] where a random distribution of fiber

crimp is used and unfurling of the fiber as well are fiber failure are considered.

6.7 Multi-mechanism Models: Growth, Remodeling and Damage (GR&D)

As discussed in Section 4, the constituents in the arterial wall can change in time due to orchestrated pro-

duction and removal of ECM. For example, the mass of individual components in the wall can increase due

to the production of ECM components by the cells (e.g. fibroblasts and VSMCs) and also decrease due to

their breakdown by MMPs. Following [130], we use the terms positive/negative growth to describe the net

increase/decrease in mass of a wall component (also called growth/atrophy). For example, positive growth

can result from cell proliferation or migration as well as from manufacture of ECM at a faster rate than

removal. Further, new constituents can be produced with different material properties, orientations and de-

position stretches from the prior material. This process, which endows the wall with an altered morphology
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and mechanical behavior is termed remodeling. Finally, the components of the wall can be mechanically

or chemically damaged. In particular, their mechanical properties can change without a change in mass. For

example, the number of cross links in the collagen fibers can be enzymatically altered, resulting in a change

in stiffness without changing the mass of these fibers. Or, the fiber stiffness and strength can be diminished

due to repetitive loading (fatigue damage), or from supra physiological mechanical loading, [173]. Follow-

ing [173, 243], we make a distinction between negative growth and damage. In particular, we use the term

damage to describe the process of breaking down the mechanical structure of a component of the ECM and

thereby altering its mechanical properties with or without changes in the volume fraction of the component.
3 Below we provide a brief background on formulations for GR&D followed by discussion specific to the

extracellular matrix in the arterial wall.

6.7.1 Positive and negative growth of a constituent

To simulate the local influence of growth/atrophy of a constituent on the mechanical response of the com-

posite in the RVE, the strain energy function of a constituent “k” is often multiplied by a scalar function

representing the normalized mass density of this constituent, ρ̂ , i.e.

W = m̂(k)Ŵ (k), (19)

where Ŵ (k) is the strain energy function of the constituent at time t = 0 and

m̂(k) =
m(k)(t)

m(k)(t = 0)
(20)

denotes the normalized mass density of a constituent, i.e. ratio of mass density of constituent k at time t to its

mass density at time t = 0. As noted below, m(k)(t) can be a prescribed function of time, or a more complex

function of the biological response of the wall to mechanical or chemical stimuli [264, 319].

6.7.2 Remodeling of the Constituents

Simulating the remodeling of arterial wall requires accounting for how the natural reference configurations

of the individual constituents evolve during adaption in response to altered environmental conditions. In

general, two mathematical approaches can be adopted: the formulations can be integral based or rate-based.

We do not discuss the integral-based formulations here, rather we refer the interested reader to the seminal

work of Humphrey which applied an integral-based formulation to address the remodeling of a 1D collage-

nous tissue held at (altered) fixed length, see [133]. This model has provided the basis for many subsequent

studies and developments, e.g. see [17, 130, 264, 341] and the interested reader is referred to [137] for dis-

cussion and comparison of the two approaches for modeling abdominal aortic aneurysm evolution. Below

we outline (primarily) a rate-based formulation to address the remodeling of the natural reference configu-

rations of the collagenous constituents as this is utilized for the example of intracranial aneurysm evolution

in the next section (see Section 7). We also point out that while integral based formulations can have the

3 In some works, negative growth is used as a way of accounting for enzymatic damage. However, in structurally motivated

models, where the volume fraction of constituents enters as a measurable quantity, the distinction between damage and negative

growth can be important.
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potential for the inclusion of more meaningful remodeling parameters, e.g. they can incorporate parameters

that explicitly account for the lifetimes of individual constituents whereas parameters in rate-based formula-

tions can be phenomenological in nature, they often have greater theoretical complexity and computational

expense. An advantage of a rate-based remodeling formulation over an integral-based one is that it is not as

computationally expensive, i.e. the number of reference configurations to keep track of is fixed and does not

increase with the number of computational time-steps of a simulation.

6.7.3 Damage Models

Damage to the components within the arterial wall has been modeled using continuum damage theories

[173, 198, 243] and we briefly outline this approach here. Following earlier work, (e.g. [275]), we introduce

a scalar damage variable (d) and take a strain space based approach, by assuming the dependence of the

strain energy on d can be explicitly written as,

W = (1− d)Wo(C0) (21)

where W o is the effective strain energy of the hypothetical undamaged material, and the internal variable

d is defined to be in the range [0,1] with zero corresponding to no damage and one to total damage. After

imposing the Clausius-Planck inequality, it can be shown that (e.g. [122, 243, 275]),

T = (1− d)To, T o = 2

(

F0
∂W o

∂C0

FT
0

)

(22)

with the additional requirement that the internal dissipation be non-negative for all times and material points

in the body,

Din = W oḋ ≥ 0, (23)

where To is the effective Cauchy stress tensor for the hypothetical undamaged material. As in [173], we

consider three possible damage modes, with damage variables denoted as d j with j = 1,2,3. Damage accu-

mulation in time will be defined through the dependence of the damage variable on an accumulation variable

α j. While details can be found elsewhere (e.g [198, 243]), we briefly define the functional form of α j for

these three modes.

Discontinuous Damage

When a rubber sample is cyclically loaded and unloaded in uniaxial tension, the applied stress needed to

reach a given level of strain decreases with increased loading cycles. This phenomena is termed stress soften-

ing or the Mullins effect, so named due to the early studies by Mullins on stress softening in rubber materials

with imbedded particles [206,207]. Damage of this kind has been modeled by setting the current value of the

accumulation variable α1, equal to the maximum effective strain energy the material has experienced [275],

α1(t) = max
s∈[0,t]

W o(s). (24)

In this damage mode, termed discontinuous damage, α1 only increases (damage accumulates) when the

effective strain energy increases beyond the previous maximum.

Continuous Damage

Mechanical damage can increase during cyclic loading even if the effective strain energy remains below
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the maximum strain experienced in prior cycles. To address this phenomena, Miehe [198] introduced a

contribution to damage evolution depending on the arc length of the effective strain energy. In this case, the

mechanical damage variable d2 depends on an accumulation variable α2(t) that is a function of accumulated

equivalent strain,

α2(t) =

∫ t

0

∣

∣

∣

∣

dW o

ds

∣

∣

∣

∣

ds. (25)

In this damage mode, termed continuous damage, α2 increases continuously, regardless of whether the prior

maximum has been surpassed.

Enzymatic Damage

The scalar damage formation has also been used to prescribe damage accumulation due to the exposure to

enzymes that are a consequence of the walls response to abnormal hemodynamics, [173,243]. In this damage

mode,

α3 =
1

T

∫ t

0
f (WSS, WSSG)ds. (26)

Specific examples will be considered below where the functional form of f (WSS,WSSG) is chosen based

on in vivo experimental data.

6.7.4 Growth, Remodeling and Damage for the Elastin Mechanism

As discussed in the beginning of this chapter, the elastic nature of the artery wall contributes to the overall

efficiency of the circulatory system. However, the production of structurally sound elastin components in

adult arteries is believed to be negligible and therefore, we do not consider positive growth and remodeling

of the elastin mechanism. In contrast, degradation and damage to the elastin mechanism in the adult artery

are of particular importance, because of minimal opportunity for repair or replacement. In this section, we

briefly outline some of the constitutive equations which have been used to model the chemically and me-

chanically induced changes to the isotropic mechanism that were discussed in Section 6.2.

Degradation of the Elastin Mechanism

To simulate the effects of the change in mass associated with enzymatic degradation of elastin, the normal-

ized density of elastin, say m̂E , can be prescribed to evolve as a function of space and time, i.e. m̂E = m̂E(X, t)
where m̂E ∈ [0,1] for degradation. The simplest manner to achieve this is to prescribe the spatial and temporal

evolution of the function m̂E(X, t), e.g. see [17, 315].

For example, in the simulation of intracranial aneurysm (IA) evolution presented in the next section, the

inception stage of IA formation is modeled by prescribing a localized degradation of elastin to create a small

outpouching of the arterial domain. This perturbs the haemodynamic environment and leads to a perturbation

in the wall shear stress distribution WSS(X, t). Subsequent elastin degradation can then be explicitly linked

to deviations of the wall shear stress from homeostatic levels, e.g.

∂ m̂E

∂ t
=− fD(WSS(X, t))aD m̂E (27)

where fD(WSS) ∈ [0,1]. The parameter aD thus relates to the maximum rate of degradation of elastin. As an

illustrative example linking elastin degradation solely to low WSS, one can consider elastin degradation to

be maximum below a threshold WSSX and nonexistent for WSS greater than a larger critical value WSScrit

with a gradual transition between these values. In particular, 0 ≤ WSSX < WSScrit and if: WSS ≥ WSScrit ,
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fD(WSS) = 0; WSS ≤ WSSX , fD(WSS) = 1 and fD(WSS) is a monotonically decreasing function of WSS

in the interval WSSX ≤ WSS ≤ WSScrit (for further details see [316, 319]).

Damage to the Elastin Mechanism

Scalar damage theories such as those defined in Section 6.7.3 were proposed to model both mechanical and

enzymatic damage to the elastin mechanism, [173, 243]. The discontinuous damage theory in Eqns 21-24

has been applied in a three layer heterogenous wall model to predict damage during angioplasty (to both the

elastin and collagen mechanisms), [174, 243].

Animal studies have found that damage to the IEL in native and nonnative cerebral bifurcations is associ-

ated with a combination of elevation of WSS above a threshold level and positive elevated WSSG [193,197].

This degradation was been found to be progressive in that damage increased with exposure time [194, 205]

and dose dependent in that the damage level increased with increasing magnitude of WSS [197]. Li and

Robertson proposed an enzymatic damage model [173] that captured all these features Eq. 26 and can also

be used to model elastin damage resulting from pathologically low and high WSS,

α3 =
1

T

∫ t

0
H(ζ )H(η)(ζ + bη)ds where ζ =

WSS−WSST

WSST

, η =
WSSG−WSSGT

WSSGT

(28)

where H() denotes the unit step function and b and T are material constants. Eq. (28) satisfies the criterion

that damage does not increase unless WSS is sufficiently elevated above a threshold value and the WSSG is

elevated above a positive threshold value. Further, the evolution Eq. (28) satisfies the condition that damage

increases with exposure time and dosage. More data is needed to determine whether the rate of accumulation

should increase with increased η (amount by which WSSG exceeds the threshold value) or whether it is only

necessary that η be positive, in which case b can be set to zero.

Both the negative growth model in Eq. 27 and the enzymatic damage model in Eq. 28 similarly use a

mutliplicative reduction type variable to diminish the magnitude of the strain energy function. The change in

mass that can occur from enzymatic damage, is not explicitly included in the Eq. 28. Further experimental

investigation would be valuable to determine whether the diminished mechanical properties do in fact, scale

with the remaining mass of elastin, as in Eq. 27.

6.7.5 Growth, Remodeling and Damage of the Collagen Mechanism

The Collagen Fiber Attachment Stretch λ fa

Collagen fibers are in a continual state of deposition and degradation in the current configuration κ . Vascular

cells (fibroblasts in the adventitia and vascular smooth muscle cells in the media) work on the collagen

fibers to attach them to the matrix in a state of stretch in this configuration. Consequently, the recruitment

configuration κR is inferred from the stretch at which fibers are configured and attached to the extra-cellular

matrix in the current configuration κ . On this note, it is important to recognise that the matrix is pulsating

and thus it is desirable for the definition of the attachment stretch to explicitly take this into account. Watton

et al [315] hypothesized that the fibers are configured to the matrix to achieve a maximum stretch during the

cardiac cycle and introduced the terminology attachment stretch where λ fa ≥ 1.
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Collagen remodeling

Collagen remodeling relates to changes in the reference configurations κR of the fibers with no net change in

mass of the fibers. This can be simulated by adapting the fiber orientations defined by the vectors m0 or by

altering the magnitudes of the fiber recruitment stretches λR. Evolving the recruitment stretches simulates the

mechanical consequences of: (i) fiber deposition and degradation in altered configurations; (ii) fibroblasts

configuring the collagen to achieve a maximum stretch during the cardiac cycle, i.e. the fiber attachment

stetch λ fa . These hypotheses imply that the reference configuration κR of the collagen fibers evolves such

that the maximum stretch of the fiber during the cardiac cycle remodels towards λ fa . A simple numerical

algorithm to simulate this is to adopt linear differential equations for the remodeling of the recruitment

stretches, i.e.
∂λR

∂ t
= ξ1

(

λ f |max −λ fa

λ fa

)

, (29)

where λ f |max denotes the maximum stretch experienced by the collagen fiber during the cardiac cycle and

ξ1 > 0 is a remodeling rate parameter. Note numerical schemes that address remodeling of fiber orientations

have been simulated, e.g. see [72] and references therein.

Growth/Atrophy of the Collagen Fabric

In vascular homeostasis the mass of the collagenous constituents is constant even though the fibers are in a

continual state of deposition and degradation. However, in response to perturbations to the mechanical envi-

ronment vascular cells can respond by up(down)-regulating synthesis and down(up)-regulating degradation

leading to a net increase(decrease) in mass. We outline one algorithm proposed to simulate this [313]. The

key assumptions of which are:

• the reference configuration of the cells is equal to the reference configuration of the constituents that they

are maintaining

• the number of cells is proportional to the mass of constituents they are maintaining

• in vascular homeostasis, the mass of the constituents is constant

From these assumptions, the simplest (linear) equation for adapting the normalized mass-density of the

collagenous constituents can be derived to be (see [316] for further details)

∂ m̂ f

∂ t
= m̂ f ξ2

(

λ f |max −λ fa

λ fa

)

. (30)

where ξ2 ≥ 0 is a growth rate parameter. Note that this equation is derived by considering perturbations of the

stretches of the vascular cells from homeostatic levels. It is the assumption that the reference configuration

of the cells is equal to that of the constituent that they are maintaining leads to them being expressed as a

function of the stretches of the collagen fiber.
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7 Modeling Vascular Disease: Intracranial Aneurysms

Modeling both the biology and mechanics of the arterial wall is fundamental to furthering our understanding

many arterial diseases. To illustrate this approach, we now consider a specific vascular pathology: intracra-

nial aneurysms.

7.1 Background

The term aneurysm commonly refers to a pathologic dilatation of an artery. It comes from the Greek word

ανευρ iσ µα , a juxtaposition of ανα meaning across and ευρ iσ meaning broad. Aneurysms have been

recognized since ancient Egyptian times. In fact, the first description is attributed to the Egyptian polymath

Imhotep (2655-2600 BC) and can be found in the Ebers Papyrus [223]. They most commonly occur in the

abdominal aorta, that supplies blood to the legs, and in the cerebral arteries, that supply blood to the brain.

The majority of intracranial aneurysms (IAs) are categorized as saccular aneurysms as they appear as sac-

like out-pouchings of the arteries inflated by the pressure of the blood. They are sometimes referred to as

berry aneurysms; however this terminology is perhaps misleading as the morphology can be complex, e.g.

notice the irregular geometries of the IAs depicted in Fig.23.

(a) (b)

Fig. 23 (a) Examples of (a) basilar tip IAs and (b) a sidewall IA of the right internal carotid artery.

Prevalance rates of IAs in populations without comorbidity are estimated to be 3.2% [302]. Most remain

asymptomatic; however, there is a small but inherent risk of rupture: 0.1% to 1% of detected IAs rupture

every year [139]. Subarachnoid haemorrhage (SAH) due to rupture is associated with a 50% chance of

fatality [105] and of those that survive, nearly half have long term physical and mental sequelae [129]. Pre-

emptive treatment can prevent aneurysm SAH and thus reduce the associated (large) financial burden, e.g. the

total annual economic cost of aneurysm SAH is £510M in the UK [240]. However, management of unrup-

tured IAs by interventional procedures, i.e. minimally invasive endovascular approaches or surgical-clipping,

is highly controversial and not without risk [156]. Moreover, treatment is expensive: recent developments in

imaging technology have led to a dramatic increase in coincidentally detected asymptomatic IAs. Indeed,
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endovascular intervention is now the major driving force behind the increase of costs in US healthcare sys-

tem [129]. Given the very low risk of IA rupture, there is both a clinical and an economic need to identify

those IAs which would benefit from intervention.

IAs preferentially develop at or close to the apices of cerebral artery bifurcations at specific locations

around the circle of Willis, a circle of arteries, located at the base of the brain (see Fig.24). In such locations

Fig. 24 (a) Location of the Circle of Willis; a circle of arteries that supply blood to the brain (source: www.vascularmodel.org)

(b) Arteries of the circle of Willis (source:wikipedia).

the blood flow dynamics are more complex, e.g. stagnation points, regions of accelerating/decelerating flow

and regions where the flow oscillates in direction. Such disturbed flow can affect the functionality of ECs

and hence it is hypothesized that the haemodynamic environment plays a role in the patho-physiological pro-

cesses that give rise to IA formation. Development is associated with apoptosis of VSMCs [157], disrupted

internal elastin laminae, the breakage and elimination of elastin fibers [90], a thinned medial layer and G&R

of the collagen fabric [139]. In most unruptured IAs, the inner surface of the aneurysm sac is completely

covered with normally shaped arterial ECs [90,146]. It is envisaged that investigating the complex interplay

of physical forces and their biological sequelae will aid further understanding of the formation and rupture

of IAs and their management, and can ultimately to a cure [158].

7.2 Computational modeling of Intracranial Aneurysms

Modeling of biomedical disease holds the potential to yield insight into the disease process and lead to the

development of computational tools to assist clinical diagnosis and treatment. Consequently, such research

has grown extensively in recent years; for recent review articles see, e.g., [131,265]. Broadly speaking com-

putational modeling has four themes: morphological characterization, computational fluid dynamic analysis,

structural analysis, and aneurysms evolution models. The latter have gained increasingly in sophistication

over the past decade, i.e. aneurysm evolution models combine CFD analyses, structural analyses and models

to reflect the mechanobiology of the arterial wall.

Morphological analysis has emerged as a possible means to assess rupture risk [228, 301]. By captur-

ing the 3D nature of aneurysmal sacs and by minimizing observer variability, such approaches allow large

retrospective and prospective studies on aneurysm geometric risk factors to be performed using routinely

acquired clinical images [221]. Such analyses can be performed in real-time and are straightforward to inter-
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pret and thus have great clinical potential. However, to date, the results of purely morphological approaches

have been inconclusive.

CFD research on IAs has provided us with tremendous insights regarding the variability of flow within

the aneurysm dome and illustrated some of the challenges and complexities we face in attempting to further

our understanding of the relationship between flow and: IA inception [19, 71, 85, 162, 185, 271, 276]; IA

enlargement [38,229,273,290]; IA rupture [50–52,272,334]; thrombus formation [230,231]; interventional

treatment, e.g. stents ( [14, 92, 138, 153, 154]) or coils [141]. To date, the majority of studies assume rigid

boundaries for the CFD analysis, however, more recently flexible boundaries [26,289,292,335] are modeled,

though these studies are limited by the dearth of data on the mechanical properties of the aneurysm wall.

CFD studies have the potential to provide a haemodynamic identifier for an aspect of an aneurysms

pathology, e.g.: why it formed in a particular location, the reason for its continued enlargement, the like-

lihood of its rupture. Many indices are considered, e.g. wall shear stress (WSS), spatial wall shear stress

gradients (WSSG), oscillatory shear index (OSI ∈ [0, .5]), aneurysm formation index (AFI), gradient oscil-

latory number (GON∈ [0,1]). The AFI∈ [−1,1], see [185], is defined to be the cosine of the angle made

between the instantaneous wall shear stress vector and its time averaged (mean) value; evaluating the mini-

mum of the AFI over the cardiac cycle, say min(AFI), characterizes the maximum deviation of the the wall

shear stress vector from its mean direction. The GON, see [271], is a measure of the average deviation of the

spatial gradient of the wall shear stress from its mean direction over the cardiac cycle.

Figure 25 illustrates examples of the spatial distributions of the aforementioned indices for a sidewall

aneurysm on the internal carotid artery. It can be seen that a jet enters the aneurysm (a) and this results in

a local elevation in WSS at the apex of the dome. Notice though that the overall WSS distribution within

the aneurysm sac is relatively low compared to values in the parent artery. The spatial WSSGs are elevated

around the aneurysm neck and at the bifurcation. Regions of oscillatory flow, characterized by high values

of OSI and low values of min(AFI), are observed in regions of high curvature of the parent and a complex

distribution is observed within the aneurysm sac. Note that while the OSI provides a time averaged measure

of the oscillation of the WSS vector about its mean direction during the cardiac cycle, min(AFI) quantifies

the cosine of the angle between maximum deviation of the WSS vector from its mean direction. Hence each

value of min(AFI) has a unique geometrical interpretation whereas there is ambiguity in the interpretation of

values of OSI. Lastly, (f) illustrates the distribution of the GON index. It can be seen that a complex distri-

bution occurs within the aneurysm sac. It has been suggested that this index is linked to regions of aneurysm

inception [271] although others have questioned its significance [85]. However, despite the plethora of CFD

studies, or perhaps as a consequence of such studies, the significance of CFD findings is currently the focus

of lively debate amongst the clinical and modeling communities, e.g., see [144] and [49, 242, 284].

Aneurysm rupture occurs when tissue stress exceeds tissue strength. In theory, patient-specific stress

analyses have the greatest to offer with regards to the potential for improved predictive measures. Un-

fortunately, limited data exist in the literature for the mechanical properties of aneurysm tissue [62] and

the spatially heterogeneous thickness distribution cannot currently be obtained from imaging data. More-

over, there is little data on the strength of the tissue which can also be spatially heterogeneous. To

date, structural analyses have often focused on conceptual geometrical models of IAs which use ide-

alized geometries ( [64, 65, 132, 163, 247, 262, 267]) while relatively few utilize patient-specific geome-

tries [177, 178, 227, 301, 343–345]. Lastly, in recent years there has been a focus on modeling the evolution

of IAs, e.g., see [10,16,17,75,78,79,159,160,172,173,180,256,257,270,313,316,317,319,320,333]. We

will proceed to discuss this aspect of research in more detail.
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Fig. 25 (a) Streamlines (m/s) and spatial distributions of (b) WSS (Pa), (c) WSSG (kPa/m), (d) OSI, (e) min(AFI) and (f) GON.

7.3 Example: Fluid-Solid-Growth Model of Aneurysm Evolution

The physiological mechanisms that give rise to the development of an aneurysm involve the complex inter-

play between the local mechanical forces acting on the arterial wall and the biological processes occurring at

the cellular level. Consequently, models of aneurysm evolution must take into consideration: (i) the biome-

chanics of the arterial wall; (ii) the biology of the arterial wall and (iii) the complex interplay between (i) and

(ii), i.e. the mechanobiology of the arterial wall. Humphrey & Taylor [135] recently emphasized the need

for a new class of Fluid-Solid-Growth models to study aneurysm evolution and proposed the terminology

FSG models. These combine fluid and solid mechanics analyses of the vascular wall with descriptions of

the kinetics of biological growth, remodeling and damage, GR&D. In this section, we briefly overview a

novel fluid-solid-growth FSG computational framework for modeling aneurysm evolution. It utilizes and ex-

tends the abdominal aortic aneurysm evolution model developed by Watton et al. [312,315] which was later

adapted to model IA evolution [313,317] and extended to consider transmural variations in G&R [256,257].

The aneurysm evolution model incorporates microstructural G&R variables into a realistic structural model

of the arterial wall [123]. These describe the normalized mass-density and natural reference configurations of

the load bearing constituents and enable the G&R of the tissue to be simulated as an aneurysm evolves. More

specifically, the natural reference configurations that collagen fibers are recruited to load bearing remodels

to simulate the mechanical consequences of: (i) fiber deposition and degradation in altered configurations as

the aneurysm enlarges; (ii) fibroblasts configuring the collagen to achieve a maximum strain during the car-

diac cycle, denoted the attachment strain. The normalized mass-density evolves to simulate growth/atrophy

of the constituents (elastin and collagen). The aneurysm evolution model has been integrated into a novel

FSG framework [316] so that G&R can be explicitly linked to haemodynamic stimuli. More recently, the

G&R framework has been extended to link both growth and remodeling to cyclic deformation of vascular

cells (see [314]).

Figure 26 depicts the FSG methodology. The computational modeling cycle begins with a structural anal-

ysis to solve the systolic and diastolic equilibrium deformation fields (of the artery/aneurysm) for given
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pressure and boundary conditions. The structural analysis quantifies the stress, stretch, and the cyclic de-

formation of the constituents and vascular cells (each of which can have different natural reference config-

urations). The geometry of the aneurysm is subsequently exported to be prepared for haemodynamic anal-

ysis: first the geometry is integrated into a physiological geometrical domain; the domain is automatically

meshed; physiological flow rate and pressure boundary conditions are applied; the flow is solved assum-

ing rigid boundaries for the haemodynamic domain. The haemodynamic quantities of interest, e.g., WSS,

WSSG are then exported and interpolated onto the nodes of the structural mesh: each node of the structural

mesh contains information regarding the mechanical stimuli obtained from the haemodynamic and structural

analyses. G&R algorithms simulate cells responding to the mechanical stimuli and adapting the tissue: the

constitutive model of the aneurysmal tissue is updated. The structural analysis is re-executed to calculate

the new equilibrium deformation fields. The updated geometry is exported for haemodynamic analysis. The

cycle continues and as the tissue adapts an aneurysm evolves. To simulate IA inception, we prescribe a local-

Fig. 26 Fluid-Solid-Growth computational framework for modeling aneurysm evolution.

ized loss of elastin in a small circular patch of the arterial domain (the elastin is modeled with a neo-Hookean

constitutive model [318]). The collagen fabric adapts to restore homeostasis and a small perturbation to the

geometry alters the spatial distribution of haemodynamic stimuli that act on the lumenal layer of the artery.

This enables subsequent degradation of elastin to be linked to deviations of haemodynamic stimuli from

homeostatic levels via evolution equations. As the elastin degrades and the collagen fabric adapts (via G&R)

an IA evolves. This approach was adopted to investigate the evolution of IAs assuming degradation of elastin

was linked to high WSS or high WSSG [316]. Given that a region of elevated WSS occurs downstream of

the distal neck of the model IA and elevated spatial WSSGs occur in the proximal/distal neck regions, this

approach led to IAs that enlarged axially along the arterial domain, i.e. it did not yield IA with characteris-

tic ’berry’ topologies. Consequently, Watton et al. linked elastin degradation to low WSS and restricted the

degradation of elastin to a localized region of the arterial domain [319]: this yielded IAs of a characteris-

tic saccular shape that enlarged and stabilized in size. Although interesting insights were obtained in both

studies, an inherent limitation was that the IAs evolved on a cylindrical section of artery and consequently

the spatial distribution of haemodynamic stimuli is non-physiological. This motivated the application of the

FSG modeling framework to patient-specific vascular geometries. For a detailed description of the model
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methodology, we refer the interested reader to [314, 320]. Here we briefly illustrate the application of the

FSG modeling framework to 4 clinical cases.

Figure 27 (upper row) illustrates 4 clinical cases depicting IAs. The IA is removed and replaced with a

short cylindrical nonlinear-elastic (two-layered) membrane model of a healthy arterial wall, e.g. see [315].

It is on this section that IA evolution is simulated. The cylindrical section is smoothly reconnected to the

upstream and downstream sections of the parent artery (middle row; see [261] for methodology). In all four

cases, IA inception is prescribed, i.e. an initial degradation of elastin is prescribed in a localized region of

the domain, the collagen fabric adapts to restore homeostasis and a small localized outpouching of the artery

develops. This perturbs the haemodynamic environment: subsequent degradation of elastin is linked to low

levels of WSS. It can be seen that the modeling framework gives rise to IAs with different morphologies, i.e.

IAs with: asymmetries in geometries (a3); well-defined necks (b3); no neck (c3). Interestingly, for case a3,

which depicts an IA at (perhaps) a relatively early stage of formation (crudely inferred from its small size),

the qualitative asymmetries of the simulated IA (see (a3)) are in agreement with the patient aneurysm (a1) and

thus (tentatively) support the modeling hypotheses for elastin degradation (low WSS drives degradation) and

collagen adaption. Figure 28 illustrates the evolution of aneurysm depicted in Fig. 27(a) in more detail. Due

to the asymmetry in the distribution of the WSS, the region of elastin degradation evolves asymmetrically

(see Fig. 28(a)), i.e. the elastin degrades at a greater rate in the proximal region of the aneurysm. The

asymmetry in the evolution of the elastin degradation creates a substantial asymmetry in the evolution of

the aneurysm geometry: the proximal side of the dome develops a well-defined aneurysm neck whereas

the distal region of the aneurysm flattens to connect with the downstream section of the artery smoothly.

Figures 28(c) and (d) illustrate the evolution of the Green-Lagrange strain of the elastin. The strains increase

to the greatest extent at the upper proximal region of the dome. As the aneurysm enlarges the asymmetry in

the strain distribution increases. In contrast to the evolution of the elastin strain, the collagen fiber Green-

Lagrange strains increase negligibly even though the deformations are large, see Fig. 28(d), i.e. maximum

values of 0.14 for collagen as opposed to 10 for elastin. This is due to the evolution of the natural reference

configurations that the fibers are recruited to load bearing. For further details on this particular example the

interested reader is referred to [320].

7.4 Discussion

It is envisaged that models of aneurysm evolution can ultimately lead to predictive models that have diag-

nostic relevance on a patient specific basis. Given that this will yield substantial healthcare and economic

benefits, there is significant growth of research in this area. However, while models of aneurysm evolution

have gained increasing sophistication over the past decade, many further improvements are still needed to

reach clinical value. For instance, there is a need to incorporate explicit representations of vascular cells

(endothelial cells, fibroblast cells and smooth muscle cells), their interactions and the signaling networks

( [91, 121]) that link the stimuli acting on them to their functionality in physiological, supra-physiological

and pathological conditions. There is also a need for implementation of more sophisticated constitutive mod-

els to represent, e.g., the collagen fiber recruitment and orientation distributions ( [120]) and, with respect to

initiation, the active and passive response of vascular smooth muscle cells ( [208]). As already mentioned,

there is a tremendous need for mechanical and EMC structural and their dependence on changing mechan-

ical stimuli. Lastly, improved understanding and modeling of how this complex micro-structure adapts in

pathological conditions is needed: the modeling framework needs to be validated and/or calibrated against

physiological data; animal models undoubtedly have a role to play in this respect (e.g. [140,193,342]). Such
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Fig. 27 Segmented clinical imaging data depicting IAs (a1-c1). IAs are removed an the geometry of the healthy artery recon-

structed (a2 - c2). Computational models of IAs on patient specific geometries with degradation of elastin linked to low WSS

(a3 - c3). The colourmap depicts WSS (Pa).

enhancements will offer the potential for patient-specific predictive models of vascular disease evolution and

intervention. They will benefit patients immensely because the decision on whether to/how to intervene will

be founded upon a robust concentration of knowledge with respect to patient-specific vascular physiology,

biology and biomechanics. Of course, the challenging and multi-disciplinary nature of such research implies

collaborations are essential.
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