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Abstract 
This thesis contributes to the field of biomechanics of vascular wall. The focus is particularly 
on the microstructure of vascular elastin and collagen constituents and their contribution to 
the macroscopic mechanical behavior of the wall. The analysis is done in the framework of 
continuum mechanics. The work characterizes structural features of elastin and collagen 
fibers using microscopy techniques and introduces these features to constituent-based 
constitutive models. The models are applied to the experimental data, derived from inflation-
extension tests, to predict the gross mechanical behavior of the tissue. The developed 
constitutive models could be further used to study in detail the mechanics of vascular tissue 
in health and disease. The thesis is presented in form of an introduction, four chapters 
(corresponding to four papers) and a conclusion.  

The introduction provides the motivation for this thesis as well as the background on vascular 
wall structure and mechanics. A brief description of the imaging techniques used is 
presented. Also, structural constitutive modeling of vascular wall is briefly discussed with 
particular attention to the modeling of elastin and collagen constituents.     

The first paper focuses on anisotropic properties of elastin in veins. We show that earlier 
constituent-based strain energy functions (SEFs), where elastin is modeled as an isotropic 
material, fail in describing accurately the tissue response to inflation-extension loading. We 
hypothesize that these shortcomings are partly due to unaccounted anisotropic properties of 
elastin. We extend the previously developed biomechanical model in our laboratory (Zulliger 
et al., 2004, J. Biomech., 37(7): 989-1000 (2004)) to account for elastin anisotropy and 
present an anisotropic strain energy function for elastin with one family of fibers in the 
longitudinal direction. The model is validated using experimental data from inflation-
extension tests on rabbit facial veins. The tissue is tested under a fully relaxed smooth muscle 
state, for longitudinal stretch ratios ranging from 100% to 130% of the in vivo length. The 
model with the anisotropic elastin fits well the data for a wide range of longitudinal stretch 
ratios. The main finding of this paper is that the anisotropic description of elastin is required 
for a full 3-D characterization of the biomechanics of the venous wall. 

The second paper addresses the role of elastin in anisotropic properties of arteries with 
particular attention to the structural organization of elastin. A constituent-based model 
including an anisotropic elastin, with one family of fibers in the circumferential direction, is 
presented. Micro-structural imaging, based on electron microscopy techniques, is used to 
support this anisotropy. Inflation–extension tests, on intact and elastase-treated arteries, 
provide a data set to validate the model and to study the effect of elastin removal. We show 
that the SEF, with an anisotropic elastin part, characterizes more accurately the mechanical 
properties of the arterial wall as compared to models with simply an isotropic elastin. 
Transmission electron microscopy (TEM) and serial block-face scanning electron microscopy 
(SBF-SEM) show interlamellar elastin fibers in the circumferential direction and therefore 
support the nature of the assumed anisotropy. The model predicts an earlier engagement of 
collagen in elastase-treated arteries compared to the intact arteries and thus suggests a clear 
functional interaction between the elastin and collagen component that is often neglected in 
constituent-based SEFs.  

The third paper presents a structural constitutive model of the vascular wall which integrates 
both waviness and orientational dispersion of collagen fibers. We extend the model of 
Zulliger et al., which already accounts for collagen waviness, to include orientational 
distribution of collagen. We study the effect of parameters related to the orientational 
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distribution on macro-mechanical behavior of the tissue during inflation-extension tests. The 
model is further applied to the experimental data from rabbit facial veins. The model 
accurately fits the experimental data of veins, but it does not improve the quality of the fit 
compared to the one without dispersion. We show that the orientational dispersion of 
collagen fibers can be compensated by a less abrupt and shifted to higher strain collagen 
engagement pattern. This should be taken into consideration when the model is used to fit 
experimental data and model parameters are used to study structural modifications of 
collagen fiber network in physiology and disease. 
 
In the fourth paper, we measure and quantify the waviness and orientational distributions of 
collagen in rabbit carotids. Quantification of collagen orientation distributions at the zero 
stress state of arteries is needed to develop realistic and precise biomechanical models. Using 
the fluorescence collagen marker CNA38-OG488 and confocal laser scanning microscopy, 
we visualize collagen fibers in adventitia of rabbit common carotids ex vivo. To get the 
properties related to the zero stress sate, the arteries are cut open along their longitudinal 
axes. We use semi-automatic and automatic techniques to measure parameters related to the 
waviness and fiber orientation. We show that the straightness parameter (i.e. the ratio 
between the distances of endpoints of a fiber to the fiber length) is distributed with a beta 
distribution. The shape of the probability density distribution does not depend on the mean 
angle orientation of fibers. In addition, our measurements reveal four axially symmetric 
families of fibers with mean orientations of 0°, 90°, 43° and -43° and circular standard 
deviations of 40°, 47°, 37° and 37°, with respect to the axial direction, respectively. To the 
best of our knowledge, this is the first study focusing on structural properties of collagen in 
the zero stress state and quantifying fiber waviness. The results of this study can be used to 
develop more precise structural models of the adventitia including waviness and orientational 
dispersion of fibers.  

 
The conclusion section summarizes the main results of the thesis, presents the improvements 
made over previous studies, and proposes future perspectives of this work.  
 
Keywords:  
structural modeling, strain energy function, constitutive modeling, vascular wall, arteries, 
veins, anisotropy, vascular structure,  elastin, collagen, waviness, orientation 
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Résumé 
Ce travail, qui s'inscrit dans le cadre de la mécanique des milieux continus, traite 
essentiellement de la contribution de l'élastine et du collagène et de leur microstrucure sur la 
mécanique de la paroi vasculaire. Les caractéristiques de ces éléments structurels sont 
déterminées par des techniques de microscopie et fournissent l'information nécessaire à 
l'élaboration de modèles constitutifs. Afin de décrire le comportement global du tissu 
vasculaire, ces modèles sont comparés à des données expérimentales issues d'essais de 
gonflement-traction. Cette thèse est rédigée sous la forme d'une introduction suivie de quatre 
chapitres (articles) et d'une conclusion. 

L'introduction énumère les motivations de cette thèse, détaille la structure de la paroi 
vasculaire et de son comportement mécanique. Une brève description des techniques 
d'imagerie utilisées est également présentée. Enfin, l'accent est mis sur la modélisation des 
parois vasculaires et plus particulièrement de ses constituants principaux, l'élastine et le 
collagène. 

Le premier article traite des propriétés anisotropiques de l'élastine des veines. En effet, la 
plupart des énergies de déformation élastique (SEF), qui sont pourtant dérivées d'information 
structurelle mais supposent l'élastine isotrope, ne décrivent que partiellement la réponse des 
tissus soumis aux essais de gonflement-traction. Le modèle précédemment développé dans 
notre laboratoire (Zulliger et al., 2004, J. Biomech., 37(7): 989-1000 (2004)) est étendu afin 
d'inclure l'anisotropie de l'élastine sous forme d'une famille de fibre orientée dans la direction 
longitudinale. Le modèle est confronté à des données expérimentales issues d'essais de 
gonflement-traction sur des veines de lapin. La réponse passive du tissu, c'est-à-dire, lorsque 
les cellules musculaires lisses sont entièrement relâchées, est étudiée pour des élongations 
allant de 100% à 130% de la longueur physiologique. Le modèle anisotrope décrit avec 
succès les données et ceci pour la plage d'élongation considérée. Il en ressort que la 
description anisotropique de l'élastine est nécessaire pour une description tridimensionnelle 
de la paroi veineuse. 

Le second article détaille le rôle de l'élastine et plus précisément l'importance de son 
organisation structurelle dans les propriétés anisotropiques des artères. Un modèle structurel 
anisotrope, comprenant une seule famille de fibres d'élastine orientée dans la direction 
circonférentielle de l'artère, est introduit. Cette configuration circonférentielle et 
interlaminaire de l'élastine est illustrée par des images prises par la microscopie électronique 
(MET et SBF-SEM). La contribution mécanique de l'élastine est étudiée par des essais de 
gonflement-traction menés sur des artères traitées ou non à l'élastase. Ces données sont 
également confrontées au modèle anisotropique qui permet une étude détaillée sur l'effet de la 
surpression de l'élastine. En effet, le modèle prédit un recrutement précoce des fibres de 
collagène dans les artères traitées à l'élastase. Il démontre clairement une interaction 
fonctionnelle entre l'élastine et le collagène, un aspect souvent négligé dans les énergies de 
déformation élastique structurelle. 

Le troisième article introduit un modèle constitutif structurel de la paroi vasculaire qui 
comprend à la fois l'ondulation et la dispersion de l'orientation des fibres de collagène. Le 
modèle de Zulliger et al., qui tenait déjà compte de l'ondulation des fibres, est étendu en 
ajoutant une distribution de l'orientation des fibres de collagène. La sensibilité des paramètres 
de distribution sur la réponse mécanique du tissu,  soumis à des essais de gonflement-
traction, est étudiée. Ce modèle est ensuite confronté aux données expérimentales issues des 
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essais sur des veines de lapin. Le modèle décrit précisément les données expérimentales, mais 
n'améliore pas sensiblement la qualité de la description comparé au modèle sans dispersion 
des fibres. Une amélioration notable est observée lorsque la dispersion des fibres est 
remplacée par un modèle de recrutement de fibres moins abrupte et retardé vers des 
déformations plus importantes. Cette observation devrait être considérée lors de l'ajustement 
du modèle sur les données expérimentales. Plus particulièrement lorsque les paramètres du 
modèle sont utilisés pour étudier les modifications structurelles du réseau de fibre de 
collagène, lors de cas pathologique ou non. 

Le quatrième article traite de la quantification de l'ondulation et de la distribution 
d'orientation du collagène dans l'adventice. Cette information est essentielle dans l'élaboration 
de modèles constitutifs structurels de la paroi vasculaire. Plus particulièrement, la 
quantification des distributions dans des tissus non contraints est nécessaire pour le 
développement de modèles réalistes. L'utilisation du microscope confocal et du marqueur de 
collagène fluorescent CNA38-OG488 permet de visualiser le collagène de l'adventice des 
artères de lapin. Afin d'obtenir des tissus non contraints, les artères ont été incisées le long de 
leur axe longitudinal. Des techniques semi-automatiques et automatiques ont été utilisées 
pour la mesure des paramètres liés à l'ondulation et à la distribution des orientations des 
fibres de collagène. Le paramètre de straightness (le rapport entre la distance qui sépare les 
extrémités d'une fibre avec la longueur de l'arc) a une distribution beta. La forme de la densité 
de probabilité ne dépend pas de l'orientation moyenne des fibres. Les mesures révèlent quatre 
familles de fibres axialement symétriques ayant des orientations moyennes (par rapport à 
l'axe longitudinal) de 0°, 90°, 43° et -43° et une déviation standard circulaire de 40°, 47°, 37° 
et 37° respectivement. A notre connaissance, ceci est la première étude qui se concentre sur 
les propriétés structurelles du collagène du tissu non contraint et qui quantifie la distribution 
des fibres. Ces résultats permettent de développer des modèles structurels de l'adventice qui 
tiennent compte de la dispersion des orientations des fibres et de leur ondulation. 

Enfin, la conclusion reprend les résultats principaux de la thèse, souligne les améliorations 
faites par rapport aux études précédentes et propose des perspectives de travaux futurs dans le 
domaine de la mécanique de la paroi vasculaire. 

Mots-clé 

Modélisation structurelle, modélisation constitutive, artères, veines, paroi vasculaire, 
anisotropie, élastine, collagène, structure vasculaire, recrutement de collagène, ondulation, 
orientation 
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Motivation 
Clinical Motivation 
Cardiovascular disease (CVD) is the number one cause of death worldwide. Only in Europe, 
CVD causes over 4.3 million deaths every year which is nearly half (48%) of all deaths. The 
mortality rate, on its own, would be a sufficient reason to investigate the cardiovascular 
system and its failures, but in addition to it, comes costs of healthcare, productivity losses and 
informal care of patients. Overall, CVD is estimated to cost the EU economy €192 billion a 
year [39]. 

Cardiovascular Biomechanics 
Biomechanics deals with the response of tissue to mechanical loads. Many clinical issues in 
cardiovascular physiology and pathology demand a detailed understanding of biomechanics. 
Some basic science issues and applied problems in cardiovascular solid mechanics are listed 
briefly in Figure1. An example of these applications is the treatment of coronary artery 
disease. This disease results, in part, from the built-up of an atherosclerotic plaque within the 
inner layer of the arterial wall. Several clinical treatments such as balloon angioplasty rely on 
the mechanical modification or removal of these plaques. Therefore, a detailed understanding 
of the biomechanical properties of the diseased as well as the non-diseased portion of the 
arterial wall is needed to design improved interventional devices (e.g. balloon catheter used 
in angioplasty, atherectomy device for removing plaques, or intravascular stents for 
implantation) and the associated clinical protocols (eg. duration of inflation, size of the 
balloon or stent). 

 

Fig. 1 Some basic and applied clinical problems in solid biomechanics  
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The mechanical behavior of vascular wall results from material properties, structural 
organization and interconnections of its constituents.  A change in any of these factors affects 
the wall mechanics. Models of vascular wall based on composition and structural 
arrangement of the tissue try to give a detailed understanding of the function, structure and 
mechanics of vascular wall in health and disease. For instance, in case of aging, arteries 
become stiffer due to alterations in their morphology and the composition of their major 
structural constituents elastin and collagen. The elastic lamellae undergo fragmentation and 
thinning resulting in a transfer of mechanical load to collagen, a much stiffer protein than 
elastin. In addition, the remaining elastin becomes stiffer due to calcification and formation 
of cross-links (see Greenwald [18] for a detailed review on aging of conduit arteries). 

In summary, a detailed knowledge of vascular mechanics based on structural organization of 
its wall components is required for understanding the physiology and pathophysiology of 
blood vessels. This provides the motivation for the further study of vascular biomechanics 
based on the wall structure. 

Background  
Mechanical properties of a blood vessel results from its content, material properties, 
organization and interlinks of its constituents.  

Vascular Wall Structure 
The wall of blood vessels consists of three layers i.e. the intima, the media and the adventitia 
(Figure 2). Regardless of the organization of layers, vascular wall is mainly composed of four 
building blocks: endothelial cells (ECs), elastin, collagen and smooth muscle cells (SMCs) 
[4].  

 

Fig. 2 A longitudinal section of a rabbit common carotid artery showing three layers of 
the vascular wall i.e. the intima, the media and the adventitia. The intima and the media 
are separated by the internal elastic lamina while the media and the adventitia are 
separated by the external elastic lamina. 
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The intima is typically consisting of a monolayer of endothelial cells and an underlying fine 
basement membrane composed predominantly of type IV collagen [27]. Endothelial cells are 
usually flat and elongated in the direction of blood flow, often about 0.2 to 0.5 μm thick, 10 
to 15 μm wide, and 25 to 50 μm long [25]. The healthy intima contributes little structurally to 
the mechanical properties of blood vessels.  

The media contains smooth muscle cells that are embedded in an extracellular matrix of 
elastin and collagen as well as a ground substance matrix containing proteoglycans. These 
constituents are organized in a complex 3D structure. Vascular smooth muscle cells are 
spindle-shaped, typically 100 μm long and about 5 �m in diameter. The smooth muscle cells 
are embedded in an extracellular matrix. An illustration of medial organization in the aorta is 
shown in Figure 3. In elastic arteries, medial smooth muscle is organized into 5 to 15 μm 
thick concentric layers separated by thin fenestrated sheets of elastin as seen in Figure 4. 
Smooth muscle cells are surrounded by interlamellar collagen (primarily of Type I, III and 
IV) and elastin fibers. Elastin fibers run from laminae to the smooth muscle cells. Collagen 
fibers are wavy and run between elastic lamellae and smooth muscle cell layers. In muscular 
arteries, on the other hand, the smooth muscle appears as a single thick layer bounded by a 
thick internal and less marked external elastic lamina. Exceptions are the cerebral arteries 
which do not have an external lamina. Collagen fibers in the media are formed in wavy 
bundles [9] and the orientation of fibers is dispersed [34].  

Finally, the adventitia, i.e. the outermost layer of the wall, consists primarily of a dense 
network of type I collagen fibers with admixed elastin, nerves, fibroblasts and the vasa 
vasorum. Collagen acting as a protective sheath, the adventitia is thought to limit acute over 
distension in blood vessel. Similarly to the collagen in the media, the adventitial collagen is 
wavy and its main orientation is distributed statistically. However, it has a higher angular 
dispersion [14] and forms thicker bundles compared to the collagen in the media. Wavy 
adventitial collagen bundles in common carotid arteries are shown in Figure 5. 

 

 

Fig. 3 An illustration of the medial organization of rat aorta, using scanning electron 
microscopy. Elastin features include elastic lamellae (EL), dense network of 
interlamellar elastin fibers (IEF shown with black arrows), elastin struts (ES), and 
elastin pores (EP). Smooth muscle cell (SMC) oriented circumferentially with radial tilt. 
Collagen fibers are adjacent to lamellar surfaces, arranged in layers of parallel bundles 
[34].  
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Fig.4 Fenestrations in an elastin lamella of rabbit common carotid based on 3D serial 
block-face microscopy technique  

 

The basic structure of the veins is similar to that of the arteries. Compared to the arteries, the 
relative wall thickness is generally lower, and the media contains lower elastic tissue and the 
adventitia is relatively thicker [4].  

The organization and direction of vascular smooth muscle cells, collagen and elastin fibers 
depend on various factors such as location along the vascular tree, species and local 
adaptations.  For instance, in rat abdominal aorta SMCs lay in the circumferential direction 
[34], however in the abdominal vena cava and its main tributaries, and in mesenteric veins 
they are prominently longitudinal [15].  

 

 

Fig. 5 Collagen bundles on the adventitia of common carotid of rabbits. Collagen fibers 
are wavy and running in different directions.  
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Mechanical Properties of Blood Vessels  
Vascular tissue has an inhomogeneous structure, undergoes nonlinear large deformations and 
shows anisotropic and viscoeleatic behavior with strain rate insensitivity. Also, it is assumed 
to be incompressible as experimentally investigated by the work of Chuong and Fung [8].   

Biological soft tissues are geometrically and mechanically nonlinear. Each structural 
component exhibits nonlinear behavior, and the nonlinearity is enhanced by the structure. 
Arteries are non-linearly elastic, becoming stiffer as they are distended, typically by a factor 
of 100 between mean pressures of 60 and 180 mmHg. In 1957 Roach and Burton proposed a 
qualitative model of arterial elasticity in which it was supposed that at low pressures (and 
therefore low degrees of circumferential stretch) tension is born by elastin while the much 
stiffer collagen fibers remain folded [37]. As pressure and stretch increases, the gradual 
unfolding collagen fibers take on an increasing fraction of the tension and the vessel becomes 
progressively stiffer, thus preventing over-distension at high pressures. 

Collagen and elastin are intrinsically anisotropic [24]. In addition to their intrinsic properties, 
the fibers are also oriented in different directions to optimize the tissue functionality.  

In the absence of smooth muscle tone, blood vessels exhibit hysteresis under cyclic loading, 
stress relaxation under constant extension, and creep under constant loads. Thus, vascular 
behavior is viscoelastic, although the viscoelastiticity is relatively insensitive to changes in 
strain rate [10]. However, blood vessels also exhibit a nearly repeatable response to cyclic 
loading once they have been preconditioned. In physiological conditions, such repeated 
loading happens due to the periodic pumping of the heart. Therefore, Fung [15] proposed that 
vascular behavior may be regarded as pseudoelastic in many problems involving cyclic 
loading. This means that we can treat the material as an elastic material in loading and 
another elastic material in unloading. As Fung emphasizes, this is not an intrinsic property of 
the material, but a convenient description of the stress-strain relationship.  

Residual Stresses  
Residual stress is the stress that exists in a body in the absence of externally applied loads. 
The excised intact, unloaded arterial ring opens up in response to a radial cut. The opening of 
the ring implies that the inner wall of the intact unloaded ring is in compression and the outer 
wall is in tension. Residual stresses can vary along the vascular tree on different locations and 
are different for inner and outer layers of arteries [19]. These residual stresses are quantified 
by the opening angle of the arteries.  

Mechanics of Vascular Wall Constituents 
It is important to determine material properties of wall constituents to formulate structural-
based stress-strain relations. This, however, is difficult in practice, given the complexity of 
the tissue structure and interactions. 

One possible approach is to isolate the constituent of interest by removing selectively the 
unwanted constituents prior to testing. This is not as easy at it may sound.  For instance, to 
isolate elastin, two basic ways have been used i.e using collagenase to digest collagen or 
exploiting the thermal stability of elastin. Among others, Lillie et al. [32] chose the latter 
based on prior studies that suggested the collagenase may affect the structure of elastin. They 
autoclaved samples of porcine aorta, to denature the collagen and kill the smooth muscle. 
Collagen denatures at many different temperatures, depending on the time of thermal 
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exposure and the mechanical load state during heating [7]. However, it is not clear that elastin 
does not denature, at least partially, under extreme conditions imposed in an autoclave [25]. 
As for the collagen, one could use enzymatic digestion of elastin [21, 28]. Again, however, it 
is not clear how well the isolated collagen reflects the properties of the native material. 
Following this method, Figure 6 shows the tension-extension curve of a fresh human iliac 
artery, taken from Roach and Burton [37]. When the artery is digested with trypsin to 
selectively remove elastin from the tissue, the tissue becomes less extensible. The slope of the 
curve is very similar to that of the non-treated, fresh tissue in the region of high tension. On 
the other hand, the selective removal of collagen with formic acid, results in a more 
extensible mechanical behavior with the slope of the curve, similar to that of the intact tissue 
in the small tension.   

Other possible approach is to simply perform tests on tissues that are composed primarily of 
the constituent of interest. Figure 7 shows stress-strain relations for the canine nuchal 
ligament, sole tendon, and intestinal smooth muscle, which are rich in collage, elastin, and 
smooth muscle (cell), respectively, taken from a study by Hasegawa and Azuma (1974) [24]. 
The elastin-rich nuchal ligament has much less strength and much more extensibility than the 
collagen-rich sole tendon. The intestinal smooth muscle is much softer than the other two 
tissues, and its stress-strain curve has a wide hysteresis loop, which indicates that the tissue is 
viscoelastic. The elastic moduli calculated from these relations are approximately 0.4, 350, 
and 0.03 MPa in the nuchal ligament, sole tendon, and intestinal smooth muscle, respectively. 

Therefore, the vascular wall behaves as a composite material made up of components having 
diverse properties. It is also important to consider which element is brought into action at 
what strain and what the structural organization of these components is.  

 

Fig. 6 Tension extension ratio curves of fresh, formic acid-treated, and trypsin-treated 
arterial wall (Roach and Burton (1957))  
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Fig. 7 Tensile properties of elastin-rich canine nuchal ligament, collagen-rich sole 
tendon, and intestinal smooth muscle (Hasegawa and Azuma (1974)) 

Structural Modeling of Vascular Wall  
Vascular tissue shows highly nonlinear and anisotropic characteristics and goes through large 
deformations. These properties make the use of strain energy formulation a suitable method 
to describe three dimensional mechanics of soft tissue. Many strain energy functions (SEF) 
have been developed for the description of soft tissue and in particular arteries. Early SEFs 
were purely phenomenological, i.e. they described the tissue behavior by some fairly 
arbitrarily chosen mathematical functions and coefficients. The best known 
phenomenological SEF for the description of soft biological tissue is the SEF by Chuong and 
Fung [16]. Recently, much effort has been put to develop strain energy functions that 
integrate information on composition and structural arrangements of tissue to avoid 
ambiguities in material characterization. In this way, they offer an insight into the function, 
structure and mechanics of the principal wall components, i.e. elastin, collagen and vascular 
smooth muscle cells (VSMCs). Structural constitutive models have been developed for a 
variety of tissues and tissue components including blood vessels [23, 42, 45], skin [33], 
pericardium [40], heart valves [13], tendons and ligaments [26].  

Elastin in Structure-Based Models of Vascular Wall  
Elastin has been mainly considered as an isotropic material in structural models of vascular 
tissue. For instance, Holzapfel et al.[22] proposed a fiber reinforced continuum model for 
passive response of vascular wall with one isotropic and one anisotropic term. The 
anisotropic term was associated with the collagen fibers and the neo-Hookean isotropic term 
with other wall constituents. Zulliger et al. [44], similarly, divided the SEF into isotropic and 
anisotropic terms and explicitly associated the isotropic one to elastin. In these models, 
collagen is the only constituent which contributes to the anisotropic properties of the vascular 
tissue and elastin is considered as an isotropic material.  
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However, electron microscopy of arterial wall shows that vascular elastin is present in a 
complex 3D structure in three different features i.e. elastin sheets (lamellae), interlamellar 
elastin fibers and elastin struts. Also, there is evidence that the tissue behaves anisotropically 
at low strains, i.e. the elastin dominant region. The low strain modulus of porcine vascular 
tissue obtained from aorta, carotid, iliac and vena cava is reported to be different in the 
transverse and longitudinal directions [41]. Gundiah et al. [20] suggested material orthotropy 
for arterial elastin but concluded that a neo-Hookean isotropic model is suitable to describe 
the mechanics of arterial elastin. The results were based on uniaxial tests on isolated elastin 
from the swine thoracic aorta. Further histological and mechanical investigations are needed 
to clarify the role of elastin in anisotropic behavior of the tissue.  

Collagen in Structure-based Models of Vascular Wall  
In blood vessels, collagen fibers are arranged in coiled and wavy bundles in their unloaded 
state [9, 12] and are dispersed around a mean orientation [6, 14]. In media, collagen fibers are 
strongly co-aligned [14]. However, within the adventitia layer, they show a large angular 
dispersion [14]. These properties results in highly nonlinear and anisotropic behavior of the 
vascular wall. The wavy nature of collagen fibers causes a gradual engagement of collagen. 
The directional organization of the fibers affects the anisotropic mechanical response of the 
tissue. A complete structural constitutive model for vascular collagen should incorporate both 
waviness and orientational distribution of fibers.  

Many works on collagen modeling in soft tissue have followed an earlier work by Lanir for 
structural modeling of fibrous tissue [30, 31]. In this framework, the total SEF is assumed to 
be a result of the collective contribution of the individual fibers linked with tensor 
transformations from the fiber coordinates to the global tissue coordinates. Following this 
framework, some studies have incorporated waviness [44, 46] or orientational distribution of 
collagen fibers [2, 13, 40]. Other studies have followed a different approach and involved the 
use of invariants [17, 44, 46]. Yet, currently, there is no SEF for the vascular wall, which 
includes both waviness and angular distribution of collagen fibers and which has been 
verified using standard inflation-extension tests.  

To include waviness and angular distribution of collagen fibers in constituent models, 
quantitative measurements of these parameters in the stress-free state as well as the loaded 
state are required.  

Smooth Muscle in Structure-based Models of Vascular wall  
In this thesis, we focus on modeling of passive vascular wall, i.e. when smooth muscles are 
totally relaxed. In this state, following some earlier studies [10, 16], we assume that the effect 
of passive smooth muscle cells, on mechanical properties of the tissue, is negligible and that 
the passive response results solely from the mechanical properties of the intramural elastin 
and collagen.  

Certainly, smooth muscle cells affect vascular behavior in their active state. Relatively, few 
studies have modeled active properties of vascular wall. Rachev and Hayashi [36] studied the 
effects of VSM on strain and stress distribution in the arterial wall using a SEF for passive 
stress to which an active stress with variable tone in the circumferential direction was added. 
Rachev and Hayashi [36] used their approach to modeling of the variations in opening angles 
with change in VSM tone.  Following this study, Zulliger et al. [46] suggested a pseudo SEF 
describing the biomechanical properties of large conduit arteries under the influence of 
vascular smooth muscle tone.  The model is composed of three parts associated with elastin, 
collagen and smooth muscle. The pseudo SEF models not only arterial mechanics at 
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maximum contraction, but also the myogenics contraction of the VSM in response to local 
increase in the stretch.  

Imaging Techniques  
Visualization and quantitative characterization of structure and ultra-structure of the vascular 
wall is needed to develop structural models of vascular tissue. The mechanical properties of a 
material depend not only on its composition, but also on its structure and ultra-structure. 
Histological study of the contents is relatively easy, but a quantitative study of the structure is 
very difficult.  

Different imaging techniques have been used to study the structure and ultra-structure of 
vascular tissue such as light and polarized light microscopy (LM and PLM) [6, 38], 
conventional laser confocal microscopy (LCM), two-photon microscopy [43], electron 
microscopy (EM), x-ray diffraction [1] and magnetic resonance imaging (MRI) [35]. 
Particularly, electron microscopy techniques have elucidated in detail the ultra-structure of 
vascular tissue [9, 34]. In addition, immunohistochemistry techniques have enabled scientists 
to visualize specifically the constituent of interest in the vascular wall. Here, we would 
briefly go through two main recent imaging methods used in this thesis to get the structural 
information of the tissue. The first method is the serial block-face scanning electron 
microscopy (SBF-SEM). This method was used in this study, to get ultra-structural 
information on the organization of arterial wall and more particularly elastin structure. The 
second method, involves confocal microscopy using CNA35, a new collagen specific 
fluorescent marker, which was used in this study, to visualize adventitial collagen.   

In this study, the SBF-SEM has been used in chapter 2. The SBF-SEM technique was 
recently developed by Denk and Colleagues, to produce nano-structural information in three 
dimensions [5, 11]. The equipment consists of a scanning electron microscope (SEM) with an 
in-chamber ultra-microtome which repeatedly removes uniform sections from the specimen 
surface. Therefore, subsequent surfaces are exposed for block-face imaging by the SEM. The 
tissue block position is fixed and the image registration is inherent and image distortion (as in 
TEM) is absent, greatly simplifying volume reconstruction. O’Connell et al. [34] used this 
novel technique to obtain 3D volumetric information of aortic medial microstructure and 
described in detail the 3D organization of each wall element in rat abdominal aorta. The 
tissue fixation procedure is the same as the one used in TEM which enables conservation of 
geometry. The device offers great potentials to study ultra-structure of the blood vessels in 
health and disease.  

In chapter 4, we have used the CNA35 collagen specific marker developed by Krahn et al. 
[29]. This probe is a new collagen fluorescence marker for tissues and live cell cultures which 
enables high resolution 3D imaging of collagen fibers in wet fresh tissues [3]. The CNA35 
probe is specific for collagen and can reveal small collagen fibers as well as more mature 
structures in living tissues without altering collagen structure. Therefore, the probe could be 
used to visualize collagen fibers of blood vessels under various mechanical loadings which 
could be very useful to acquire the structural arrangement of collagen for modeling purposes.  

Scope and Overview 
The overall aim of this thesis is to contribute to the field of structural constitutive modeling to 
describe passive behavior of vascular wall. We particularly focus on the role of elastin and 
collagen constituents to identify structural strain energy function of vascular tissue. Specific 
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aims of this thesis are a) to determine whether elastin should be considered as an anisotropic 
material, in definition of structural SEFs of vascular wall in veins, b) to answer the same 
question as above in arteries and to understand the underlying micro structural evidence, also 
to investigate the potential mechanical interactions between elastin and collagen, c) to 
develop a SEF for vascular wall which takes into account both waviness and orientational 
dispersion of collagen fibers and to parametrically study the gross mechanical response of the 
tissue under inflation-extension tests and d) to measure quantitatively the parameters related 
to waviness and orientational dispersion of adventitial collagen in the stress-free state of 
arteries.  

1st Paper 
The 1st paper studies the necessity of including an anisotropic term to define structural strain 
energy functions of the tissue in veins. Venous wall is tested under a wide range of 
longitudinal stretches using the standard inflation-extension test. The experimental data 
provides a complete description of passive mechanical response of venous wall and is used to 
validate the suggested SEF. The structural SEF of Zulliger et al. [44] is extended to include 
an anisotropic term for elastin. The original and extended models are fitted to the 
experimental data to determine capabilities of these models to predict gross mechanical 
behavior of the tissue for a wide range of deformations.   

2nd Paper 
In the 2nd paper, we investigate the role of elastin in anisotropic properties of arteries with 
particular attention to the structural organization of elastin and its interlinks with collagen. A 
structure-based model with an anisotropic elastin is presented. Micro-structural imaging 
based on electron microscopy techniques is used to investigate the anisotropic structure of 
elastin.  Inflation–extension tests, on intact and elastase-treated arteries, provide a data set to 
validate the model and to study the effect of elastin removal in arteries.  

3rd Paper 
The 3rd paper presents a structural constitutive model of the vascular wall which integrates 
information on both waviness and orientational distribution of collagen fibers. We extend the 
model by Zulliger et al. [44], which already accounts for the waviness, to include 
orientational distribution of collagen. We study the effect of parameters related to the 
orientational distribution on macro-mechanical behavior of tissue during inflation-extension 
tests. The model is further applied on experimental data from rabbit facial veins to study the 
necessity and suitableness of adding orientational distribution.  

4th Paper 
In the 4th paper, we measure and quantify the waviness and orientational distributions of 
collagen in the adventitia as needed to be integrated in structural models.  We mark the 
collagen by the fluorescence collagen marker CNA38-OG488 to visualize collagen fibers in 
adventitia of arteries. To get the properties related to the zero stress sate, the arteries are cut 
open along their longitudinal axes. We use semi-automatic and automatic techniques to 
measure parameters related to waviness and fiber orientation.  
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Suggested Readings 
The reader is referred to the following textbooks for an introduction to the basic principles of 
continuum mechanics and vascular wall constitutive modeling.  

Biomechanics: Mechanical Properties of Living Tissue, Fung, Y. C., 1993, Springer-Verlag, 
New York. 

Cardiovascular Solid Mechanics: Cells, Tissues, and Organs, Humphrey, J. D., 2002, 
Springer-Verlag, New York. 

Biomechanics of soft tissue in cardiovascular systems, ed. by Holzapfel and Ogden, 2003, 
Springer, Wien  
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Abstract  
The three-dimensional biomechanical behavior of the vascular wall is best described by 
means of strain energy functions (SEF). Significant effort has been devoted lately into the 
development of structure-based models of the vascular wall, which account for the individual 
contribution of each major structural component (elastin, collagen, vascular smooth muscle). 
However, none of the currently proposed structural models succeeds in describing 
simultaneously and accurately both the pressure-radius and pressure-longitudinal force 
curves. We have hypothesized that shortcomings of the current models are, in part, due to 
unaccounted anisotropic properties of elastin. We extended the previously developed 
biomechanical model of Zulliger et al. (2004) to account for elastin anisotropy. The 
experimental data were obtained from inflation-extension tests on facial veins of five young 
white New Zealand rabbits. Tests have been carried out under a fully relaxed state of smooth 
muscle state for longitudinal stretch ratios ranging from 100% to 130% of the in vivo length. 
The experimental data (pressure-radius, pressure-force and zero-stress-state geometry) 
provided a complete biaxial mechanical characterization of rabbit facial vein and served as 
the basis for validating the applicability and accuracy of the new biomechanical model of the 
venous wall. When only the pressure-radius curves were fitted, both the anisotropic and the 
isotropic models gave excellent results. However, when both pressure-radius and pressure-
force curves are fitted simultaneously, the model with isotropic elastin shows an average 
weighted residual sum of squares (WRSS) of 8.94 and 23.9, in the outer radius and axial 
force, respectively, as compared to an average of 6.07 and 4.00, when anisotropic elastin is 
considered. Both the Alkaike information criterion (AIC) and Schwartz Criterion (SC) show 
that the model with the anisotropic elastin is more successful in predicting the data for a wide 
range of longitudinal stretch ratios. We conclude that anisotropic description of elastin is 
required for a full 3-D characterization of the biomechanics of the venous wall. 

Keywords: rabbit veins, biomechanical properties, longitudinal stretch, elastin, anisotropy 
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Introduction  
The vessel wall exhibits relatively strong nonlinear properties during both loading and 
unloading procedures [1-6]. It has been shown that collagen and elastin fibers are the major 
passive components that support mechanical forces in the vessel wall [3]. Low strain 
characteristics are dominated by elastin fibers, whereas at high strains the progressive 
recruitment of much stiffer collagen fibers shifts the balance to a collagen-dominated regime 
[3, 5, 7]. Elastin, collagen and vascular smooth muscle content of vascular tissue can differ 
from one vessel to the other and from veins to arteries: veins have thinner walls, higher 
contents of collagenous (fibrous) tissue and lower contents of smooth muscle cells compared 
to arteries [8]. 

Identification of an appropriate strain energy function (SEF) is the preferred method to 
describe the complex nonlinear elastic properties of vascular tissues [9]. Once the strain 
energy function is known, the constitutive stress-strain relationships can be directly obtained 
from the SEF. Early formulations of SEFs were purely phenomenological, in the sense that 
parameters involved in the mathematical expression of the SEF bared little physiological 
meaning [10, 11]. Lately, significant effort has been put into developing structure-based or 
constituent-based SEF, where the parameters of the strain energy function represent some 
identifiable physical and structural characteristics of the different components of the vessel 
wall, such as elastic constants of elastin and collagen, fiber structural characteristics of the 
collagen network, volume fraction of elastin, collagen and vascular smooth muscle cells, etc. 
An example of a SEF which considers some structural properties, i.e. the orientation of the 
collagen fibers relative to the arterial wall’s circumferential direction is the model by 
Holzapfel and colleagues [4]. The Holzapfel et al.’s model has been subsequently modified 
and extended by Zulliger et al. to take the waviness of collagen fibers into account [9] and 
later to include vascular tone [12]. 

The structure-based SEFs did provide a significant improvement over the previous 
phenomenological ones, as this was evidenced via a better description of experimentally 
measured pressure-radius (P-ro) curves [9]. SEFs are meant, however, to provide for a 
complete 3-D description of the stress-strain field. For an axisymmetric vessel, this translates 
into a good description of both the pressure-radius (P-ro) and the pressure-longitudinal force 
(P-Fz) curves, as those are measured in a typical inflation-extension experiment. However, all 
of the above structure-based models do a relatively poor job when are forced to describe 
simultaneously both the P-ro and the P-Fz curves. This was true for arteries [9] as well as for 
veins (present study). Although the reason for this poor description is not clear, we 
hypothesize that one contributing factor is likely to be the anisotropic properties of elastin. 
Indeed, in previously proposed structure-based models, wall anisotropy has been assigned 
only to the collagen component and was modeled by taking into account the spatial 
dispersion or distribution of collagen fiber directions [4, 9, 13]. Further, all of the 
aforementioned structure-based models have assumed only isotropic properties for elastin, 
despite published observations of elastin anisotropy [14-18]. So, there is reasonable ground to 
suggest that accounting for the anisotropic properties for both elastin and collagen may be 
indeed necessary for better description of the 3-D biomechanical characteristics of the 
vascular wall. The present study was thus set to extend the structure-based SEF by Zulliger et 
al. in order to take into account the anisotropic properties of elastin and to quantify its 
improvement over previous SEFs using data derived from standard pressure-inflation tests.  
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Methods 
Experimental setup  
Five facial veins were harvested from white New Zealand rabbits weighing 3 1.0� kg. Their 
in vivo length as well as the length after excision was measured to determine the in vivo 
stretch ratios. The segments were transferred to the laboratory in flasks containing phosphate 
buffered saline (PBS) solution kept on ice. Immediately after arrival, the veins were cleaned 
and adventitia was removed manually. The segments were then mounted on our inflation-
extension biomechanical testing device (Fig. 1) and bathed with PBS at 37 °C. The segments 
were stretched to longitudinal stretch ratios corresponding to 100%, 115% and 130% of their 
in vivo stretch ratio.  

 

Fig. 1: Schematic diagram of the experimental setup 

At each longitudinal stretch ratio, 10 preconditioning cycles were carried out to eliminate the 
transient and strain softening effects, resulting in a reproducible pressure-diameter curve. 
Next, the pressure-radius and pressure-longitudinal force curves were obtained by inflation of 
the vessels in the range of 0-14 mmHg at the rate of 0.50 0.1 mmHg/s. The external 
diameter was measured by a CDD micrometer (Keyence, LS-7030MT) and the longitudinal 
force by a load cell force transducer (FORT10, World Precision Instruments). Tests were 
carried out under a fully relaxed smooth muscle state, achieved by adding 80 �mol/L of 
sodium nitro prusside (SNP) to the bath. 

After the inflation-extension experiments, rings of 0.4 0.1 mm in thickness, were cut off 
from the middle part of the segments to measure the zero-load state (ZLS) geometry (Fig. 
2a). Rings were kept at 37°c in a Petri dish with PBS for 20 min to reach an equilibrium state, 
and photographs were taken to measure ZLS parameters. The rings were subsequently cut 
longitudinally and kept for another 20 min in PBS at 37°C to measure the zero-stress state 
(ZSS) geometry, namely the radii Ri and Ro as well as the opening angle � (Fig. 2a). 
Measurements were performed on images taken by an upright microscope (Axioplan 2 
Imaging, Carl Zeiss Inc.). To approximate the fraction area ratios of the different components 
of the vessel wall, veins were fixed by 4% buffered Paraformaldehyde and stained by the Van 
Gieson and Resorcin-Fuchsin staining. 
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Fig. 2: Schema of a) the Zero Stress State (ZSS) , b) the Zero Load State (ZLS) of a vessel and c) 
the choice of the coordinate system 

Theoretical considerations 
We consider the vessel as a hollow cylinder and assign the cylindrical coordinate system 
shown in Fig. 2c  The principal stretch ratios are defined by the following equation based on 
the zero stress state (ZSS) configuration of the vessel [19]: 
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� is the opening angle, R the radius to a point in the ZSS, and r the radius to the same 
material point in the loaded state (Fig. 2), L the axial length of the segment in the zero stress 
state and l the loaded axial length. By considering material incompressibility, we obtain: 
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Substituting relations (1) into (2) and integrating we obtain: 
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Equation (3) provides with a mapping from any point in the ZSS to the corresponding point 
in the zero load state.  

Estimation of mean values of stresses and strains 
In order to obtain an insight to the general behavior of the vessel wall, the mean values of 
stresses ( � and z ) and strains ( �� and z� ) are considered based on the formulae: 
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Where P is the intraluminal pressure, h the thickness of the vessel, zF the longitudinal 
measured force, r the mean radius of the vein, and R , the mean radius in ZSS.  

a b c 
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Strain energy functions 
We consider the vascular tissue as a thick-walled circular cylinder undergoing extension-
inflation experiments, assuming finite hyperelastic stress response for the material.  

In cylindrical coordinates and in the absence of torsion in inflation-extension tests, �r, �� 
and��z, are the principal stretches of the deformation associated with the radial, 
circumferential and axial direction in the absence of twist which is the case in the extension-
inflation test conditions. In this case, the off-diagonal terms of C, the Right Cauchy-Green 
deformation tensor, and E, the Green strain tensor vanish. (for more details see, for example, 
Holzapfel et al [4]). Expressed in cylindrical coordinates, principal stretch ratios and C, the 
Right Cauchy-Green deformation tensor, relate to each other as: 

 2
11 rC �	     2

22 ��	C       2
33 zC �	  (7) 

Green strains are given by: 

 � �21 1       , ,
2k kE k z r� �	 
 	  (8) 

which form the diagonal elements of Green strain tensor defined as:  

 E =
2
1 (C – I )  (9) 

According to the objectivity condition, the SEF must be independent of the chosen coordinate 
system. Employing C and its invariants automatically satisfies this condition. 1I , the first 
invariant of Cauchy-Green tensor, is defined as:  

 1I = tr(C) (10) 

To incorporate the structural aspects of the collagen fiber network into the model, we 
introduce I4, defined as a pseudo-invariant of the Cauchy-Green tensor with respect to the 
unit vector �v� , which defines the fiber orientation:  

 �� vCvI ��
��	4  (11) 

Assuming no torsion and � being the angle between �v�  and the �e  ( �v� is assumed in the �e
- ze  plane), we obtain:  

 2 2 2 2
4 cos sinzI �� � � �	 �  (12) 

As seen from the above equation, I4 represents the square of the stretch in the direction of the 
collagen fibers. For a given SEF, �� stresses are calculated as: 

 2       , ,k k
k

p k z r
E

 � ���
	 
 � 	

�
 (13) 

where p is the Lagrange multiplier associated with the incompressibility constraint and is 
reffered to as the arbitrary hydrostatic pressure [20]. Boundary conditions are defined as:  

 Prir 
	)( , 0)( 	or r  (14) 

 



Chapter 1 

24 
 

where P is the luminal pressure applied to the vessel. By integrating the equations across 
the vessel wall and applying the boundary conditions:  

 dr
r

P o
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r r� 
	
1)(  �  (15)  
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Fz represents the longitudinal force required to maintain longitudinal stretch applied to the 
vessel.  

Strain energy function with anisotropic elastin properties 
Our work is an extension of the structure based SEF by Zulliger et al. [9, 12]. The model 
takes into account both the fraction of the total wall cross-section area composed of elastin,

elastf , and the corresponding fraction area composed of collagen, collf , to give the appropriate 
weight to the contribution of each constituent to the total SEFs.  

 collcollelastelastpassive ff ���	�  (17) 

Where �passive stands for the passive SEF, which assumes that vascular smooth muscle cells 
(VSMCs) are totally passive (no active tone), elast�  the SEF for elastin and coll�  the SEF for 
collagen.  

In most of structural SEFs, as well as in Zulliger et al. model, elastin is considered to have 
isotropic properties. This is also the case in Holzapfel et al. [4], although Holzapfel et al. did 
not specifically attribute isotropy to elastin only. Gundiah et al. [21] proposed an orthotropic 
material symmetry for arterial elastin, comprising two equivalent orthogonal families of 
fibers, but a mathematical model accounting for this orthotropy was not developed. Further, 
earlier experimental work has shown that elastin possesses anisotropic-nonlinear properties 
[15, 22]. Our observations suggested a higher elastic modulus for elastin in the longitudinal 
direction as compared to the circumferential direction (see Results section). We have thus 
chosen a transversely isotropic SEF for elastin to account for its anisotropy. To describe the 
properties of the transversely isotropic material, we consider a material constructed from one 
family of axially oriented fibers continuously distributed in an isotropic matrix. To achieve 
this, we assumed that the wall elastin component has been divided into two parts. The first 
part, which constitutes our isotropic component, is assumed to be a randomly distributed 
network of elastin fibrils. The second part, which represents our anisotropic component, is an 
ensemble of elastin fibers oriented in the longitudinal direction. The total SEF will be the sum 
of the isotropic and anisotropic part: 

 �elast 	 �iso (I1) � �aniso (I4
" )  (18) 

where, 

 2"
4 zzz eCeI �	��	  (19) 

For the isotropic component of elastin, we use the same SEF as in the Zulliger et al.’s model 
[9],  

 2/3
1 )3( 
	� Ic i

elastiso  (20) 
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where i
elastc  represents the modulus for the isotropic elastin component. As for the 

anisotropic component, we assume the one dimensional form of an incompressible Neo-
Hookean material for each fiber, undergoing a uniform cross-section deformation when 
stretched in the fiber direction. This brings us to the following formulation for the anisotropic 
part of the SEF: 

 )32(
"
4

"
4 
�	�

I
Ic a

elastaniso  (21) 

where 0�a
elastc  is an elastic constant enabling us to obtain a higher modulus for elastin in 

the z-direction.  

As for the collagen, we keep the same definition as proposed by Zulliger et al [9, 12], which 
is presented in brief in the Appendix. Using the proposed anisotropic function for elastin and 
the original one for the collagen, the following SEF is obtained for the passive properties of 
the wall: 
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For an incompressible material, the chosen SEF has to meet the following conditions [23]:  

1. Objectivity: the material properties should be independent of chosen coordinates. This 
condition is automatically fulfilled by defining SEFs as a function of invariants of C 
(Right Cauchy-Green deformation tensor)  

2. Stress free reference: The reference geometry should be stress free.  
3. Convexity: 0	�  should be a global minimum at zero stress strain conditions. This is 

fundamental for the existence and uniqueness of the solution.   
 
Zulliger et al. have demonstrated the convexity of their SEF function. The present SEF is 
formed by simply adding one extra term, �aniso  yielding the following form: 

 �passive 	 �passive
Z � �aniso (23) 

where �passive
Z  is the SEF of Zulliger et al.. As seen in Eq. 21, �aniso  represents a Neo-

Hookean material and therefore is by default convex for 0�a
elastc . By using the additivity 

concept [24], one may deduce that the new SEF, �passive  is also convex. Moreover, it is clear 
that in zero strain conditions i.e 31 	I , 1"

4
'
44 			 III , the SEF has a zero value.  

Numerical fitting of experimental data 
Radius-pressure and longitudinal force-pressure curves were fitted to experimental data by 
minimizing the following function:  
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In the above formulation, m is the number of experimental points measured at different 
pressures at a given longitudinal stretch ratio and n is the number of different longitudinal 
stretch ratios. Superscript mod denotes the values predicted by the mathematical model 
whereas superscript exp denotes those measured experimentally. Indices i and j denote the 
pressure and longitudinal elongation at which the corresponding outer radius, r, and 
longitudinal force, F, were obtained. � is the standard deviation of the experimental mean 
value of radius or force at a given pressure and longitudinal stretch ratio. It is used as a 
weighting factor, giving more weight to the points with the least variation.  

The fitting procedure yields the best estimates for five parameters. These include the two 
elastic constants c elast

i and c elast
a for elastin, two variables describing the engagement 

distribution function of collagen (k and b) and the fiber orientation of collagen (�). The 
elastic constant of collagen was chosen as collc  = 200 MPa, a reasonable value taken from the 
literature and in accordance to Zulliger et al. [9].  

In order to check the goodness of the fit, the weighted residual sum of squares for radius and 
force, WRSS r and WRSS F  have been calculated based on the following formulae: 

 FrkkkWRSS
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A measure of the mean values of WRSS over different stretch ratios is given by: 

 FrkWRSS
n

WRSS
n

j

k
j

k ,1
		 �  (26) 

Comparison of the anisotropic and isotropic model 
The present anisotropic model contains one more parameter when compared to the previous 
isotropic Zulliger et al.’s model. It is therefore expected that the WRSS will be smaller in the 
anisotropic one. To account for this difference in the number of free parameters, the Alkaike 
and Schwarz criteria have been used to compare the two models. In both of these criteria, 
there is a ‘penalty’ function proportional to the number of free parameters (L) in the model so 
that the WRSS is appropriately adjusted for the amount of free parameters used in the fitting 
process. The Akaike and Swartz criteria  are computed as [25]:  

 LWRSSmAIC 2)ln( �	  (27) 

 )ln()ln( mLWRSSmSC �	  (28) 

In the above equations, L denotes the number of free parameters in the model. The model 
with the smallest AIC and SC is considered superior.   

Results 
Zero stress state data 
The average opening angle was �=115±12°. The average inner and outer arc length were 
found to be Li=9.72±0.83 mm and Lo= 10.8±0.83 mm, respectively. The mean in vivo stretch 
ratio was �z=1.62± 0.09. 
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Pressure-radius and longitudinal force-pressure data 
The experimental results from our inflation-extension tests for 100% to 130% of in vivo 
longitudinal stretch ratio are shown in Fig. 3. The pressure-diameter curves exhibit a typical 
S-shape, with the elastin-dominated zone (convex part of the curve) being limited to 
pressures between 0 and 3 mmHg. At higher physiological pressures, collagen fibers begin to 
engage, limiting the maximal diameter extension. This diameter limitation appears to be more 
abrupt at lower longitudinal stretch ratios as opposed to more gradual at higher values of  �z. 

 

 

Fig. 3 : Experimental diameter-pressure and longitudinal force-pressure data of the rabbit 
facial veins at different stretch ratios. Error bars denote standard deviations. 

 

 

It can be also seen in Fig. 3 that the longitudinal stretch of the veins from 100% to 130% of 
their in vivo longitudinal length decreases the diameter over the entire pressure range. 
Longitudinal force appears to be fairly constant in the low-pressure zone (p < 3 mmHg), 
despite a significant diameter (therefore circumferential strain) increase within the same low 
pressure range (0 to 3 mmHg), where the diameter attains about half of its maximal increase. 
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Fig. 4: The longitudinal stress versus the circumferential stretch for different longitudinal 
stretch ratios. 

 

To get a better insight into the potential anisotropic behavior of the venous wall, graphs of 
mean longitudinal stress z  versus the mean circumferential stretch ratio �� (Fig. 4) and vs. 
longitudinal stretch ratio z� (Fig. 5) were obtained. These figures suggest that at low strains, 
longitudinal stress is fairly independent of circumferential strain. Moreover, based on Fig. 5, 
for low circumferential strains ( 2.1��� ), the relationship between z  and z� is almost 
linear, over the entire range of z� . Therefore, venous tissue shows an anisotropic behavior in 
not only high strain region (due to collagen) but also in low strain region where elastin is the 
main functional component. This strengthened our hypothesis (see Methods) that, in the low 
strain region, elastin, which is the dominant constituent, may be modeled as a composite 
material with a family of fibers in z-direction with linear stress-strain relationship. This 
approach is mainly based on the fact that z  depends fairly linearly on z� and is almost 
independent of �� in this region. 
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Fig. 5: longitudinal stress versus longitudinal stretch ratio for different circumferential stretch 
ratios. 

 

Radius-pressure and longitudinal force-pressure data as fitted by 
the isotropic and anisotropic model 
Fig. 6a illustrates the data which was fit based on the Zulliger et al.’s SEF only when the 
radius-pressure data have been considered in the fit and no weight is assigned to the P-Fz 
data. In this case, the Zulliger et al.’s model resulted in an excellent fit ( rWRSS = 4.150) for 
the P-ro data, however, it underestimated substantially the P-Fz curve ( FWRSS = 57.7) as 
seen in the figure. Figure 6.b shows the result when both the P-ro and P-Fz have been fitted 
simultaneously using original Zulliger et al.’s model. While the quality of P-Fz fit is 
improved ( FWRSS = 28. 5), there are still problems fitting both curves to the data at the same 
time. This shows that although the original Zulliger et al. model can describe very well the P-
ro data on its own, it falls short when both the P-ro and P-Fz data are included. Fig. 6.c shows 
fits of the data based on our proposed model ( rWRSS = 3.77, FWRSS = 1.16). It can be seen 
that the proposed anisotropic model can very well describe both P-ro and P-Fz data 
simultaneously. 
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Fig. 6: Fit of the experimental pressure-radius (top row) and pressure-longitudinal force 
(bottom row) curves by the isotropic and anisotropic model under 115% of in vivo 
longitudinal stretch ratio. Column (a) shows the fit of the isotropic model when only the 
radius-pressure data are used to fit the data. Column (b) shows the fit of the isotropic 
model when both the radius–pressure and force-pressure curves are fit. Column (c) 
shows the fit of the model with anisotropic elastin properties when fit to both pressure-
radius and pressure-force data 
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Table 1: parameters used in minimizing ���

strain energy function original model  modified model  

fitted parameters  
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The influence of longitudinal stretch on the goodness of fit of both the isotropic and 
anisotropic model is shown in Fig. 7 and 8, respectively. The fitted data set included all 
pressure-radius and pressure-longitudinal force data for longitudinal stretch ratios of 100%, 
115% and 130% of the in vivo value. The fit of the isotropic model yielded rWRSS = 8.94, 

FWRSS = 23.9 and��	��%!#". The fit based on the modified model with anisotropic elastin 
for the same longitudinal stretch ratios gave smaller weighted residual sum of squares (

rWRSS = 6.07, FWRSS = 4.00) as well as a smaller overall cost function value �	��%$" . 
From Fig. 8, it can be seen that the suggested model is able to fit well both the radius and 
longitudinal force data at the same time. The goodness of fit was confirmed over a wide 
range of stretch ratios. The parameters obtained from the fit are shown in Table 1 for both the 
original and modified models.  

Values for quantifying the goodness of fits (WRSS) as well as those used for comparison of 
two models (AIC and SC numbers) for each longitudinal stretch ratio and their average over 
the total range are given in Table 2. Based on this table, both AIC and SC values favor the 
new model with the anisotropic elastin term. Take for instance values corresponding to 
experimental data from longitudinal stretch ratio of 115% of in vivo state. The WRSS for 
radius and axial force has been reduced by 53% and 94%, respectively, while, at the same 
time, the Schwarz criteria shows a reduction of 27% and 82% for radius and longitudinal 
force. Similar reduction applies also to the Alkaike criterion, showing that, despite the 
penalty paid for the extra parameter, the “adjusted” WRSS is lower in the new model. 
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Table 2: Comparison of two models 
 
100% of in vivo stretch ratio   Original model       Modified Model   

number of free parameters    4       5   

  radius force total    radius force total  

WRSS 4.93 37.8     4.06 10.6   

AIC 76.6 164     70.3 112   

SC 83.7 171     79.1 120   

�     0.462       0.187 

115% of  in vivo  stretch ratio   Original model       Modified Model   

number of free parameters    4       5   

  radius force total    radius force total  

WRSS 8.06 20.4     3.77 1.16   

AIC 97.8 138     67.0 16.5   

SC 105 145     75.8 25.4   

�     0.338       0.0817 

130% of in vivo stretch ratio   Original model       Modified Model   

number of free parameters    4       5   

  radius force total    radius force total  

WRSS 13.8 13.3     10.4 0.238   

AIC 121 119     110 -51.7   

SC 128 127     119 -42.9   

�     0.324       0.129 

all the stretch ratios    Original model       Modified Model   

number of free parameters    4       5   

  radius force total    radius force total  

WRSS 8.94 23.9     6.07 4.00   

AIC 98 140     82.6 25.5   

SC 105 147     91.4 34.3   

�     0.486       0.162 

�

� �
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Fig. 7: Fit of the original isotropic SEF to the entire experimental data set, including three 
different stretch ratios. The top row shows the radius-pressure data and the lower row the 
longitudinal force-pressure data. 
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Fig. 8: Fit of the new anisotropic SEF to the entire experimental data set, including 
three different stretch ratios. The top row shows the radius-pressure data and the lower 
row the longitudinal force-pressure data. 
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Discussion  
There are a significant number of earlier studies on the biomechanical properties of vascular 
tissues and their mathematical descriptions. Most of these studies focus on the properties in 
the circumferential direction, often neglecting the longitudinal behavior of the vessel wall. 
However, the longitudinal characteristics of vessels are altered in many pathophysiological 
conditions such as aging [26, 27], hypertension [28] and atherosclerosis [29, 30] and play an 
important role in the overall biomechanical behavior of the vascular wall.  In this study, we 
develop a structural strain energy function that describes simultaneously both the 
circumferential and longitudinal properties of the vascular wall.    

To describe the mechanical behavior of soft tissue using a SEF, two general approaches exist: 
phenomenological and structural. In phenomenological approaches, the general mathematical 
form of the SEF is appropriately chosen to reflect the biomechanical behavior of the wall but 
the parameters of the SEF do not necessarily have any physical meaning. In structural or 
constituent-based approaches, care is taken so that each wall constituent is accounted 
explicitly for its contribution to the SEF and that parameters correspond to some physical 
properties of the tissue (i.e. wall fractions of elastin and collagen, elastic modulus, angle of 
orientation of collagen fibers, etc.). The present model is an extension of the structural model 
of Zulliger et al. [9], where elastin and collagen contribute in parallel and independently to 
the overall SEF. Vascular smooth muscle (VSM) is neglected here. As for the collagen part, 
the model follows the original approach of Zulliger et al., in which each collagen fiber is 
modeled as an elastic material and the engagement of fibers is taking place gradually and 
according to some stochastic distribution of the collagen fiber waviness. The form of the log-
logistic distribution function of the collagen engagement is somehow arbitrary and certainly 
not unique, the choice been motivated by the goodness of the fit to a wide range of 
experimental data [9, 12, 31-33]. For the sake of simplicity and for keeping the number of 
free parameters of the model to a minimum, we fixed the elastic constant of a single collagen 
fiber to ccoll = 200 MPa, which is in accordance to values reported in the literature. Another 
important parameter describing collagen properties is the collagen fiber orientation angle 	. 
Experimental assessment of the collagen fiber orientation within the tissue is difficult. In our 
study, the angle that best fit the experimental data was 32.6°. Holzapfel et al. have chosen a 
similar angle of 29° in their original model [4], Driessen et al. have taken �=30° for the 
media layer [13]. Zulliger et al. found this angle to be 35.0° in porcine carotid arteries [9]. 
Therefore, the angle obtained here seems to lie within the range of previously reported 
studies. In order to assess the sensitivity of the fit to the collagen fiber angle, this parameter 
was allowed to vary within the physiological range of 25° to 35°. Table 3 displays values of 
� �for different angles. This data shows a maximum change of 3% in �, for an angle 
variation of  5% around the optimal value (ranging from 31° to 34°), suggesting that changes 
of the angle in this range does not alter significantly the quality of the fit. Although further 
changes in the angle may lead to relatively weaker quality of the fit. For instance at 35°, � 
shows already an increase of 9% in its value. 
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Table 3: Sensitivity of the quality of fit to changes in collagen fiber angle  

collagen fiber angle goodness of fit (�) 

25 0.253 

27 0.217 

29 0.187 

31 0.167 

32.6 0.162 

33 0.163 

35 0.177 

 

To quantify the degree of elastin anisotropy and to facilitate the comparison with other 
studies, we have linearized the stress-strain relationship around a physiological operational 
point (P = 3.6 mmHg = 300 Pa), in order to obtain the Young’s modulus from our model 
parameters. The stress-strain relationship for elastin in circumferential direction is given by:  
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p elast
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	 2   (29) 

We fix z�  to the mean in vivo longitudinal stretch ratio of 1.62, which for a pressure P = 3 
mmHg gives a ��=1.68. By linearizing Eq. 28 with respect to ��, setting i

elastc = 6302  Pa and 
a
elastc =9076 Pa (Table 1), we obtain the elastin modulus in the circumferential direction as 

being equal to 136 kPa.  

Similarly, for the longitudinal direction we have:  

 
z

elast
zz E

p
�
��

�
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By fixing �� = 1.68 as above and linearizing with respect to z�  to get the Hooke’s law at the 
in vivo longitudinal stretch ratio of 1.63, we find an elastic modulus of about 196 kPa for the 
longitudinal direction.  Published data for the elastin Young modulus of ligamentum  nuchae 
vary between 100 kPa to 1 MPa [34, 35]. Studies on porcine vascular tissue under low strain 
conditions suggest an elastin Young modulus between 30 to 300 kPa [17, 35, 36]. Therefore, 
our estimates for the circumferential and longitudinal Young’s modulus of elastin are within 
the range previously published in the literature. 

Different formulations have been attributed to the isotropic constituent of vascular tissue, 
which in some studies, was not identified solely as elastin (see, for instance, Holzapfel et 
al.[4]). Zulliger et al. considered an isotropic part of the arterial wall for elastin alone [9]. 
Their SEF was nonlinear with respect to I1 (first invariant of Cauchy-Greens strain tensor). In 
our work, we have adopted the Zulliger et al.’s nonlinear form for the elastin SEF. We have, 
however, attempted to use a simpler New Hookean function for the isotropic term of elastin 
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and fit the model to our experimental data, but this simpler approach failed to reproduce 
faithfully the initial phase of both the pressure-radius and pressure-longitudinal force data 
simultaneously. It is also worth mentioning that the improvement observed on the fit quality 
of Zulliger et al.’s model after including anisotropy for elastin was also observed on other 
vascular wall models. For example, when the same type of anisotropy for elastin was applied 
to Holzapfel et al.’s model (one family of fibers in the z-direction as given by equation (21)), 
a significant improvement in the quality of fit was observed with � being reduced by 75%. 

It should be noted, nevertheless, that the choice of collagen SEF may affect the success of the 
global fit for a given SEF form of elastin. This may mean that, despite a good global fit, our 
SEF may not necessarily be the absolute best model for the elastin alone. In a recent study, 
Gundiah et al. [21], have observed that a neo-Hookean model gives excellent results for pure 
elastin. One possible reason for this effect is that collagen may contribute in the low-pressure 
(strain) region, thus affecting the supposedly elastin dominated region and forcing the elastin 
SEF to take a form somewhat different from that of a pure elastin. Moreover, the choice for 
the exponent (3/2) in the elastin SEF was purely empirical and was based on the best fit 
results.   

The choice of isotropic versus anisotropic strain energy function for elastin based on its 3D 
ultrastructure has been a controversial issue. While in some species, including man, the 
individual fibers appear to coalesce to form continuous, uninterrupted sheets, other studies in 
the pig aorta show that the medial elastic fibers retain their individuality and do not form 
sheets [18, 37]. Furthermore, the low strain modulus of porcine vascular tissue obtained from 
aorta, carotid, iliac and vena cava is reported to be different in the transversal and 
longitudinal directions [17], suggesting the existence of  anisotropy in the low strain region, 
where elastin is the dominant component. In contrast, earlier studies have reported random 
coil structure [38, 39] as well as elastin isotropy [40]. Moreover, as mentioned above, 
Gundiah et al. have shown recently that purified elastin from pig thoracic arteries can be 
described by an isotropic strain energy function [21]. The somewhat contradicting results 
presented above may suggest that the anisotropy observed in elastin could be species, artery 
and location dependent.  

We have considered transversely isotropic properties for elastin. The structural origins of this 
anisotropy are not well defined. It is known that elastin filaments orient themselves in the 
direction of the applied force upon stretching [14, 41]. This property of elastin explains, to 
some extent, the apparent anisotropy as well as higher elastic modulus in the longitudinal 
direction. The inflation-extension tests were performed under longitudinal stretch ratios 
ranging from 100% to 130% of the in vivo longitudinal stretch ratio. The average in vivo 
stretch ratio was ��z 	1.63, thus the longitudinal stretch ratios under which the experiments 
were done ranged from 1.6 to 2.6. Therefore, at low pressures, the relatively high longitudinal 
stretch ratios might have lead to the axial orientation of fibers, yielding the anisotropy 
observed in this experiment. Furthermore, in 3D observations of vascular elastin scaffolds 
using scanning electron microscopy, elastin network was shown to be porous, with pores 
being mostly spindle shaped [42]. This porous structure, in particular the orientation of the 
spindle shape pores, may also contribute to the anisotropic properties of vascular elastin. The 
aforementioned hypotheses on the origin of elastin anisotropy needs to be tested 
experimentally, ideally through high-resolution 3D microstructure imaging modalities 
obtained at different levels of tissue inflation/extension.  

Our model and testing methods are subject to a number of limitations. First of all, the results 
are vessel specific, i.e., they pertain to rabbit facial veins and may not apply to other veins of 
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the same or other animals species [3, 43]. Extension to arterial wall properties is not 
straightforward, since the arterial wall structure is substantially different [3, 44]. Our SEF 
function is applicable to vascular tissues with stiffer properties in the longitudinal direction 
than the transversal direction in low strain region. If this is not the case, the use of an 
orthotropic function for the low strain part may be necessary. SEFs considering more than 
one family of fibers or defining an alternative fiber direction to describe the orthotropic 
properties may be used to address this problem. VSM is neglected on the basis that its passive 
elastic modulus is reported to be about one order of magnitude less than that of elastin [45]. 
Based on recent studies on decellularized porcine common arteries, removal of cells from the 
matrix causes changes in mechanical properties of arteries even in their fully passive state 
[32]. The same study of Roy et al. also suggests that a part of elastin is connected in series 
with VSM. Experiments on rabbit carotids, whereby elastin was selectively destroyed by 
elastase, showed that when elastin is dissolved this leads to changes collagen engagement 
properties, which further supports the argument of structural interdependence between the 
two scleroproteins [33]. 

To our knowledge, this study is the first one to take into account, in a concise biomechanical 
framework, the anisotropy of elastin. Despite its limitations, our SEF fits well both the 
experimental longitudinal force-pressure and radius-pressure curves. This fit has been 
achieved by adding only one extra parameter to the previous model with isotropic elastin. 
The improvement over the previous models was quantified and judged essential. Thus we 
conclude that a model with anisotropic elastin may offer a better description of the 
biomechanical properties of the vascular wall.  
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Nomenclature 
C  Cauchy–Green tensor 
ci

elast  an elastic constant for isotropic elastin component   
ca 

elast  an elastic constant for anisotropic elastin component 
E  Local green strain along a collagen fiber      
e�,er,ez   local base of cylindrical coordinate system 
f elast  area fraction of load bearing elastin 
fcoll  area fraction of load bearing collagen 
Fz  longitudinal force 
Fij mod  longitudinal force as given by model 
Fij exp  axial force as measured experimentally 
h  thickness of the wall  
I  identity tensor 
I1  first invariant of C 
I4  forth invariant of C; relative to the vector v��

l  the longitudinal length (loaded state)   
L  L the longitudinal length of the segment (zero stress state)  
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Lf  number of free parameters in a model  
m  number of experimental points measured at different pressures   
p  local wall stresses in principal directions   
P  intraluminal pressure 
r  radius of a wall point (loaded state) 
ri  inner radius (loaded state) 
ro  outer radius (loaded state) 
rij

mod  internal radius as given by model 
rij 

exp  internal radius as measured experimentally 
R  radius of a wall point (zero stress state) 
Ri  inner radius (zero stress state) 
Ro  outer radius (zero stress state) 
V�� � vector defining collagen fiber orientation 
����z���r circumferential, longitudinal, and radial stretch ratios 
�� � angle of fiber vector v� to e� in the e�-ez plane 
�   opening angle 
& fiber  collagen fiber engagement strain distribution 

z� ,   mean tangential and axial stresses 
�, z, r  local wall stresses in principal directions 
ij

r  standard deviation of the measured mean longitudinal force 
ij

F  standard deviation of the measured mean internal radius 
��iso  strain energy function representing isotropic matrix 
��aniso  strain energy function representing the anisotropic term 
��elast  strain energy function representing elastin  
��coll  strain energy function representing collagen 

f
coll�   strain energy function representing a family of collagen  

��fiber  strain energy function representing an individual collagen fiber   
��zpassive strain energy function representing passive part from Zulliger et al.’s model 
 

 

Appendix: Structure-based Strain Energy Function 
for Vascular Collagen  

Zulliger et al.’s model consists of an isotropic term accounting for elastin fibers �elast and an 
anisotropic term representing collagen fibers �coll [9, 12]. The model takes into account both 
the fraction of the total wall cross-section area composed of elastin, felast, and the 
corresponding fraction area composed of collagen, fcoll, to give the appropriate weight to the 
contribution of each constituent to the total SEFs (see equation 17). 

In order to define the structure-based SEF for collagen, both the waviness and the orientation 
of fibers have been taken into account. A log-logistic distribution function (�fiber) describes 
the gradual engagement of the collagen fibers as a function of the fiber strain: 
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  (a.1) 
E is the local strain in the direction of the fiber, b > 0 is a scaling parameter and k > 0 defines 
the shape of the distribution. The contribution of the ensemble of collagen fibers to the SEF is 
given by: 

 *** )()(*)( dEEEEE fiberfiberfiberfiber
f

coll 
		� �
'

'


(&&(  (a.2) 

where f
coll�  is the strain energy function for a family of fibres with fiber� being the strain 

energy function for each individual fiber, described as: 

                      (a.3) 

Assuming that collagen fibers are at an angle 	 to the circumferential direction in the �eez 
  

plane, the stretch ratio to which the fiber ensemble is submitted is:  

 ����� �
2222

4 sincos zI �		                (a.4) 

The local strain in the direction of fiber E is then defined as:  
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Half of the fibers have been considered with an � angle while the other half with an angle of 
-	 which leads to '

4I  and 'E corresponding to the negative values of 	. The final SEF for 
collagen becomes: 
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Abstract 
The vascular wall exhibits nonlinear anisotropic mechanical properties. The identification of 
a strain energy function (SEF) is the preferred method to describe its complex nonlinear 
elastic properties. Earlier constituent-based SEF models, where elastin is modeled as an 
isotropic material, failed in describing accurately the tissue response to inflation-extension 
loading. We hypothesized that these shortcomings are partly due to unaccounted anisotropic 
properties of elastin. We performed inflation-extension tests on common carotid of rabbits 
before and after enzymatic degradation of elastin and applied constituent-based SEFs, with 
both an isotropic and an anisotropic elastin part, on the experimental data. We used 
transmission electron microscopy (TEM) and serial block-face scanning electron microscopy 
(SBF-SEM) to provide direct structural evidence of the assumed anisotropy. In intact arteries, 
the SEF including anisotropic elastin, with one family of fibers in the circumferential 
direction, fitted better the inflation-extension data than the isotropic SEF. This was supported 
by TEM and SBF-SEM imaging, which showed interlamellar elastin fibers in the 
circumferential direction. In elastin-degraded arteries, both SEFs succeeded equally well in 
predicting anisotropic wall behavior. In elastase-treated arteries fitted with the anisotropic 
SEF for elastin, collagen engaged earlier than in intact arteries. We conclude that constituent-
based models with an anisotropic elastin part, characterize more accurately the mechanical 
properties of the arterial wall as compared to models with simply an isotropic elastin. 
Microstructural imaging based on electron microscopy techniques provided evidence for 
elastin anisotropy. Finally, based on our model, there is a clear functional interaction between 
elastin and collagen component that is often neglected in constituent-based SEFs. 

Keywords: arterial wall biomechanics, anisotropy, elastin, ultrastructure, rabbit carotid 
artery, constitutive equations 
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Introduction  
Vascular tissue shows a nonlinear anisotropic behavior, as a result of material properties, 
structural arrangements and interconnections of its main constituents i.e. elastin, collagen and 
vascular muscle cells (Silver et al. 2003; Vito and Dixon 2003; Zhou and Fung 1997). 
Significant effort has been put into developing constituent-based or structural strain energy 
functions (SEFs) for the vascular tissue, which take into account the individual mechanical 
contribution of each intramural element (Driessen et al. 2005; Gasser et al. 2006; Gundiah et 
al. 2009; Holzapfel et al. 2000; Zulliger et al. 2004; Zulliger et al. 2004) and therefore 
provide a solid base to study mechanical properties of the tissue in health and disease.  

SEFs should provide a complete 3-D description of the stress-strain field. For an 
axisymmetric vessel, this translates into a good description (fit) of both the pressure-radius 
(P-ro) and the pressure-longitudinal force (P-Fz) curves, as those are measured in a typical 
inflation-extension experiment. Most of the previously published constituent-based SEFs 
have considered that collagen is the only wall element contributing to the material anisotropy 
(Holzapfel et al. 2000; Zulliger et al. 2004; Zulliger et al. 2004). Although these SEFs 
successfully describe P-ro curves of vessels, they fail to describe simultaneously both the P-ro 
and the P-Fz curves, in veins  (Rezakhaniha and Stergiopulos 2008) as well as in arteries 
(Zulliger et al. 2004). In a recent study on veins, we have suggested an anisotropic SEF for 
elastin with fibers in the longitudinal direction, which, in conjunction with an isotropic 
collagen description, significantly improved the quality of the P-ro and P-Fz curves 
(Rezakhaniha and Stergiopulos 2008). Yet, as the anisotropy observed in the mechanical 
behavior of elastin could be different in arteries and veins, the present study was designed to 
focus on the existence and nature of elastin anisotropy in arteries. We hypothesized that a 
SEF with both elastin and collagen as anisotropic materials provides a better description of 
the mechanical properties of the arterial wall compared to traditional SEFs with anisotropic 
collagen and isotropic elastin components. Furthermore, we searched for direct micro-
structural evidence to support our hypotheses by studying the structural organization of 
elastin within the arterial wall. Finally, we applied our suggested SEF, with an elastin 
anisotropic term, on both intact and elastase-treated arteries to obtain more information about 
structural links and resulting functional interactions between collagen and elastin structures in 
the arterial wall. 

Methods �
Experimental data  

Biological specimens  
Six common carotids were excised from young white New Zealand rabbits (3±0.4 kg) from a 
local abattoir. The length of the arteries was measured before and after the excision to 
determine the in vivo longitudinal stretch of the vessels. The arteries were submerged in 
phosphate buffered saline (PBS) and transported on ice to the laboratory.  Right after arrival, 
the arteries were cleaned from surrounding tissue. The common carotid arteries were 
typically 50-60 mm from which two 16 mm segments were excised. One segment was used 
as a control artery and the other for the elastase treatment. 
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Biochemical treatment 
We followed the procedure described in detail in an earlier study performed in our laboratory 
(Fonck et al. 2007). In summary, the artery segments were submerged in a PBS bath and 
stretched to their in vivo longitudinal stretch. Elastase was gradually added to the bath to 
reach a final concentration of 6.85 U/ml. Each artery was left in the bath for 30 min at 37°C 
and washed afterwards with fresh PBS. To inhibit the elastase trapped in the arterial wall, the 
arteries were left for 30 min in a bath of 2U/ml aprotinin (Elastin). The artery was then 
washed with PBS.  

Geometric measurements  
Before running inflation-extension experiments, rings of 0.4±0.1 mm thickness were cut from 
the end of the segments to measure the opening angle, wall thickness, and inner and outer 
diameter. Rings were placed in a Petri dish with PBS for 20 min at 37°C to reach an 
equilibrium state, and photographs were taken under an upright microscope at x20 
magnification (Axioplan2; Carl Zeiss Inc.). The rings were subsequently cut open and placed  
in PBS for 30 min at 37°C to measure the opening angle.  

Biomechanical testing 
Arteries were tested by an inflation-extension device described in detail in our previous study 
(Rezakhaniha and Stergiopulos 2008) following the protocol described by Fonck et al. 
(Fonck et al. 2007). In summary, the arteries were stretched to their in vivo length and then 
submitted to preconditioning cycles of inflation-extension (pressure range: 0-180 mmHg 
approximate rate: 1.5 mmHg/s) to ensure repeatability of the curve. External diameter data 
was measured with a CCD micrometer (model LS-7030, Keyence). Pressure was recorded 
with a blood pressure transducer (BLPR, World Precision Instruments) and the longitudinal 
force by a load cell force transducer (FORT10, World Precision Instruments). The passive 
arterial state was achieved by adding sodium nitroprusside to the bath (SNP, 10-4 M).  

Transmission electron microscopy 
Two intact carotid arteries were removed from the animal postmortem. These were then 
immersed in a solution of 2.5 % glutaraldehyde and 2.0 % paraformaldehyde in 0.1M 
phosphate buffer, pH 7.4 for a total time of 4 hours at 4°C. The arteries were initially 
pressurized at 70 mmH for ten minutes, then pressure was released and to ensure good 
fixation, the arteries were cut into small rings (width<3 mm). After fixation the arteries were 
washed thoroughly with cacodylate buffer (0.1M, pH 7.4), postfixed for 40 minutes in 1.0 % 
osmium tetroxide, then 40 minutes in 5 % tannic acid followed by 60 minutes in palladium 
chloride (1 % in water). They were finally stained for 60 minutes in 1% uranyl acetate in 
water before being dehydrated through increasing concentrations of alcohol and then 
embedded in Durcupan ACM (Fluka, Switzerland) resin. The resin was hardened for 24 
hours in a 65°C oven. Semi-thin sections, 1 micron thick, were cut from the trimmed blocks 
using glass knives to check the orientation of the vessels, and quality of the tissue, and then, 
thin 50 nm thick sections were cut using a diamond knife (Diatome, Switzerland) and 
ultramicrotome (Leica UCT). These thin sections were further contrasted with lead citrate 
(Reynold’s stain) and images captured digitally on a CCD camera (SIS Morada, Munich) 
inside a Philips CM10 transmission electron microscope at a filament voltage of 80kV. 

Serial block-face scanning electron microscopy (SBF-SEM) 
We used the same resin blocks prepared for the TEM. Image stacks were obtained using 
serial block-face scanning electron microscopy SBF-SEM developed by Denk and 
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Horstmann (Denk and Horstmann 2004). The equipment is composed of a scanning electron 
microscope (SEM) (FEI Quanta 200 VP-FEG) combined with an ultramicrotome (3View, 
GATAN Inc). The ultramicrotome repeatedly removes uniform sections from the specimen 
surface and therefore exposes subsequent surfaces for block-face imaging by the SEM. 
Because the tissue block position is fixed, image registration is inherent and image distortion 
is absent, greatly simplifying volume reconstruction (Denk and Horstmann 2004). Images 
were done on three different sites in the media at the accelerating voltage of 3.5keV and in 
the low vacuum mode (0.35 Torr). The section thickness was 50 nm and the obtained images 
were 2048x2048 pixels with 8.9 nm per pixel.  

Mathematical model  

Background 
The mathematical model presented in this work is an extension of our work on venous tissue 
(Rezakhaniha and Stergiopulos 2008). We considered the artery as a thick wall circular 
cylinder which undergoes inflation-extension experiments and shows nonlinear, anisotropic 
and incompressible behavior. The material behavior is assumed to be pseudo-elastic i.e. 
loading and unloading curves can be represented by separate elastic laws as proposed by 
Fung (Fung et al. 1979). In the absence of vascular tone, we considered only passive 
properties of the arterial wall and therefore separated our constituent-based strain energy 
function into two parts representing the elastin and collagen components: 

 collcollelastelastpassive ff ���	�  (1) 

Where felast  and fcoll  are the fractions of  the wall cross-section area composed of elastin and 
collagen and �passive, �elast and �coll represent  the SEF for artery in the passive state, the SEF 
for the network of  elastin and the SEF for the network of collagen, respectively.   

To define the collagen SEF, we followed the same approach as Zulliger et al. and assumed 
collagen as a collection of wavy fibers arranged in two helical families of fibers at angles 
��and -� to the circumferential direction. A detailed description of the method can be found 
in the study of Zulliger et al. (Zulliger et al. 2004). In short, the engagement of collagen 
fibers is assumed to take place in a statistical manner and represented by a log logistic 
distribution: 
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E is the local strain in the direction of the fiber, b > 0 is a scaling parameter and k > 0 defines 
the shape of the distribution. The mode (peak value) of this statistical distribution is situated 
at b ((k-1)/(k+1))1/k. Larger b results in a later engagement and larger scale parameter k 
results in a more spread out distribution. The strain energy function of an individual collagen 
fiber is defined by:  
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where ccoll is an elastic constant associated with collagen fibers. The contribution of the 
ensemble of collagen fibers to the SEF is therefore given by: 
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where � f
coll is the strain energy function for the ensemble of the fibres. Assuming that 

collagen fibres are at an angle � to the circumferential direction in the e�-ez plane and their 
direction is represented by the unit vector v� , we can define I4, an invariant of the Cauchy-
Green tensor C with respect to v� , as : 
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Similarly, we can define the invariant I’
4 in respect to a vector v’

	 having the angle -	 with the 
circumferential direction. As we assumed that fibers are organized symmetrically around the 
longitudinal direction, I’

4 and I4 are equal in this case. 

Thus the collagen SEF, with half of the fibres at angle �  and the other half at �
  to the 
circumferential direction, becomes: 
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Anisotropic strain energy function for elastin 
To define the SEF for elastin, we propose a combination of an orthotropic model, accounting 
for a subset of elastin fibers oriented in the circumferential direction and an isotropic model, 
accounting for the remaining elastin matrix: 

 )()( "
41 II anisoisoelast ���	�  (7)

  

where I1 is the first invariant of the Cauchy-Green deformation tensor C and I4
” is an 

invariant of  C  with respect to e� defined as: 

 2"
4 ��� �	��	 eCeI  (8) 

 e�  is the unit vector in the circumferential direction.  

For the isotropic component of elastin, we used a neo-Hookean SEF:  

 )3( 1 
	� Ic i
elastiso  (9)               

where i
elastc  represents the modulus for the isotropic elastin component. As for the 

anisotropic component, we assumed the one dimensional form of an incompressible neo-
Hookean material for each fiber, undergoing a uniform cross-section deformation when 
stretched in the fiber direction. This results in the following formulation for the anisotropic 
part of the SEF: 
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where 0�a
elastc  is an elastic constant enabling us to obtain a higher modulus for elastin in 

the �-direction.  
Combining the individual SEF for collagen and elastin, we obtain the global SEF of the artery 
at its passive (no vascular tone) state as:   

�

� � �
�
�

�
�
�
�

�
��
�

�
��
�

� 

���

�
�

�
�
� 


���
�

�

�

�
�

�

�

�
�

�

�

�
�

�

�

��
	�

2
1

2
1

2
1

2
1323 4

'
4

"
4

"
41

IIf
I

IcIcf collcollcoll
a
elast

i
elastelastpassive

�

� �

(11) 

Fit function  
Pressure-radius and pressure-longitudinal force curves were fitted to the experimental data by 
minimizing the following function:  
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m is the number of experimental points measured at different pressures. Superscript mod 
denotes the values predicted by the mathematical model whereas superscript exp those 
measured experimentally. The index i denotes the pressure at which the corresponding outer 
radius, r, and longitudinal force, F, were obtained.   is the standard deviation of the 
experimental mean value of radius or force at a given pressure and longitudinal stretch ratio. 
It is used as a weighting factor, giving more weight to the points with the least variation.  
In order to check the fit quality, the weighted residual sum of squares for radius and force, 
WRSSr, WRSSF have been calculated based on the following formulae: 
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Results  
P-ro and P-Fz curves from inflation-extension experiments on intact arteries and elastase-
treated arteries are plotted in Fig. 1. As seen from the P-ro curves, the vessel inflates more 
abruptly at lower pressures in elastase-treated arteries than the intact arteries and the final 
diameter, reached at 20 kPa, is higher in elastase-treated arteries (1.76mm) than intact arteries 
(1.46 mm). In addition, based on P-Fz curves, the elastin degradation causes a decrease in the 
measured longitudinal force at low pressures (between 0 and 10 kPa) and at higher pressures, 
makes the curve less steep.   
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Fig. 1 Experimental data from control and elastase-treated arteries 

 

Fig. 2 Original model of Zulliger et al., with isotropic term for elastin, applied on 
intact arteries a) when only P-ro is fitted and b) when both P-ro and P-Fz are 
fitted. 
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Fig.2 shows the P-ro and P-Fz curve fits based on the original model, with an isotropic elastin 
term. Column (a) presents the fit from original Zulliger et al. model, when only the P-ro curve 
was considered to fit the data and no importance was given to the P-Fz curve in the fitting 
process. In this case, the model closely fit the P-ro curve (WRSS r=3.72), yet gave a relatively 
poor fit for the P-Fz curve (WRSSF=643). When the P-ro and P-Fz curves were both 
considered in the fitting process, i.e. function � was optimized, this resulted in �=1.189 and 
the fit is shown in column (b). The quality of the fit for the P-Fz curve was improved and 
WRSSF was reduced to 55.26 at the expense of the quality of the P-ro fit (WRSS r=23.23). 

Fig. 3 presents the fits of the modified model with an anisotropic elastin component applied 
on the experimental data of intact arteries. The fit was considerably improved compared to 
the one resulted from the original model with an isotropic elastin (WRSSr=3.65, 
WRSSF=9.04 for the modified model compared to WRSSr=23.23, WRSSF=55.26 in original 
model). The fit function ø was reduced to 0.1909 compared to 1.189 from the best fit of the 
original model (Fig. 2b).  

 

Fig. 3 Modified model of Zulliger et al., with an anisotropic SEF for elastin, 
applied to intact arteries when both P-ro and P-Fz are fitted. 
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The parameters used in minimizing � in the fit procedure are listed in Table 1 for the original 
model with an isotropic elastin component and the modified model with an anisotropic elastin 
component having fibers in the �
direction. The model resulted in WRSSr=157 and 
WRSSF=8377 when the same parameters as for the best fit of the modified model from Table 
1 were applied on the experimental data of elastase-treated arteries (Fig. 4a). To improve the 
quality of the fit, b and � were allowed to vary freely, while other parameters were held 
constant which resulted in b=0.832 and �=0.80 rad compared to the original values of b=1.63 
and �=0.68 rad. The result of the new fit is plotted in Figure 3b (WRSSr=7.85 and 
WRSSF=32.23) and the parameters used are indicated in Table 2.  

The probability density function of the log logistic distribution assumed for collagen 
engagement is plotted in Fig. 4 for two sets of parameters, first, k=6.63 and b=1.63 
(parameters related to the best fit on the data of intact arteries) and second, k=6.63 and 
b=0.832 (related to the best fit of elastase-treated arteries). As seen from Fig.5, in elastase 
treated arteries, collagen engages at lower values of strain compared to the intact artery. The 
collagen engagement is more abrupt, the distribution is extended between E=0.2 and 2, while 
in intact arteries collagen engages between E=0.5 and 3.5.  

 

 

 

Table 1 parameters used in minimizing ø  in intact arteries   

strain energy function  original model  
(with isotropic elastin) 

modified model  
(with anisotropic elastin) 

fitted parameters  

 

 

 
Experimentally-defined 
parameters  

imposed on model  

ci
elast=17.99 KPa 

 
k=5.35 
b=1.96 
�=0.60 rad 

felast=0.3 
fcoll =0.3 

ccoll=200 MPa 

 ci
elast=18.39 KPa 

ca
elast=13.59 KPa 

k=6.64 
b=1.63 
�=0.68 rad 

felast=0.3 
fcoll =0.3 

ccoll=200 MPa 

� 1.189  0.1909  
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Fig. 4 Modified model of Zulliger et al., with an anisotropic term for elastin, 
applied on elastase-treated arteries a) with same parameters as optimized for the 
intact arteries (based on table 1) and b) when parameters b and � are optimized 

 

Table 2 Parameters used in Figure 3 for elastase-treated arteries  

 
Parameters from the 
best fit of intact arteries  

k and � optimized for 
elastase-treated arteries 

Fixed parameters  
 
 
 
 
 
 
 
 
Free parameters  

ci
elast=18.39  KPa 

ca
elast=13.59  KPa 

ccoll=200 MPa 
k=6.64 
b=1.63 
�=0.68 rad 
felast=0.01 
fcoll =0.3 
 
no optimization  

 ci
elast=18.39  KPa 

ca
elast=13.59 KPa 

ccoll=200 MPa 
k=6.64 
 
 
felast=0.01 
fcoll =0.3 
 
b=0.832 
�=0.80 rad 

� 129.1 0.456 
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Fig. 5 Probability density functions of the log-logistic collagen distribution for a) 
parameters k=6.63, b=1.63 (_____) as extracted from the best fit for intact 
arteries and b) k=6.63, b=0.832 (- - - - -) as fitted to elastase-treated arteries  
when b and � were allowed to vary 

Fig.6 shows a TEM image of the arterial cross section in the media. Elastin, smooth muscle 
cells, and collagen fibers are depicted in dark, medium and light grey respectively. In the 
arterial cross sections, interlamellar elastin fibers (IEF) (arrows) made links between elastin 
lamina (asterisks) and SMCs  and were oriented in the similar direction as the SMCs. Fig. 7 
indicates a 2D SBF-SEM image of the arterial cross section where the same pattern was 
observed but with the elastin in light grey and collagen in dark grey. Fig. 8 illustrates an 
example of 3D SBF-SEM images. An intralamellar elastin feature is marked with arrows in 
the image. In Fig. 9 one could follow the same IEF structure in 3D by choosing proper planes 
of views. As seen from the planes A and B, the IEF runs obliquely in the �-r plane making a 
slight angle (around 2.5°) with the lamellar elastin (i.e. the circumferential direction) and 
does not extend in the z direction. In addition, 3D SBF-SEM images were examined at three 
different sites. IEFs appear mainly in the circumferential direction in all layers; however they 
become less organized when located in layers closer to the intima compared to those closer to 
the adventitia.  Moreover, moving from the intima to the adventitia, IEFs become more 
abundant and thicken in diameter. 

 

Fig. 6 A TEM image of arterial cross section showing SMC’s nucleus (N) and cytoplasm 
(CYT), elastin laminas (Asterisks) and intralamellar elastin fibers (arrows) 
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Fig. 7  A 2D SBF-SEM image of the arterial cross section showing SMC’s nucleus (N) 
and cytoplasm (CYT), collagen fibers (C), elastin laminas (Asterisks) and intralamellar 
elastin fibers (arrows) 

 

 

 

Fig. 8  3D SFBSEM images showing an arterial volume, IEFs (arrows) and Elastin 
lamella (*) can be seen on the images. IEFs run obliquely, spread from elastic lamella 
and end in SMCs.  volume dimensions are 18μm,10 μm and 5 �m. 
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Fig. 9 An interlaminal elastin structure as seen by 3D SFBSEM images. The intersection 
of planes A and B have been chosen to align with an IEF structure. The IEF does not 
extend in the z direction and is almost parallel with elastin laminae thus in the 
circumferential direction.   

 

Discussion  
Our results showed that including an anisotropic formulation for the SEF of elastin, with one 
family of fibers in the circumferential direction, could significantly improve the quality of P-
ro and P-Fz curve fits (��value was reduced from 1.189 to 0.1909). Assessment of arterial 
tissue ultrastructure, based on scanning microscopy techniques, revealed interlamellar elastin 
fibers running in the circumferential direction between the elastin lamellar sheets, thereby 
providing substantial evidence for this anisotropy. These ultrastructural features were 
formulated in an anisotropic strain energy function for elastin, which included an isotropic 
part, representing the elastin lamellar sheets, and an anisotropic part for the family of fibers in 
the circumferential direction. The results also indicated that in the absence of a structurally 
functional elastin, collagen engages more abruptly and the angle of collagen fibers is altered, 
suggesting an interaction between elastin and collagen constituents, an important feature 
often neglected in the definition of arterial SEFs. 

Elastin in constituent-based SEFs 
In the present study, we have suggested a transversely isotropic SEF for arterial elastin with 
elastin as a fiber-reinforced material having one family of fibers in the circumferential 
direction. Table 3 summarizes characteristics of some constituent-based SEFs previously 
reported in the literature. The table provides the properties of each mural constituent 
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considered for the formulation of the SEF and the type of experimental data used to validate 
these SEFs. In both the SEF of Holzapfel et al. (Holzapfel et al. 2000) and the model of 
Zulliger et al. (Zulliger et al. 2004), collagen is the only constituent which contributes to the 
anisotropic properties of the vascular tissue, and elastin is considered as an isotropic material. 
These models were validated using P-ro curves of intact arteries. However, when forced to fit  
the P-ro and P-Fz curves simultaneously, they provided a poor fit (Rezakhaniha and 
Stergiopulos 2008; Zulliger et al. 2004). Our results suggest that the shortcomings of these 
models to fit the multidimensional data are mainly due to the elastin definition in their 
constituent-based SEF. The collagen term in their SEF seems to be appropriate, because it 
can successfully fit both the P-ro and the P-Fz curves simultaneously in the absence of elastin 
(Fig. 4.b).  

The present study indicates that an anisotropic formulation for elastin can improve the match 
between SEF and experimental measurements. In a former study on isolated arterial elastin 
(autoclaved and alkali-treated), Gundiah and colleagues tested pig thoracic aortas using a 
biaxial stretcher system. They proposed an orthotropic material symmetry for arterial elastin, 
but suggested that an isotropic SEF could successfully describe the biaxial data (Gundiah et 
al. 2007; Gundiah et al. 2009). Since the microstructure and mechanical behavior of normal 
arterial wall varies with location along the vascular tree and species (Humphrey 2002), the 
observed difference in mechanical behavior of elastin could be species/location dependent 
(pig thoracic aorta vs rabbit common carotid). In addition, the study of Gundiah et al. was 
based on techniques of collagen digestion. Digestion techniques can affect the mechanical 
properties of the resulting network. For example hot alkali treatment causes fragmentation of 
the elastin network (Daamen et al. 2001; Lillie and Gosline 1990). Finer features, such as 
IEFs, might also be degraded while larger features remain. The damage to fine structures 
could affect the degree of elastin anisotropy, but this needs to be verified through careful 
ultrastructural assessment with appropriate imaging techniques.   

Table�3���A�summary�of�existing�constituent�based�SEFs��

 Experimental data 
used for  validation 

Elastin Collagen SMCs 

(Holzapfel et al. 
2000) 

Various intact 
arteries 

4 Isotropic 

 

4 Anisotropic 
4 Two family of fibers 
4 Orientation of fibers 

--------------- 

(Zulliger et al. 
2004) 

Various intact 
arteries 

4 Isotropic 

 

4 Anisotropic 
4 Two family of fibers 
4 Orientation of fibers 
4 Waviness of fibers 

Contraction 
state 

(Gundiah et al. 
2007) 

Autoclaved and 
alkali-extracted 
porcine thoracic 

arteries 

4 Isotropic (two 
orthogonal family 
of fibers with 
same material 
properties) 
 

        ------------------ ---------------- 

(Rezakhaniha and 
Stergiopulos 2008) 

Intact rabbit facial 
veins 

4 Anisotropic (one 
family of fibers 
in the 
longitudinal 
direction) 
 

4 Anisotropic 
4 Two family of fibers 
4 Orientation of fibers 
4 Waviness of fibers 

--------------- 
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In a recent study on rabbit facial veins, we have suggested an anisotropic SEF considering 
elastin as a fiber reinforced material with one family of fibers in the longitudinal direction 
(Rezakhaniha and Stergiopulos 2008).  In the current study on arteries, we observed likewise 
that an anisotropic formulation for elastin could improve the quality of fits. However, 
contrary to the longitudinal orientation of elastin fibers in veins, we had to consider the fibers 
in the circumferential direction to obtain the best fit in arteries. In the present study, the 
circumferential direction of fibers was justified by the circumferential direction of IEF 
structures in arteries (Fig. 9). In the study on veins, no histological reason for fiber direction 
was investigated and the results were only based on the quality of the fits. Assuming that the 
direction of IEFs dictates the direction of fibers in the SEF, one can imagine axially oriented 
IEFs for the studied veins. A more detailed study of elastin structure in veins and arteries 
could be helpful to clarify the subject.  

The present model assumes that all elastin fibers are oriented in the circumferential direction. 
This assumption is supported by visual inspection of microscopic images of the wall 
structure. Yet, realistically, the fibers are distributed around some mean direction. 
Consequently, the dispersion of fiber orientation could influence the overall behavior of the 
model. Based on our results, the model with only one family of fibers in circumferential 
direction could fit successfully the experimental data. Therefore, we believe that considering 
all the fibers in an effective circumferential direction is an acceptable assumption. A detailed 
future study on the angular distribution of IEFs would be needed to validate our assumption 
and to define in greater detail the structural properties of the elastin fiber network. 

As for the isotropic part of elastin, we have chosen a neo-Hookean SEF, suggested by 
Holzapfel and Weizsacker (Holzapfel and Weizsacker 1998). This was different from our 
previous study on veins (Rezakhaniha and Stergiopulos 2008) where the SEF suggested by 
Zulliger et al. was utilized (Zulliger et al. 2004): 

 
2/3

1 )3( 
	� Ic i
elastiso  (14) 

The model by Zulliger et al. was based on an improved fit to the gross mechanical response 
of arteries. Watton et al. recently compared the model of Zulliger et al. for elastin with the 
neo-Hookean model and concluded that the neo-Hookean model captures more accurately the 
mechanical response of elastin (Watton et al. 2009). In summary, they observed that the 
model suggested by Zulliger et al. does not yield a good fit to (uniaxial) experimental data 
within the physiological range of stretches. Furthermore, the infinitesimal shear modulus is 
zero in the linear limit and therefore, violates a basic requirement of continuum mechanics. 
Finally, the SEF is not well defined for (I1-3) < 0, i.e. if the material is slightly compressible. 
Therefore, the Zulliger et al. SEF may give rise to numerical difficulties in finite element 
applications. If, on the other hand, elastin is modelled as a rubber like material, the neo-
hookean formulation has a sound theoretical basis (Treloar 1942).  

In addition, it should be mentioned that the equation 11 could be also presented in an 
alternative form as, 
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where f i
elast

 and f a
elast represent the volume fraction of the isotropic and anisotropic elastin 

components, respectively and celast is the elastic constant of elastin from a neo-Hookean 
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description. In this way, the strain energy function could be directly related to the elastin 
structure.  

Elastin 3D ultrastructure in arteries  
By definition, constituent-based SEFs need to contain the structural information of each 
constituent. In this study, we tried to explain the suggested form of the elastin anisotropy 
based on its 3-D structure. The 3-D structure of arterial elastin has been subject to some 
controversial studies. While in some species, including man, the individual fibers appear to 
coalesce to form continuous, uninterrupted sheets, other studies in the pig aorta indicate that 
the medial elastic fibers retain their individuality and do not form sheets (Clark and Glagov 
1985; Grut et al. 1977). Most of these previous microstructural studies have used the 
information from 2D views in which complex features can easily be misinterpreted. Recently, 
Denk and Colleagues developed a new technique called the serial block-face scanning 
electron microscopy (SBF-SEM) to produce nanostructural information in three dimensions 
(Briggman and Denk 2006; Denk and Horstmann 2004). O’Connell et al. used this novel 
technique to obtain 3D volumetric information of aortic medial microstructure and described 
in detail the 3D organization of each wall element in rat abdominal aorta (O'Connell et al. 
2008). In the present study, we have used SBF-SEM as well as transmission electron 
microscopy (TEM) to access the structural organization of elastin in arteries. These 
techniques provide a basis to define the form of the suggested anisotropic SEF for arterial 
elastin. 

In our study, TEM and SBF-SEM images suggested a nearly circumferential direction of 
interlamellar elastin fibers. Using TEM, we observed elastin fibers going from lamella to 
SMCs in a nearly circumferential direction between elastin sheets.  These structures were not 
found in transversely cut sections and we could only detect a cross sectional view of elastin 
fibers, suggesting that interlamellar elastin structures don’t continue in the longitudinal plane 
and are limited to the circumferential-radial plane. This was confirmed by the 3D SBF-SEM 
images (Fig. 9). These results constitute the structural basis for the suggested anisotropic 
form of the arterial elastin, derived from the family of fibers in the circumferential direction.  

Our results are in accordance with earlier ultrastructural studies of arteries (Clark and Glagov 
1979; Clark and Glagov 1985; Dingemans et al. 2000; O'Connell et al. 2008). Specifically, in 
a recent study, O’Connell et al. described in detail the medial ultrastructure of rat abdominal 
aorta using SBF-SEM and confocal microscopy techniques. They reported three unique forms 
of elastin in the aorta: lamellae, IEFs and radial elastin struts. Of the total elastin volume, 
lamellae comprised 71%, IEFs 27% and radial elastin struts the remaining 2%. Similar to the 
current study, O’Connell and colleagues reported that IEFs and SMC nuclei were 
preferentially oriented in the circumferential direction, which is in agreement with our 
findings.  

Collagen’s engagement pattern and angle in absence of elastin  
To study interlinks between collagen and elastin structures, we have applied our suggested 
SEF on experimental data from intact and elastin degraded arteries. Experimental data from 
vascular tissues, where selectively one of the wall constituents is altered, could be useful in 
assessing the material behavior of each constituent, their functional coupling and interlinks 
between different wall elements. These data are therefore helpful to develop the SEF of 
different wall constituents. Among models with selectively altered constituents, elastase-
treated arteries offer an attractive model to access the biomechanical properties of arteries 
after elastin degradation, as seen in pathologies such as aortic stiffening with age and 
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aneurysm formation (Dobrin 1989; Dobrin and Canfield 1984; Hayashi et al. 1987).  
Recently, Fonck et al. studied the collagen engagement profile in intact and elastase-treated 
arteries by applying the SEF proposed by Zulliger et al. on P-ro curves and suggested a clear 
interaction between collagen and elastin in the arterial wall (Fonck et al. 2007). Following the 
same approach, in the present study, we extended the work of Fonck et al, first by using both 
P-ro and P-Fz curves from intact and elastase-treated arteries and second by applying the 
newly proposed SEF including the elastin anisotropic term.  

Our results showed a different pattern for the engagement of collagen before and after 
enzymatic degradation of elastin. In elastase-treated arteries, collagen appeared to be engaged 
earlier than in intact arteries and the engagement was more abrupt. The log-logistic form of 
the distribution function for collagen engagement is somehow arbitrary and certainly not 
unique, the choice has been motivated by the goodness of the fit to a wide range of 
experimental data (Fonck et al. 2007; Roy et al. 2005; Zulliger et al. 2004; Zulliger et al. 
2004). In the log-logistic distribution (eq. 2), parameters k and b characterize the distribution: 
k is a shape parameter and b is a scale or statistical dispersion parameter. The distribution 
becomes concentrated for smaller values of b and gets more spread out for larger ones. The 
mode (peak value) of this statistical distribution is situated at b ((k-1)/(k+1))1/k. Therefore, if 
k is kept constant, the peak value happens earlier for smaller values of b. In elastase-treated 
arteries, for constant k=6.63, value of b reduced by 49% from its initial value of 1.63 in intact 
arteries. Based on Fig. 5, the PDF of elastase-treated arteries is more concentrated and 
reaches its peak value earlier than the PDF of intact arteries, suggesting earlier and more 
abrupt collagen engagement pattern.  

Fonck et al. studied elastate-treated rabbit carotids and found the same tendency in the 
engagement of collagen, however reported different values for k and b (Fonck et al. 2007). 
Based on the model of Fonck et al., the peak value happens at E=0.912 in control arteries and 
0.869 in elastase-treated arteries compared to the corresponding 1.557 and 0.794 in the 
current study. Fonck et al. assumed a circumferential direction for collagen fibers and used 
only P-ro curves to fit the data. On the contrary, we let free the angle of collagen fibers, which 
was necessary to fit simultaneously both P-ro and P-Fz curves. The choice of angle of 
collagen fibers may have led to different values of k and b in these studies. More importantly, 
we used a neo-Hookean SEF, (I1-3), as the isotropic term for elastin.  Fonck et al. applied a 
different SEF suggested by Zulliger et al., (I1-3)3/2,  which makes the elastin stiffer at higher 
strains and therefore alters engagement parameters of collagen. 

Based on Table 2, the angle of collagen fibers (�� was increased by 18% after degradation of 
elastin. Only by allowing ��to vary could we fit both the P-ro and P-Fz curves simultaneously 
in both intact and elastase degraded arteries. We reported an angle of 0.68 rad (39 degrees) 
for collagen fibers in intact arteries. Holzapfel et al. have chosen an angle of 29° in their 
original model (Holzapfel et al. 2000), Driessen et al. have taken �=30° for the media layer 
(Driessen et al. 2005). Zulliger et al. found this angle to be 35.0° in porcine carotid arteries 
(Zulliger et al. 2004). Thus, the angle obtained in the present study is within the range of 
previously reported values. 

The changes in collagen engagement pattern and angle of collagen fibers suggest a 
mechanical interaction between elastin and collagen. Furthermore, the degradation of elastin 
appears to alter anisotropic properties of the tissue not only in the elastin-dominated region 
(low circumferential stretch range) but also in the collagen-dominated region (high 
circumferential stretch range).  
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Limitations 
The vascular smooth muscle (VSM) plays an important role in the mechanical properties of 
the wall. We have neglected the contribution of VSM, because we intended to look only at 
the “passive” components of the wall, which are principally elastin and collagen and to do so 
we tested arteries under maximally dilated vascular smooth muscle (VSM). This was 
achieved in our study by adding a high dose of Sodium Nitroprusside, which according to 
earlier studies and literature guarantees maximal vasodilation. Maximally dilated VSM is 
assumed to have a negligible effect on mechanical properties of elastic arteries at its passive 
state. The assumption has been on the basis that its passive elastic modulus is reported to be 
about one order of magnitude less than that of elastin (VanDijk et al. 1984). We acknowledge 
the potential shortcoming of our model, which derives from the fact that other wall 
components (proteoglycans, ground substance, etc.) were also assumed to have a negligible 
mechanical effect when compared to the principal structural components, i.e., elastin and 
collagen.  

Electron microscopy images show that smooth muscle cells are oriented in the same direction 
as interlamellar elastin fibers (IEFs) and thus could contribute to the mechanical properties in 
the same direction as IEFs. Therefore, the fact that we attribute anisotropy of elastin solely to 
IEF may not be entirely true and anisotropy at low strains could be also the result of the 
combined effect of the in-series ensemble of IEF and VSM. Earlier experimental (Roy et al. 
2005) and theoretical work (Roy et al. 2008) from our laboratory points towards this 
direction. 

The model suggested in this study is a one-layer model and structural properties have been 
homogenized throughout the arterial wall. Clearly this does not reflect reality, knowing that 
the adventitia is primarily comprised of collagen. However, the artery considered in this 
study (rabbit common carotid) is an elastic artery with the adventitia occupying only about 
10% of the wall. Therefore, although a two-layer model could more correctly capture the 
structural properties of the rabbit common carotid, the error of using a one layer model may 
be not so significant. Of course, even within the media alone, we have a multi-layer structure 
(lamellar units) and our model falls again short in that respect providing a simplified 
description of reality. 

Conclusion  
We conclude that in addition to collagen, arterial elastin plays an important role in 
anisotropic behavior of the tissue in a direct and an indirect manner. The direct role of elastin 
is a result of its 3D structure, as observed by electron microscopy techniques, which affects 
the arterial mechanics in the elastin-dominated region. On the other hand, elastin plays an 
indirect role due to its interlink with collagen and by influencing the collagen engagement, 
thus affecting the anisotropic properties of the artery in the collagen-dominated region.  
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Abstract 
Structural constitutive models of the vascular wall integrate information on composition and 
structural arrangements of tissue. We have previously developed a model which considers the 
waviness of collagen fibers. In this study, we have suggested a structural strain energy 
function that incorporates not only the waviness but also the angular dispersion of fibers. We 
studied the effect of parameters related to the orientational distribution on macro-mechanical 
behavior of tissue during inflation-extension tests. The model was further applied on 
experimental data from rabbit facial veins. Our parametric study showed the model is less 
sensitive to the orientational dispersion when fibers are mainly oriented circumferentially. 
The macro-mechanical response is less sensitive to changes in the mean orientation when 
fibers are more dispersed. The model accurately fitted the experimental data of veins, while 
not improving the quality of the fit compared to the model without dispersion. Our results 
showed that the orientational dispersion of collagen fibers could be compensated by a less 
abrupt and shifted to higher strain collagen engagement pattern. This should be considered 
when the model is fitted to experimental data and model parameters are used to study 
structural modifications of collagen fiber network in physiology and disease. 
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Introduction 
Constitutive modeling of vascular tissue has been a challenging area for several decades 13,18. 
Structural constitutive models, in particular, attempt to integrate information on composition 
and structural arrangements of tissue to avoid ambiguities in material characterization. In this 
way, they offer an insight into the function, structure and mechanics of the principal wall 
components i.e. elastin, collagen and vascular smooth muscle cells (VSMCs). Structural 
constitutive models have been developed for a variety of tissues and tissue components 
including blood vessels 16,28,30, skin 23, pericardium 27, heart valves 9, tendons and ligaments19.  

In blood vessels, collagen fibers appear in coiled and wavy bundles in their unloaded state 6,8 
and the individual collagen fibers have a deviation from their mean orientations 4,11. In the 
media, collagen fibers are strongly co-aligned 11. Canham et al. reported the angular standard 
deviation of fibers in the media as 5.2° in brain arteries and 5.6° in coronary arteries 5.  
However, within the adventitia layer, collagen fibers have large angular dispersion 11. A 
complete structural constitutive model for vascular collagen should incorporate both 
waviness and orientational distribution of fibers.  

Perhaps the most complete framework for structural modeling of fibrous tissue has been 
presented by Lanir et al. 20-22. In this framework, the total strain energy function (SEF) is 
assumed to be a result of the collective contribution of the individual fibers linked with tensor 
transformations from the fiber coordinates to the global tissue coordinates. A number of 
previous studies have followed this approach and have incorporated waviness 29,31 or 
orientational distribution of collagen fibers 1,9,27, to study the effects of collagen micro-
organization on the macroscopic behavior of vascular tissue. Other studies have followed a 
different approach and involved the use of invariants 15,29,31. Yet, currently, there is no SEF 
for the vascular wall, which includes both waviness and angular distribution of collagen 
fibers and which has been verified using standard inflation-extension tests. We have therefore 
set as goals of this study to, first, extend our previously developed model 29,31 to include both 
waviness and angular distribution of collagen fibers, second, to perform a parametric study to 
analyze the effects of orientational distribution parameters on the macro-mechanical behavior 
of the vascular tissue and, third, to assess the suitability and importance of including fibers’ 
orientational distribution by applying the model to experimental data from inflation-extension 
tests. 

Methods 
Experimental database 
We have used the experimental set of data from inflation-extension tests, previously reported 
in our study on rabbit facial veins 25. The methods were described in detail in the reported 
manuscript. Briefly, facial veins of rabbits were excised from young animals, the veins were 
cleaned from the surrounding tissue and the adventitia was removed mechanically. The veins 
were then mounted on our inflation-extension device and stretched to their in vivo length 
(�z=1.62±0.09). After 10 preconditioning cycles, each vein was inflated in the range of 0-
15mmHg and the outer diameter, luminal pressure and longitudinal force were measured. 
Tests were carried out after adding 80 μmol/L of sodium nitroprusside (SNP) to the bath to 
relax smooth muscle cells. The geometry of the zero load state and zero stress state were 
measured directly on intact and cut-open vascular rings and the volumetric fractions of each 
wall component i.e. elastin, collagen and vascular muscle cells were assessed histologically.  
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Mathematical model 
The mathematical model presented in this work is an extension of our work on venous 
tissue25. We considered the blood vessel as a thick wall circular cylinder which undergoes 
inflation-extension tests. To develop the model, time dependent effects were ignored and only 
the pseudo-elastic loading response was considered. Furthermore, the material was assumed 
to be incompressible. 

To formulate the strain energy function and in the absence of vascular tone, we considered 
only passive properties of the arterial wall and therefore separated our constituent-based 
strain energy function into two parts representing the elastin and collagen components: 

 collcollelastelastpassive ff ���	�    (1)                           

where felast and fcoll  are the fractions of wall cross-section area composed of elastin and 
collagen, and �elast  and �coll represent  the SEF for the network of elastin and collagen fibers,  
respectively.   

Elastin SEF 
We based our SEF of elastin on our previous work on rabbit veins. We modeled elastin as an 
anisotropic material, with one family of fibers in the longitudinal direction, embedded in an 
isotropic matrix with neo-Hookean material properties. We modeled fibers as a one-
dimensional material that bears load only along its axis. 
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where ci
elast and ca

elast represent the modulli for the isotropic and anisotropic elastin 
components.  I1 is the first invariant of the Cauchy-Green deformation tensor C and I4

” is an 
invariant of C with respect to ez  defined as: 
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4 zzz eCeI �	��	  (3) 

 ez being the unit vector in the axial direction. 

Collagen SEF 
The constitutive model for collagen used here is based on the work by Lokshin and Lanir on 
fibrous connective tissue 20,21,23. The framework is therefore founded on the assumption that 
the gross behavior of the tissue results from the collective contribution of the individual 
components.  

Schematically, the model for collagen is shown in Fig. 1. Collagen fibers are considered to be 
wavy in their unloaded state and arranged in two symmetric families of fibers in the 
circumferential-longitudinal plane. Each fiber is characterized (in the unstrained state) by its 
directional vector u and its local straightening strain E*. The u coincides with the overall 
direction of the fiber 21 and makes an angle � with respect to the circumferential direction.  In 
each family of fibers, we assume that individual fibers follow a distribution around their 
mean orientation � in a statistical manner, with R(�) being the angular distribution of a 
family of fibers.  Therefore, R(�)d�  is the fraction of fibers oriented between �  and � +d� .  
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Figure 1. A schema of the angular distribution of collagen fibers 

The collagen fibers are undulated. We assume that the load required to straighten fibers is 
negligible when compared to the load transmitted by the stretched fibers. Hence, collagen 
fibers transmit load only if stretched beyond the point where undulations disappear. This 
point is represented by E*, the engagement strain in the direction of fibers, defined as: 
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where �* is the stretch along the fiber at which the fiber straightens. We assume that for all 
fibers in the direction �, the engagement of the collagen fibers happens in some statistical 
manner 7, 28. A log-logistic probability distribution function 29, 31 (�fiber) is chosen to account 
for the distribution of the engagement strain E*: 
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b > 0 is a scaling parameter and k > 0 defines the shape of the distribution.    

As stated above, we assume that fibers carry load only when stretched. For a bundle of 
straight fibers with the same overall direction, the strain energy function is defined by:   
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where ccoll  is an elastic constant and E f is the local Green strain with respect to the fiber’s 
straight configuration.  

We assume that the distribution of the engagement pattern is independent of fiber orientation. 
This means that fibers oriented in any direction �� engage following the same probability 
density function �fiber, as defined earlier. Let us consider a family of fibers oriented in the 
direction � with respect to the circumferential direction. The green strain in the main 
direction of fibers is: 

 ���
22 sincos zEEE �	  (7) 

E�  and E�  are Green strains in the circumferential and longitudinal directions, respectively. 
The deformations have been calculated considering a circular cylindrical vessel whose zero-
stress state is a circular sector 14,29.  

At a certain Green strain along the fibers E, the true strain in the fiber, with the straightening 
strain E*, will be (E-E*)/(1+2E*) as explained in detail by Lokshin and Lanir 23. Thus, the 
contribution of the fibers oriented between � and �+d�  becomes: 
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Consequently, the SEF of the ensemble of a family of fibers is defined as: 
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Thus the collagen SEF with half of the fibers having the angular distribution R(�) with mean 
angle � and the other half having R’(� ) with mean angle - �  to the circumferential direction 
becomes: 
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Form of angular distribution ���	 
We assume that the orientation (main direction, as defined in Fig. 1) of collagen fibers is 
distributed according to a planar 
-periodic von-Mises distribution: 

 ��
6�

6�� ��6 �3	 
 0
)(

1),;( ))(2cos(

0

fore
I

R  (11) 

where I0 denotes the modified Bessel function of the first kind and order 0, which can be 
defined by: 
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The parameter � is the mean direction and the parameter � is known as the concentration 
parameter.   

The distribution is uni-modal and symmetrical about �=�  24.  

There are various useful measures of dispersion and concentration of a distribution on the 
circle. The circular variance �  of a random angle �  is defined as: 

 &7 
	1  (13) 

where � is the mean resultant length and 0  �  1. �=0 if and only if the distribution is 
concentrated around the mean angle. If �=1, then the distribution can be regarded as so 
scattered that there is no concentration around any particular direction. The circular standard 
deviation 
 is defined as 24:  
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For the von-Mises distribution � is equal to A(�) 24 : 
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Where I1 denotes the modified Bessel function of the first kind and order 1: 
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The larger the value of �, the greater the clustering around the mode. As an example, the 
distribution is illustrated in Fig.1 for mean value of 	=90 and � values of 0, 0.4, 1, 3 and 10. 
When �=0, the distribution R(�; �, �) is uniform, meaning that there is no preferential angle 
for the ensemble of fibers. For larger values of �, the distribution becomes more concentrated 
around the mean angle 	. 

Assuming that the two families of fibers are symmetric with respect to the longitudinal 
direction, we set �’=-� and we take the same concentration parameter �, as used for R(�), for 
definition of R’(�).  

Parametric study of effects of mean collagen fiber angle and angle 
dispersion 
The parametric study was designed to elucidate the effect of concentration parameter � and 
mean direction � of collagen fibers on the macro-mechanical behavior of a vascular tube, 
which undergoes inflation–extension tests. The geometry of the reference (zero stress) state 
has been taken from our recent study on rabbit facial veins 25. The opening angle was 
115±12 deg and average inner and outer arc lengths were 9.72±0.83 mm and 10.8±0.83 mm, 
respectively. Elastic constant ccoll, ci

elast, ca
elast, and collagen engagement parameters k and b 

were taken from the best fit of the model with highly orientational fibers on the rabbit facial 
vein data 25. Area fractions felast and fcoll were set to 0.10 and 0.48 as reported by the same 
study 25. These parameters, used in the SEF, are listed in Table 1.  

� �
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Table 1.  Values used for the parametric study 

parameter Fitted value
felast  0.10  
fcoll  0.48  
ccoll  200 MPa  
ci

elast  12392 Pa 
ca

elast  7436 Pa 
k  6.21  
b  3.26 

We studied the pressure-radius (P-ro) and pressure-longitudinal force (P-Fz) response of the 
vessels using different sets of values for � and �. The mean orientation angle �=34.2° reflects 
the best fit for the set of experimental data on our previous study 25. Having set �  to 34.2°, 
we studied the effect of parameter � on vessel response. In addition to the “control value” i.e. 
�=34.2°, two other values of mean direction of fibers were chosen, a lower value 	=14.2° and 
a higher value 	=54.2°. These values stand in the physiological range. For each of these mean 
direction angles, � was set to �=0, 1, 10 and 1000. �=0 shows the uniform distribution of 
fibers (isotropic case) and �=1000 the highly concentrated distribution of fibers around the 
mean angle 	. For values of beta larger than 1000, we did not observe significant changes in 
the macro response of the tube (less than 1% difference), therefore, for all practical purposes, 
we will refer to �=1000 as �=�.  

Fitting the model to experimental data 
To assess the effect of including a dispersion parameter on the quality of fits for P-ro and P-Fz 
curves, the new model including dispersion is fit to the experimental data on rabbit facial 
veins. Parameters ci

elast, ca
elast , k, b, � and � were allowed to vary to be optimized in the curve 

fitting process. The elastic constant of collagen was chosen as ccoll=200 MPa, a reasonable 
value taken from the literature and in accordance with Zulliger et al. 29. Pressure-radius and 
pressure-longitudinal force curves were fitted to the experimental data by minimizing the 
following function using MATLAB R2007b (MATLAB, USA): 
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m is the number of experimental points measured at different pressures. Superscript mod 
denotes the values predicted by the mathematical model, whereas superscript exp shows those 
measured experimentally. Index i denotes the experimental points, i.e., the pairs of pressure 
and corresponding outer radius, r, and longitudinal force, F. �  is the standard deviation of the 
experimental mean value of radius or force at a given pressure and longitudinal stretch ratio. 
It is used as a weighting factor, giving more weight to the points with the least variation. The 
� function has been used as a measure of the quality of the fit. Lower values of � are 
representing higher fit qualities.  

The quality of the fit, based on the new model including fiber dispersion, was compared with 
the one with perfectly aligned fibers (no dispersion) 25. This model is equivalent to �=� 
referred to as the ‘original model’ in this article. For the model with no fiber angle dispersion, 
ccoll was also taken equal to 200 MPa and parameters ci

elast, ca
elast, k, b and � were allowed to 

vary freely to be optimized for best fit.  
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Results 
Parametric analysis 
Fig. 2 shows the effect of dispersion parameter � on P-ro and P-Fz curves. Columns a, b and c 
represent the model predictions for 	 equal to 14.2, 34.2 and 54.2 degrees respectively. The 
solid curve in Fig. 2 plots the response of the tube for �=0 (the is�otropic case in which 
orientation of collagen fibers is distributed uniformly). Our results showed that for values of 
� higher than 1000 (circular standard deviation � less than 1.8°) the radius and longitudinal-
force values changed only slightly (less than 1%). Therefore, the value �=1000 has been used 
for the case of highly oriented fibers (dashed line ----) and referred to as �=�  in the figures. 
The effect of concentration parameter � on P-ro and P-Fz curves seemed to depend on the 
mean orientation. As seen from Fig. 2, for 	=14.2, the curves for �=10 and �=� almost 
overlap. For instance, at P=2 KPa (15 mmHg), ro is 1.781 for �=10 compared to 1.780 mm 
for �=� showing a difference of less than 0.1%. The variations in Fz are also less than 1%. 
However, for 	=54.2, the effect of concentration parameter � becomes much more important. 
For the same pressure value (2 KPa), when 	 is fixed to 54.2°, ro is equal to 2.19 mm for 
�=10 compared to 2.37 mm for �=� showing a decrease of around 8% in radius. As for the 
longitudinal force, Fz decreases from 9.17 mN for �=� to 2.88mN for �=10, a difference of 
more than 69%.  

 

Figure 2. Effect of the concentration parameter b on P-ro and P-Fz curves   
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�=0 is the equivalent of an isotropic distribution of the orientation of collagen fibers. 
Therefore, for �=0 the different mean fiber orientations (indicated by different angles 	) lose 
their meaning and the response of the tube is isotropic (solid curves in Fig. 2). On the 
contrary, for values of �=1, 10 and 1000 (�) plotted in Fig. 3 the macro-mechanical response 
of the tissue depends on the mean orientation of the fibers. Based on Fig. 3, the response of 
the material with highly oriented fibers (�=�) depends strongly on the mean orientation angle 
	. For example, at P=2 KPa (15 mmHg) and 	=34.2°, the radius and longitudinal pressure are 
ro=1.90 mm and Fz=0.323 mN respectively. Increasing the mean alignment to 	=54.2° gives 
values of ro=2.37 mm and Fz=9.17 mN showing 25% increase in radius and 2740% increase 
in longitudinal force.  

Fitting the model to experimental data 
Fig 4. Shows the best fit for the experimental data on the medial layer of rabbit facial veins 
using the original model (with all fibers in a family of fibers aligned in one direction) as well 
as the modified model, which includes the dispersion of collagen fibers. The values used to 
fit the data have been shown in Table 2. As seen from Fig. 4 and Table 2, for this set of data, 
the quality of fits is almost the same (�=0.188 for the original model compared to �=0.181 
for the modified model), hence, for this particular vessel including dispersion in the collagen 
fibers does not seem to improve the quality of the fit.  

 

 Figure 3. Effect of the angle parameter a on P-ro and P-Fz curves  
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Figure 4. Best fit from the original model with no dispersion (____)  and the modified 
model including dispersion (-----) on experimental data from inflation-extension tests 

�

Table 2. . Parameters used in minimizing � 

Strain energy function  Original  model  
(without dispersion)  

modified model  
(with dispersion)  

Fitted parameters ci
elast=12392 Pa  

ca
elast=7436 Pa  

k=6.21  
b=3.26  
�=34.2°  

ci
elast=12468 Pa  

ca
elast=7344 Pa  

k=5.87  
b=3.53  
�=36.2°  
�=217.73  

Experimentally defined 
parameters 

felast=0.101  
fcoll=0.482  

felast=0.101  
fcoll=0.482  

Imposed on model  ccoll=200 MPa  ccoll=200 MPa  
� 0.188 0.181  
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Discussion  
In this study, a structural constitutive model for the macro-mechanical behavior of vascular 
tissue is presented based on the framework developed by Lanir et al. 20,21. The new model 
incorporates both waviness and orientational distribution of collagen fibers. The waviness of 
fibers is modeled by a log-logistic distribution 29,31. To account for the angular distribution of 
fibers, we suggested a planar 
-periodic von-Mises distribution with mean orientation 	 and 
concentration parameter �. We studied the effect of these parameters (	 and �) on the 
macroscopic vessel response to inflation-extension tests, typically expressed as P-ro and P-Fz 
curves. Finally, the new model was applied to fit experimental data of inflation–extension 
tests of rabbit facial veins in order to assess the usefulness or necessity of including the fiber 
angle dispersion in the model.  

The choice of strain energy function for collagen  
Various structural energy functions have been developed previously to account for collagen 
microstructure in cardiovascular tissue. In this study, we modeled both waviness and 
orientational distribution of collagen fibers. Collagen fibers appear to be coiled and wavy in 
their unloaded state 6,8 and form two helically arranged families of fibers. The individual 
collagen fibers, in each family, show a deviation from their mean orientations 4,11.   Similar to 
our approach, some of previous studies also followed the work by Lanir et al. 20,21. Billiar and 
Sacks proposed a model for aortic valve cusps and introduced the orientational distribution of 
collagen fibers to their model by means of a Gaussian Distribution 1. Sacks extended the 
previous work and included further the pattern of recruitment of fibers in the model using a 
gamma distribution 27. As for the orientational distribution of collagen fibers, differently from 
their earlier work, Sacks proposed a beta distribution and the modified model was applied on 
biaxial tests of Bovine pericardium. Other studies followed a different approach involving the 
use of invariants and introducing concepts of waviness, as the studies of Zulliger et al. and 
Cacho et al. 2,31, or orientational distribution, as in the works of Gasser et al. and Driessen et 
al. 9,15.  

In the present study, we used a log-logistic distribution to account for waviness and the 
gradual engagement of the fibers, similar to the study of  Zulliger et al. 31. As Zulliger et al. 
have commented, the choice of the distribution function is fairly arbitrary. The present 
formulation to model the waviness is, however, slightly different from the one suggested by 
Zulliger et al. Zulliger and colleagues suggested that the waviness can be modeled by a 
convolution resulting in a  �� coll  as: 
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On the contrary the present study models the waviness as: 
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The difference resides in the term (E-E*)/(1+2E*) which expresses the true strain in the 
group of fibers that are engaged at the Green strain E*. For more details, please refer to the 
work by Lokshin and Lanir 23.  

As for the orientational distribution, we made the assumption that fibers are mainly in the 
circumferential-longitudinal plane and we have chosen a planar von-Mises probability 
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density function (PDF) to express the angular distribution of fibers. The assumption that 
collagen fibers lay preferentially in the circumferential-longitudinal plane seems reasonable 
based on values reported in the literature for the radial component of collagen fibers. Finlay 
et al. reported radial angle of around 5° in the adventitia and 8° in the media for collagen in 
human brain arteries fixed at 30 mmHg 11. In addition,  Canham et al. measured this value to 
be 2° in the media and  1° in the adventitia of human saphenous veins, fixed at 110 mmHg 3. 
As for the choice of orientational distribution, Gasser et al. have used similarly the von-Mises 
distribution for orientational distribution of collagen fibers with the difference that they 
assumed a spatial distribution 15 while Billiar and Sakcs chose a Gaussian distribution 1. The 
choice of Gaussian over von-Mises distribution does not seem to affect significantly the 
model since any von Mises distribution can be approximated by a (wrapped) Gaussian 
distribution 24. Certainly, more experimental work on orientational distribution as well as the 
waviness of collagen fibers in various tissues is needed to quantify fibers’ structure and 
clarify the type of the distributions to be used in structural models. 

In this study, the vascular wall is for simplicity modeled as a one-layer material. However, 
the blood vessel is not composed of different layers and the composition and arrangement of 
intramural wall components differ from one layer to another. For instance, in the media, 
collagen fibers are circumferentially and coherently aligned, whereas in the adventitia, the 
pitch of the helically arrange fibers and the dispersity of the fiber distribution increases 3,11. 
Obviously, the present model assumes homogenized properties throughout the arterial wall 
and therefore would be more accurate when only applied to single layer structures. In future 
studies, a two-layer structure should be developed. Furthermore, since collagen type in the 
media (primarily of Type I, III and V) is different from the adventitia (primarily of type I) 17, 
future studies should also include a different collagen elastic constant for each layer.  

Effect of orientational distribution parameters � and � on gross material 
response 
The results of our parametric study showed that the effect of concentration parameter � on P-
ro and P-Fz curves depends on the mean orientation of fibers 	 (Fig. 2). The model is less 
sensitive to adding orientational dispersion when fibers are located close to the 
circumferential direction (lower mean orientation of fibers 	) than when fibers are located 
further from the circumferential direction (higher mean orientation of fibers). For instance, 
when 	 was fixed at 14.2° and a circular standard deviation � of 18.6° was applied (�=10), ro 
and Fz did not change more than 1% compared to the case without dispersion (�=0 i.e �=�). 
However, at 	=54.2°, the P-ro and P-Fz curves deviated 8% in ro and 69% in Fz compared to 
the case without dispersion. 

The higher values of mean orientation of fibers 	 are generally associated with the 
adventitia11 while lower mean orientations are associated with the media 4. Therefore, 
considering our results, one could conclude that in the presence of the adventitia, the model 
should include the information about the dispersion of collagen fibers and the effect of 
dispersion could not be neglected. While when the adventitia is removed (only the media is 
present), one could use a simpler model that does not include angular dispersion of collagen.  

Our results showed that the material response is highly sensitive to the mean orientation of 
fibers 	 when fibers are highly oriented (large values of � i.e. low values of � which is the 
case in the media. On the other hand, when fibers are dispersed, which is the case in the 
adventitia, the material response is less sensitive to the mean orientation of fibers. Gasser et 
al. have observed the same effect in their study 15.  
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Fitting the model to experimental data 
In the present study, the original model of Zulliger et al. (no dispersion, �=0) as well as our 
new model (including dispersion) were fitted to the set of experimental data from a previous 
study on rabbit facial veins in which the adventitia was removed mechanically 25. When our 
model including dispersion was fitted to the data, the best fit was achieved with the 
concentration parameter �=144 (�=4.8°). As the adventitia was removed from the tissue, this 
value would represent the dispersion of collagen fibers in the media. Canham et al. have 
previously reported the circular standard deviation � of fibers in the media to be 5.2° in brain 
arteries and 5.6° in coronary arteries 5. The results value from our model are therefore similar 
and consistent with those of Canham et al.. 

Including dispersion of collagen fibers resulted in almost the same quality of the 
simultaneous fit of the P-ro and P-Fz curves as the original model of Zulliger et al. (�=0.188 
for the original model compared to �=0.181 for the modified model). However, the new 
model (including dispersion) resulted in a slightly higher (6%) mean orientation of fibers 	 as 
well as an earlier and less abrupt engagement pattern of collagen fibers. The log-logistic 
probability distribution functions, �fiber, for both models, with and without dispersion, have 
been plotted in Fig. 5 using the values of k and b from Table 2. The probability distribution 
function �fiber becomes concentrated for smaller values of b and gets more spread out for 
larger ones. Based on Table 2, the value of b is smaller in the original model (without 
dispersion) than the modified one (including dispersion). Therefore, the original model 
without dispersion shows a more concentrated distribution and thus a more abrupt 
engagement.  

 
 

Figure 5. Log-logistic probability density functions from the best fits using the 
original model without dispersion (-----) and the modified model including 
dispersion (____),  base on values in the table 2 

In addition, the mode (peak value) of the log-logistic distribution is situated at 
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Therefore, the peak happens earlier (at E=3.09) in the original model without dispersion than 
the modified one including dispersion (at E=3.45), resulting in an earlier engagement of 
collagen fibers in the Zulliger et al. model than the modified one. The results suggest that 
including the orientational dispersion of collagen fibers changes the parameters of the 
collagen engagement pattern. This should be particularly considered when fit parameters are 
used to study changes in the engagement pattern 12,26 and/or orientational distribution of 
collagen fibers 10.  As an example, assume that the orientational distribution of collagen fibers 
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has been changed as a result of a mechanically induced remodeling. A model which does not 
include the dispersion of fibers could result in an ‘unrealistic’ change in parameters related to 
engagement pattern of collagen fibers.   

Conclusion  
In summary, we developed a strain energy function for vascular tissue considering both 
waviness and orientational distribution of collagen fibers and studied effects of parameters 
related to the orientational distribution of collagen fibers. We conclude that including the 
dispersion of collagen fibers into the model, particularly when the adventitia is removed does 
not improve the quality of the fit of P-ro and P-Fz curves from inflation-extension tests. 
However, it is very important to consider the dispersion of fibers when adventitia is included 
and when structural changes of collagen fibers, such as the collagen engagement pattern or 
orientation of fibers, are studied. Despite its limitations, the model offers possibilities to 
better understand the relation between structure and function in the vascular wall and to 
further study mechanically induced collagen remodeling in vascular tissue in health and 
disease. This can be achieved by relating fiber turnover, reorientation and waviness 
reorganization to the mechanical loading conditions.  
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Abstract 
Mechanical properties of the adventitia are largely determined by the organization and 
material properties of collagen fibers. Therefore, measurements on the waviness and 
orientational organization of collagen, particularly at the zero stress state, are necessary in 
order to relate their structural organization to mechanical function. Using the fluorescence 
collagen marker CNA38-OG488 and confocal laser scanning microscopy, we imaged 
collagen fibers in adventitia of rabbit common carotids ex vivo. The arteries were cut open 
along their longitudinal axes to get the zero stress state. We used semi-manual and automatic 
techniques to measure parameters related to waviness and orientation of fibers. Our results 
showed that the straightness parameter (the ratio between the distances of endpoints of a fiber 
to the fiber length) was distributed with a beta distribution (mean value 0.72, variance 0.028) 
and this distribution did not depend on the mean angle orientation of fibers. Local angular 
density distributions revealed 4 axially symmetric families of fibers with mean directions of 
0°, 90°, 43° and -43° and circular standard deviations of 40°, 47°, 37° and 37°, with respect 
to the axial direction, respectively. The distribution of local orientations was shifted to the 
circumferential direction when measured in arteries at the zero load state (intact), as 
compared to arteries at the zero stress state (cut open). Information on collagen fiber 
waviness and orientation, such as the one obtained in this study, could be used to develop 
structural models of the adventitia, thereby providing better means for analyzing and 
understanding the mechanical properties of the vascular wall.  

Keywords: orientation distribution, waviness distribution, collagen fiber, arteries, common 
carotid, rabbit 
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Introduction  
Detailed biomechanical modeling of blood vessels should ideally be based on the structural 
properties of the main constituents of the wall with respect to its different layers. The 
adventitia is the outermost layer of blood vessels and its mechanical properties are 
determined mainly by the organization of collagen fibers in this layer. The two main features 
characterizing collagen fiber organization are its waviness and angular dispersion.  

Different techniques such as polarized light microscopy (PLM) [6, 10, 17, 20, 28, 31], small 
angle light scattering (SALS) [4, 16, 30], transmitted light microscopy (TLM) [9, 14], 
fluorescence microscopy (FM) [1, 37], micro coherence tomography (Micro-CT) [36], optical 
coherence tomography (OCT) [19], small angle X-ray scattering (SAXS), second harmonic 
generation (SHG) [2, 5, 35] and electron microscopy (EM) [18, 24, 36] have been used to 
characterize collagen bundle orientation and/or crimp properties in soft tissue. Fewer studies 
have focused on the quantitative organization of collagen fibers within the arterial wall [9, 10, 
12, 17, 31]. The studies on arteries have been mainly conducted on pressurized (loaded) 
and/or chemically fixed and embedded vessels. These procedures could modify structural 
organization of tissue components [13].  Structural models of the mechanical response of the 
arterial wall are ideally based on the knowledge of the true zero stress state (ZSS) of each 
wall constituent, preferably in wet fresh tissue where structural properties have not been 
changed. Krahn et al. have recently developed a new collagen specific fluorescence marker 
for tissues and live cell cultures [22] which enables high resolution 3D imaging of collagen 
fibers in wet fresh tissues [5].  

In this study, we have used the fluorescent marker developed by Krahn et al. combined with 
confocal microscopy and image analysis techniques to quantify the waviness and angular the 
distribution of collagen fibers in adventitia of fresh arteries at their zero stress state. More 
specifically, this study was designed to a) quantify the waviness properties of collagen fibers, 
b) determine how the waviness distribution of fibers depends on their main orientation and c) 
measure the local angular distribution of collagen fibers in the adventitia of rabbit common 
carotids.  

Materials and Methods 
Tissue preparation  

Fourteen common carotid arteries were excised post mortem from seven white New Zealand 
male rabbits from a local slaughterhouse. Arteries were transported on ice in phosphate 
buffered saline (PBS) to the laboratory and cleaned from the surrounding tissue. To visualize 
collagen fiber, the arteries were incubated over night at 37° in a 2 �M solution of CNA35-
OG488 in PBS, which was used as the specific vital florescent marker for vascular collagen 
[22]. After incubation, the common carotid was cut into two equal segments of approximately 
25-30 mm in length. One segment was used to measure collagen waviness and orientation in 
the zero stress state, which was achieved by cutting open carefully along the artery’s axis 
(cut-open group) and then immersed in PBS for 30 minutes before imaging.  The other group 
was kept intact (intact group). All measurements were done within 24 hours of excision. 
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Confocal microscopy  

We used an upright confocal microscope (Leica SP5 white laser, Leica, Germany) to 
visualize collagen fibers labeled with the fluorescent marker CNA35-OG488.  Arteries were 
fixed by a pin on a silicon coated Petri dish filled with PBS, with the adventitia facing 
upwards (Figure 1). Two circumferential lines close to each border were marked by a blue 
Miller’s elastic stain as shown in Figure 1. The distance between these lines was measured 
before and after fixing the tissue on the Petri dish to ensure that the arteries were not 
stretched. In addition, the field of view was rotated in a way that the horizontal axis of images 
was parallel with the axial axis of the vessel. The fluorescent marker was excited at 488nm 
by an Argon laser and a photomultiplier tube (PMT) detector was defined at 498-550 nm to 
collect the emitted fluorescent signal. Ten arterial segments per group were scanned at 5 
different locations along the longitudinal axis. At each location a z-stack with a step size of 
0.5 �m was obtained, resulting in a total image size of 238�m x 238 �m x ~100�m. In total, 
50 z-stacks were imaged for each group.  Figure 1 shows an example of the image stack after 
3D reconstruction by IMARIS software (Bitplane, Switzerland).  

 

Fig. 1 An example of the 3D reconstruction of outermost layer of adventitia  

Image analysis 

3D measurement of angle fibers  

The orientation of collagen bundles in two representative z-stacks from each group was 
measured by manually locating endpoints of each collagen bundle using IMARIS Software. 
Figure 2 shows an example of 3D reconstruction of collagen fibers from the z-stacks.  Fibers 
have been manually traced and the global orientation of each fiber has been measured in a 
spherical coordinate system. The orientation of a fiber in 3D could be therefore described by 
the azimuthal angle � (between – 
/2 and 
/2) and the latitude (radial) angle � (between 0 and 

 ) as shown schematically in Figure 2.  
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Fig. 2 latitude (radial) angle � measured by manual tracing of fibers in a representative 
3D reconstruction of z-stacks    

 

 

 

Fig. 3 Definition of measured parameters i.e. global angle (a), thickness (t) and length 
(Lf) of a fiber bundle as well as the length of a straight line connecting the ends of the 
measured fiber bundle. 
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2D image analysis  

Based on the hypothesis that the radial angle � is small and in order to facilitate the image 
analysis, the z-stacks were flattened using the maximum intensity projection (MIP) available 
in ImageJ software (NIH, Bestheda, Maryland, USA).  

Measurement of waviness and global angle of collagen bundles 
To quantify the waviness characteristics and global angle of collagen bundles in the zero 
stress state, all 2D images from the cut-open group were analyzed semi-automatically.  
Figure 3 shows the parameters measured for each collagen bundle on the image i.e. the 
distance between endpoints of a collagen bundle (L0), the length of the fiber bundle (Lf), the 
thickness (t) measured in three different locations along each bundle and the global angle of 
bundles (a) which is the angle between the main axis of the fiber and the axial direction z as 
specified in Figure 3. This angle could take values between -90 and 90 degrees. These 
parameters were measured using NeuronJ, an ImageJ plug-in originally developed for Neurite 
tracing and analysis [27]. The plug-in facilitates following the fibers on a 2D image and gives 
as the output the fiber length (Lf) as well as the coordinates of the endpoints. Most bundles 
are larger than the field of view. Therefore, we emphasize that these parameters are measured 
for the part of the bundle visible in the field of view.   

To quantify the waviness of fibers, we introduced the straightness parameter (SP) defined as, 

 fLLSP 0	  (1) 

SP is bounded between 0 and 1. The lower the value of SP, the wavier the fiber is. A bundle 
with SP=1 indicates a totally straight fiber. SP converges to zero where the fibers get very 
wavy. This parameter could be particularly useful for modeling the gradual engagement of 
wavy collagen fibers which will be discussed later.  In addition, we estimated the size of the 
bundle by, 

 tLS f	
~   (2) 

where t is the mean thickness of collagen bundles. Each bundle could be therefore 
characterized with three parameters, i.e., a straightness parameter SP, a global angle a and an 
estimated size S~ . To give more importance to measurements from larger bundles than the 
smaller ones, in the estimation of mean straightness parameter SP and mean angle a, the 
individual bundle values of SP and � were weighted by the size S~ of the corresponding 
bundle.  

Waviness distribution analysis 
To quantify the waviness characteristics of collagen fibers, we analyzed the distribution of 
the straightness parameter. First, we used a bi-variate histogram to visualize the frequency of 
straightness parameter SP and global angle a, based on the weighted dataset. Second, the 
dataset was used to plot a univariate probability density for the straightness parameter 
regardless of the global angle using MATLAB (The MathWorks, U.S.A.). This means that 
the probability density was extracted from all values of SP in the dataset. A beta and an 
extreme value distribution were fitted to the SP values. Beta probability distribution is a 
statistical distribution defined between 0 and 1 as, 
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where 	 and � are shape parameters of the distribution and B(	, �) is the beta function, 
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As for the extreme value distribution, it is defined as, 
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where � is the location parameter and �>0 the scale parameter. 

Third, to decide whether SP is distributed more accurately by a beta or an extreme value 
distribution, we have used probability plots of the data for both distributions using statistics 
toolboxTM available in MATLAB. The probability plot is a graphical technique for assessing 
whether or not a data set follows closely a given distribution. The plot includes a reference 
line useful for judging whether the data follows well or not the particular distribution. The 
closer the probability plot of data to this line, the better the data follows that particular 
distribution [11]. Finally, using the bivariate histogram, the weighted data was divided to six 
groups based on their global angle a, starting from -90 with 30° steps, and the probability 
density of the straightness parameter for each angle group was determined. Then, we fitted 
the beta distribution to all six groups of fibers and compared the distribution parameters. This 
step helped us to decide whether the distribution of the straightness parameter SP depends on 
the global angle or not. 

Local angle analysis 
Image analysis tool 
To estimate the local orientation of the collagen fibers, we used OrientationJ, which is an 
ImageJ plug-in developed in-house based on structure tensors. Structure tensors are matrix 
representatives of partial derivatives and are commonly used in the field of image processing 
[3, 21]. OrientationJ evaluates the local orientation and isotropic properties (coherency and 
energy) of every pixel of the image. These values are derived from the structure tensor 
defined for each pixel as the 2x2 symmetric positive matrix J, 
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where fx and fy  are the partial spatial derivatives of the image f(x,y), along the principal 
directions x and y respectively. Furthermore, the weighted inner product between two 
arbitrary images g and h is defined as, 
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w(x,y) is the Gaussian weighting function that specifies the area of interest. Once the structure 
tensor is known, local orientation, energy and coherency for each pixel could be easily 
calculated [21].  The local predominant orientation � in the considered region corresponds to 
the direction of the largest eigenvector of the tensor and it is thus given by, 
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The energy parameter E is the trace of the tensor matrix, 
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Pixels with higher energy values correspond to less uniform and more clearly oriented 
structures.  

The coherency parameter C is defined as the ratio between the difference and the sum of the 
tensor eigenvalues, 
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where �max  is the largest and the �min  the smallest eigenvalue, respectively. Coherency is 
bounded between 0 and 1, with 1 indicating highly oriented structures and 0 indicating 
isotropic areas.

 In OrientationJ, the tensor J is evaluated for each pixel of an input image by computing the 
continuous spatial derivatives in x  and y  using a cubic B-spline interpolation [33]. The local 
orientation, coherency and energy are computed based on equations 8, 9 and 10. In our 
directional analysis we included only the angular values from parts (pixels) of the images 
which effectively correspond to fibers edges, as the orientation information from uniform 
areas is not significant. To do this, we used the energy of derivatives and the coherency 
values to discriminate between significantly and not-significantly oriented areas. Therefore, 
the histogram of the orientation is built with pixels which have at least 2% of normalized 
energy. Moreover, the orientation values in the histograms are weighted by the coherency 
values to give more importance to the orientations which correspond to elongated structures 
in the local neighborhood. 

We made the OrientationJ plug-in and an ImageJ macro for angle analysis batching available 
online at http://bigwww.epfl.ch/demo/orientation/. OrientationJ allows computing the 
orientation, energy and coherency maps of an image and its weighted orientation histogram. 
It is possible to set thresholds on the energy and coherency maps to select the image 
orientation values to be included in the angles histogram. The plug-in also outputs a hue-
saturation-brightness (HSB) color-coded map which shows the angles of the oriented 
structures in the image as shown in Figure 4. 
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Fig. 4 Results of the OrientationJ, the imageJ plug-in developed to get the histogram of 
local angles 
 

Fitting local angles 
Using OrientationJ plug-in for ImageJ, we obtained the histogram of local angles for all 
individual images of collagen fibers. Next, we summed up the individual histograms from 
images in each group to calculate local orientation of both cut-open and intact groups.  The 
probability density function (PDF) of the local angles for each group was then calculated by 
normalizing local angular histograms. We fitted an empirical PDF by a four modal directional 
PDF representing 4 families of fibers. The angular distribution of each family was modeled 
with a 
-periodic von-Mises distribution [25] which is the 
-periodic equivalent of a 
Gaussian distribution in directional statistics, 
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I0 denotes the modified Bessel function of the first kind and order 0, which is defined as, 
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The parameter �  is the mean orientation and the parameter b is the concentration parameter.   

The distribution is symmetric about �=� and the circular standard deviation � of this 
distribution is [25], 
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I1 denotes the modified Bessel function of the first kind and order 1, 
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We assumed cylindrical symmetry around the z axis of arteries. Based on this assumption and 
the shape of the empirical PDF, families of fibers to fit the data were assumed having mean 
angles of �1, - �1, 
/2 and 0 with shape parameters b1, b1, b3 and b4 respectively. Therefore 
the fitted probability density distribution was defined as, 
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Transformation law 
If the deformation of the arterial wall is assumed as an affine deformation and the collagen 
bundles are assumed to lie only in the circumferential-axial plane, one could obtain the 
density probability of local orientations in the deformed state (intact) based on the zero stress 
state (cut-open). As seen in figure 5, if �� and �z are the stretches in the circumferential and 
axial directions, respectively, and �0  and �1 are the local angle of fibers with respect to the 
axial direction in the initial state (cut-open) and the deformed state (intact), respectively, the 
angles are then related to each other by,  
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R0 and R1 are density distributions for local angles between -
/2 and 
/2. Therefore, 
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The function of �1 versus �0 is monotonic and the above equation results in, 
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Therefore, if R0 is known, R1 could be calculated based on the ratio of ��/�z and the 
distribution R0. The transformation law has been applied on the data to find out the 
corresponding ratio of ��/�z.  
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Fig. 5 Mapping of local angles from the original state (�0) to the deformed state (�1) 

Results  
In this study, we have used manual, semi-automatic and automatic techniques to quantify the 
statistical distribution of parameters related to the orientation and waviness of fibers in the 
adventitia of rabbit carotid arteries.  

Figure 2 shows an example of 3D reconstruction of collagen fibers from the z-stacks. The 
latitude (radial) angles, manually measured from the 3D reconstruction of samples, are listed 
in Table 1.  The mean value of absolute radial angle was measured as 5.6° and 6.1 ° in the cut 
group and 4.8° and 1.7° in the uncut group. Based on these small angle values, we conclude 
that fibers were practically lying in the z-� (axial-circumferential) plane in both groups. This 
trend was also observed visually in all z-stacks. 

Table 1 Latitude (radial) angle measurements of 4 representative samples 

Group cut  uncut  

Sample S1 S2 S3 S4 

�( deg) 13.8 3.0  5.4 -1.2 

  9.2 3.0  4.6 -2.7 

  3.3 7.0  3.8  0.3 

 -9.0 14.9 -4.6 -0.8 

  0.0 6.1 -2.8  2.0 

 -0.6 9.6 -8.0  4.6 

 -3.4 3.2 -3.3  1.5 

 -5.9 2.3 -5.6  0.7 

Mean(|�|) 5.6  6.1  4.8  1.7 

std(|�|) 4.7  4.3  1.6  1.4 
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Figure 6 shows the weighted frequency of bi-variant data, i.e. the set of global orientations 
and straightness from the cut group.  The same data set was used to create figures 7 and 9. 
Figure 7 shows the probability density of the straightness parameter SP regardless of the 
global angle of the data. This means simply that Figure 7 plots the density of all weighted 
straightness parameters SP. In addition, Figure 7 includes the best fits for beta and extreme 
value distributions on the experimental density distribution of the straightness. Parameter 
values from best fits are reported in Table 2. The best fit for beta distribution results in 
	=4.47 and �=1.76 and the best fit for the extreme value distribution resulted in �=0.800 and 
�=0.133. To assess how well the data set followed each of these distributions, the probability 
plots of the data for both distributions were plotted in Figure 8. Based on Figure 8, the data is 
closer to the straight line for the beta distribution than the extreme value distribution. This 
indicates that the experimental data follows better the beta distribution than the extreme value 
distribution. 

 

Fig. 6 Bivariate histogram of waviness (SP) and global angles based on the entire 
weighted dataset.  

 

Fig. 7 uni-variate probability density of waviness (SP): empirical and  corresponding 
fits from beta and extreme value distributions 
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 Fig. 8  Probability plot of beta and extreme value distributions  versus the experimental 
data 

 

 

Table 2 Parameters of the distribution fits on straightness parameter, SP 

Distribution: Extreme values Distribution Beta 
Log Likelihood 2377 Log Likelihood 2480 

Domain -�<y<� Domain 0<y<1 

Mean 0.720 Mean 0.718 

Variance 0.029 Variance 0.028 

Parameter Estimate  Parameter Estimate  

μ 0.800 	 4.47 
� 0.133 � 1.76 
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Figure 9 shows probability densities of weighted straightness for groups of different global 
angle ranges and the corresponding fitted beta distribution. More precisely, Figure 9.a shows 
the probability density of the weighted straightness parameter SP for fibers with global 
angles between -89° and 60°, -59° and -30°, -29° and 0°, 1° and 30°, 31° and 60°, and 61° 
and 90°. To compare the distribution for the different angle ranges (Figure 9.a) and the one 
variable distribution (Figure 7), all the fits have been plotted in Figure 9.b. the thick line 
shows the best fit from Figure 7 (angle independent density distribution). 

 

 

 

 

 

Fig. 9 Distribution of straightness parameter in various ranges of global angles i.e. a) 
beta distribution fitted (dashed line) to experimental data (bars) and b) comparison of 
all fitted distributions for particular angle ranges (dashed lines) with the beta 
distribution fitted  without considering angles 
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Table 3 shows the parameters of the beta distribution fits on straightness parameter 
distributions for all global angle dependant groups and the univariate set of the data 
(regardless of global angle). The shape parameters 	 and �, related to the univariate SP 
distribution, were found to be 	=4.7 and �=1.8. The distributions pertaining to different angle 
groups were similar in shape, the shape parameters differed only slightly in 	 (	=4.8± 0.5) 
and were exactly the same for � (�=1.8±0.2).  

Table 3 Shape parameters of the fitted beta distributions 

Angle Parameter  Mean  
 � � Mean  Variance 
(-89°,-60°) 5.5 2.1 0.721 0.023 
(-59°,-30°) 4.4 1.7 0.701 0.031 
(-29°,  0° ) 4.2 1.9 0.691 0.030 
(    1°, 30°) 4.9 1.8 0.734 0.025 
(  31°, 60°) 4.4 1.6 0.736 0.028 
(  61°, 90°) 5.2 2.0 0.727 0.024 
Univariate 4.7 1.8 0.718 0.028 

 

The orientational density of local angles as well as the fitted PDF has been plotted in polar 
coordinates in Figure 10 for both cut-open and intact groups. For simplicity, the densities are 
plotted over two periods between –
 and 
 (the distribution is 
-periodic). As it can be seen, 
the experimental data shows a four modal distribution. For this reason, we have used a PDF 
composed of four 
-periodic von-Mises distributions, representing four families of fibers. 
Figure 10.a, shows the local angle densities related to the cut-open group. Based on the fitted 
distribution, the four modes occur  at 0° (axial direction), 90° (circumferential direction),  43° 
and -43° with the corresponding circular standard deviation (CSD) of 40°, 47°, 37° and 37°, 
respectively. Based on these derived CSDs, the distribution appears more concentrated 
around 43° and -43° than around 0 ° and 90°.   

Figure 10.b shows the local angle distributions for the uncut group. As it can be seen, 
compared to Figure 10.a (cut group), the distribution is shifted to the circumferential 
direction.  The families of fibers with mean orientations of 43° and -43° have been relocated 
to mean orientations of 47° and -47°, respectively. Furthermore, the value of probability 
density function has decreased in the axial direction (at 0°) by 32 % while it has increased in 
the circumferential direction (at 90°) by 19% .  

Figure 11, shows the measured density distribution of local angles for cut and uncut group. 
Figure 11 also shows the predicted density distribution for the intact group based on the 
distribution of the cut-open group and applying the deformation with ��/�z=1.24, which 
corresponds to the deformation needed to bring the cut-open group geometry to the intact 
(uncut) geometry. The results showed that a transformation of the probability density 
distribution for cut-open arteries using a deformation with equivalent circumferential to axial 
stretch ratios of ��/�z=1.24, results in the same distribution as the uncut arteries.  
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Fig. 10 local angles, cut and uncut arteries and corresponding circular distribution fits 

 

 

 

Fig. 11 mapping of local angles of arteries from cut-open (----) to intact (_____) state  

 

  



Chapter 4 

102 
 

Discussion  
We quantified waviness and angular distribution of collagen fibers in the adventitia of fresh 
rabbit common carotid arteries. Our results showed that the straightness of fibers at the zero 
stress state was best represented by a uni-modal beta distribution function with shape 
parameters 	 and � equal to 4.5 and 1.8. In addition, the waviness distribution of fibers did 
not depend on global fiber angle. The beta distribution fitted the straightness densities for all 
different groups of global angles, though the values for shape parameters were slightly 
different in each group.  Finally, the automatic analysis of local angle revealed the existence 
of four main families of fibers. The distribution of angles was fitted by a four modal 
orientational distribution composed of four 
-periodic von-Mises distributions. The local 
angle distribution of the intact group (uncut arteries) was shifted to the circumferential 
direction compared to the corresponding distribution of the cut group (zero stress state). The 
mapping of the distributions from the ZSS (cut) to the intact group (uncut) could be explained 
by a simple geometrical transformation, the “folding and joining together”, of the cut-open 
artery (ZSS) to the intact zero-load state, which yields a circumferential to axial stretch ratio 
of around 1.24.  

Collagen visualization. To visualize collagen fibers in the adventitia of unfixed arteries, we 
labeled adventitial collagen with CNA35-OG488 fluorescent marker recently developed by 
Kahn et al. [22] and imaged the adventitia layer using laser confocal microscopy. The 
CNA35 probe is specific for collagen and can reveal small collagen fibers as well as more 
mature structures in living tissues without altering the structure. Therefore, the probe can be 
potentially used to study collagen remodeling in living cells and tissues [22] for tissue 
engineering purposes. Moreover, the probe could be used to visualize collagen fibers of blood 
vessels under various mechanical loadings. The probe has a low binding affinity and does not 
affect mechanical properties of the tissue, is small, and can thus readily difuse into the tissue. 
Collagen fibers and bundles can be also visualized in tissue without labeling agents or 
fixative as a result of its intrinsic properties such as bifringence under polarized light 
microscopy [17, 20], auto-fluorescence [34] and second harmonic generation (SHG) [8, 32]. 
Techniques for 3D visualization of collagen without specific probes include auto-
fluorescence, confocal reflection microscopy [29], and second harmonic generation using 
femtosecond pulsed infrared excitation [32]. However, these techniques have some 
drawbacks. Auto fluorescence is not specific enough for collagen, as several tissue 
constituents possess intrinsic auto fluorescent properties. In addition, auto-fluorescence 
intensity is relatively low. Confocal reflection microscopy is subjected to the same 
drawbacks. As for the SHG, strong forward scattered SHG does enable the visualization of 
collagen in tissues, however, depending on tissue properties, forward SHG is not always 
feasible. In dense and thick tissues, such as large arteries, it is difficult to obtain images with 
the forward scattered SHG. These tissues require additional techniques to image collagen in 
backward geometry, which results in a much weaker signal. In a recent study, Boerboom et 
al. [5] compared the imaging of collagen with CNA35 probe and backward geometry SHG 
signal. They observed that the SHG in backward geometry was much weaker than the 
fluorescent signal of the probe. Similarly, this was observed in our preliminary studies on 
rabbit common carotids.  On the other hand, the probe has some limitations mainly due to the 
diffusion depth into the tissue. Megens et al. [26] showed limited labeling of the probe in 
viable elastic and muscular arteries. In our preliminary study on rabbit common carotids, we 
also observed limited diffusion of the probe through the external and internal elastic lamellae 
after incubation overnight.  In summary, labeling collagen with the CNA35-OG488 enabled 
us to visualize collagen fibers in fresh unfixed tissue. The fluorescent signal was collagen 
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specific and strong enough to image well and in good detail the adventitial fibers. However, 
diffusion depth of the probe is limited and probably could not be used in arteries with thick 
elastin lamellae to access collagen fibers in other layers of arterial wall.   

Analysis of collagen fiber waviness. We quantified the collagen fiber straightness parameter, 
SP, in adventitia and calculated its empirical probability density function, which we fitted 
with a beta distribution. Straightness parameter, SP, defined as the ratio of the distance 
between endpoints and the arc length of the fibers, is the inverse of the straightening stretch 
of fibers. The straightening stretch is the stretch to be applied along the fiber to get it 
straightened. Therefore, SP distribution is of particular interest for developing structural 
models of arterial tissue, which take into account the waviness of fibers [7, 38]. These studies 
are mainly influenced by an earlier framework proposed by Lanier [23]. In this framework, to 
include waviness of fibers, it is assumed that fibers don’t bear load at their wavy state and 
that there is a straightening stretch along the fiber, �s, at which the fiber engages and starts 
bearing load. SP is assumed to have a statistical distribution, which should be characterized at 
the zero stress state of the arteries. Despite the fact that a complete characterization of the 
statistical distribution of waviness or straightness parameter is needed to realistically model 
the tissue, the number of experimental studies which have addressed the issue are limited 
[14].  

To the best of our knowledge, this is the first study which quantifies the waviness distribution 
of collagen fibers in adventitia under the zero stress sate of arteries. Based on this work, the 
SP distribution could be fitted with a beta distribution with a mean value of 0.72 and a 
variance of 0.028. Both shape parameters are more than 1 (	=4.7, �=1.8) and therefore the 
distribution is uni-modal. In this study, different distributions such as lognormal, log-logistic, 
extreme value, gamma and beta had been fit to the data (results not shown) and it was evident 
that the beta and extreme value distribution fit the empirical PDF the best. A more detailed 
study on probability plots of the data for the beta and extreme value distribution, showed that 
the data were best fitted by the beta distribution (Figure 8). 

Our results have shown that the shape of the PDF for SP was similar for the fibers of groups 
with different global angles. This means that the same distribution for straightening stretch 
could be used for different families of fibers in different orientations, or, stated otherwise, the 
distribution for straightening stretch is not dependent on fiber angle. Shape parameters 
differed only slightly between groups. Mean and variance of these distributions are shown in 
Table 3. The difference between variances could be a result of sampling on the distribution as 
the number of measurements was fairly small (less than 500 for each group of angles). This 
information is indeed valuable for constructing structural models of arterial adventitia where 
both waviness and orientational distributions of collagen fibers are included in the model.    

Analysis of local angle distribution. Based on our results, the distribution of local collagen 
fiber angles included four peaks (modes), suggesting four main orientations and therefore 
four families of fibers. This lead us to the choice of the distribution given by equation 15, 
which consists of four 
-periodic von_Mises distributions summed up and normalized 
between –
/2 and 
/2. The parameters bi i=1,2,3 were free to fit the data. The b parameter of 
the von-Mises distribution determines its circular standard deviation (CSD), as defined in 
equation 13. However, the standard deviations derived from local angle data set should not be 
confused with the circular standard deviation of global angles of fibers. The standard 
deviation of local angle distribution does not only depend on the standard deviation of global 
angles, but also depends on local variations of angles due to fiber waviness. The separation 
between these two variations is not straightforward and requires segmentation of images into 
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areas with a common mean orientation. Elbischger et al. studied local extraction of crimp 
parameters of collagen fibers from a single image [15]. The images were taken using light 
microscopy from sliced fixed paraffin embedded human iliac arteries. The same image 
analysis method could be applied on the current data to get more detailed information of the 
standard deviation of global angle of fibers.  

Few experimental studies are available on orientation of fibers in arterial adventitia. Smith et 
al. [31] studied the orientation of collagen in the adventitia of human cerebral arteries. The 
arteries were fixed under a transmural pressure of 100mm Hg. They reported an average 
circumferential direction with a surface component of longitudinal fibers [31]. Canham et al. 
[9] followed the same approach and reported a circumferential direction of fibers (CSD=22.3) 
for adventitia of human coronary arteries fixed at 120 mmHg. In a recent study, Finlay et al. 
[17] reported a mean helical angle of 70° (CSD=36), 53°(CSD=32°) and 14° (CSD=23°) with 
respect to the circumferential direction for human brain arteries fixed at 30, 120 and 200 
mmHg. These studies have been mainly performed on sections from fixed and paraffin 
embedded arteries at a specific luminal pressure. The fixation, dehydration and paraffin 
embedding causes shrinkage and could change the morphology of the tissue [13]. Moreover, 
the measurements focus on pressurized blood vessels and do not quantify the organization of 
fibers at the zero stress state of arteries, as needed for modeling purposes. None of the studies 
reported the longitudinal stretch at which the arteries were fixed. In the current study, we 
have measured the structure-related parameters on fresh unfixed tissue and at zero stress state 
having in mind that such information is needed to develop structural models of the arterial 
wall. 

In addition to the cut-open arteries, we also imaged the collagen on the adventitia of intact 
arteries at their zero load state (ZLS), i.e., at zero transmural pressure and no axial load. The 
local angle distribution in intact arteries showed a shift to the circumferential direction as 
seen from Figure 10. The PDF of the orientation angle in the axial direction (0°) was reduced 
by around 20%; in the circumferential direction it was increased by 23%. The transformation 
model predicts a value of 1.24 for ��/�z, when the arterial geometry goes from the zero stress 
state (cut-open) to zero load state (intact). The relative increase in circumferential stretch is a 
direct result of the “closing” of the artery from the ZSS to ZLS, which entrains a significant 
positive circumferential strain on outer (adventitial) layer of arteries. As adventitial fibers are 
strained more in the circumferential direction, their mean orientation would also shift to the 
circumferential direction, which is consistent with our results. This could also explain the 
results of Finlay et al., where, the higher the pressure at which arteries were fixed and 
imaged, the closer the circumferential direction was to the mean orientation of collagen 
fibers. This observation also emphasizes the fact that measurements of fiber angles at zero 
stress sate could give different results from measurements done on intact or pressurized 
arteries.   

Limitations. We have flattened the 3D data to 2D, which takes out some useful information 
such as tortuosity and out of plane structure of fibers. This was specifically done to facilitate 
the analysis and particularly the semi-manual calculation of the waviness. However, the data 
is not used in its full power and further image analysis tools should be developed to study 
appropriately the 3D set of data. Moreover, semi manual technique to calculate the SP 
parameter is time consuming and the size of fibers are approximated to weight the data. More 
elaborate image analysis techniques are needed to automatically segment the 3D images and 
calculate relevant values such as length and size of the fibers.  



Collagen Waviness and Orientation in the Adventitia 

105 
 

Conclusions. We have quantified the waviness and local distribution of collagen fibers in 
adventitia of fresh unfixed rabbit common carotids. The results from 50 arterial locations, 
~100 μm depth each, show the existence of four families of fibers in the zero load stress sate 
of the arteries. The waviness of fibers does not depend on fiber orientation. The significant 
shift of local angular distributions to the circumferential direction from cut open arteries to 
intact (no load) arteries shows that angular data from arteries at no load conditions as well as 
loaded and axially stretched arteries could not be used to define the angular orientation of 
fibers in ZSS. Despite its limitations, the results of this study could be particularly useful for 
developing structural models of arterial tissue. 
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Summary, Conclusions and Perspectives 
Vascular tissue shows a non-linear anisotropic behavior, as a result of material properties, 
structural arrangements and interconnections of its main constituents, elastin, collagen and 
vascular muscle cells. Constitutive modeling of vascular tissue has been a challenging area 
for several decades. Structural constitutive models, in particular, attempt to integrate 
information on composition and structural arrangements of tissue to avoid ambiguities in 
material characterization and offer an insight into the function, structure and mechanics of the 
vascular wall. 
This thesis aimed to contribute to the field of biomechanics of vascular tissue, with particular 
focus on the modeling of vascular wall based on the organization and structural 
characteristics of its passive constituents, namely elastin and collagen. Most of the previously 
published structural strain energy functions have considered that collagen is the only wall 
element which contributes to the anisotropic behavior of vascular wall. However, these strain 
energy functions fail to describe both pressure-radius and pressure-longitudinal force curves, 
as those are measured in a typical inflation-extension experiment. Here, we proposed that 
both elastin and collagen contribute to anisotropic properties of vascular wall and introduced, 
for the first time, an anisotropic strain energy function for elastin with one family of fibers in 
the longitudinal direction for rabbit facial veins and in the circumferential direction for rabbit 
common carotids. Based on our results, including an isotropic term for elastin significantly 
improved the quality of the simultaneous fit of pressure-radius and pressure-longitudinal 
force curves in both veins and arteries. Assessment of arterial tissue ultra-structure, based on 
scanning microscopy techniques, revealed interlamellar elastin fibers running in the 
circumferential direction between the elastin lamellar sheets, thereby providing substantial 
evidence for this anisotropy. Our results also indicated that, in the absence of a structurally 
functional elastin, collagen engages more abruptly and the angle of collagen fibers is altered, 
suggesting an interaction between elastin and collagen constituents. This is an important 
feature often neglected in the definition of arterial SEFs. In this way, elastin plays an indirect 
role on anisotropic properties of vascular tissue in the collagen-dominant region.   

We also studied the contribution of collagen to multi-axial mechanical behavior of vascular 
wall. Two main features of collagen fiber organization are waviness and angular dispersion. 
Earlier structural models of the vascular wall have included individually one but never both 
of these features. We developed a model for the vascular wall to include both waviness and 
orientational distribution of collagen fibers. To our knowledge, this is the first model for 
vascular wall that accounts for both features. We studied the effect of orientational 
distribution parameters on the mechanical behavior of the wall in typical inflation-extension 
tests. Finally, we applied the model to experimental data of rabbit facial veins to assess the 
usefulness and necessity of including fiber angle dispersion. Our results showed that 
including the dispersion of collagen fibers into the model, particularly in the absence of 
adventitia, did not improve significantly the fit of pressure-radius and pressure-longitudinal 
force curves from inflation-extension tests. However, the model predicted a less abrupt and 
shifted to higher strain collagen engagement pattern than the model including only the 
waviness. This becomes important when the model is fitted to experimental data and model 
parameters are used to study structural modifications of collagen fiber network in physiology 
and disease. 

Finally, we quantified waviness and angular distribution of collagen fibers in the adventitia of 
common carotids of rabbits at their zero stress state. The quantification of structural features 
of collagen fibers at their zero stress state is necessary for a constituent-based modeling 
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approach of the vascular tissue. We related the waviness of collagen fibers to a straightness 
parameter bounded between 0 and 1, which was defined as the ratio of the length of the 
straight line between endpoints of a fiber to the fiber’s length. This parameter could be 
measured directly from the images of adventitial collagen. To obtain these images collagen 
was marked with a recently developed collagen marker CNA38-OG488. The marker enables 
the imaging of the tissue without fixatives and thus allows the structure to remain intact. A 
uni-modal beta distribution function was fitted to the straightness parameter distribution. The 
waviness distribution of fibers did not depend on principal orientation of fibers. In addition, a 
plug-in for the open source software ImageJ was developed and made available online to 
calculate local orientation of fibers. Analysis of local orientations showed four main families 
of fibers in the adventitia with an angle of approximately 45 degrees to each other.  

Our model and testing methods are subject to a few limitations. We have neglected the 
contribution of vascular smooth muscle in the passive state of vascular wall, the state at 
which smooth muscle cells are maximally dilated. Maximally dilated smooth muscle is 
assumed to have a negligible effect on mechanical properties of blood vessels, because its 
effective elastic modulus is an order of magnitude lower than that of elastin. The models 
suggested in this study are one-layer models with structural properties homogeneously 
distributed throughout the arterial wall thickness. We have also considered a planar 
distribution for collagen fibers while the distribution is three-dimensional, specifically in 
adventitia. Finally, the image analysis techniques have not been used to their maximum 
power and further development of specific analysis tools is needed, for instance for the 
automatic measurement of parameters related to fiber waviness.  

In conclusion, our work has lead to a number of improvements over previous theoretical and 
experimental studies, which have dealt with the role of elastin and collagen in vascular 
biomechanics. Our studies on the contribution of elastin in vascular mechanics revealed that 
elastin directly and indirectly contributes to the anisotropic behavior of both veins and 
arteries. The direct role of elastin was justified by its intermural organization. The anisotropic 
structure was integrated into a new model based on the previous model of Zulliger et al. The 
indirect contribution of elastin to anisotropy was explained by its inter-links with collagen 
structure and collagen engagement pattern. As for the collagen, we improved the Zulliger et 
al. model and developed a model with both main structural features of collagen, i.e. waviness 
and orientational dispersion. Collagen fibers in adventitia were imaged and waviness and 
orientational dispersion of collagen fibers were quantified to provide for detailed structural 
information of collagen. The model developed for healthy arteries may then be extended in a 
continuum-mechanics or a finite-element context to study and analyze more complicated 
geometries under different types of pathophysiological processes or cardiovascular diseases, 
such as aging, aneurysm and atherosclerosis.  

There are several improvements which could follow this work. First, a future model should 
consider the contribution of vascular smooth muscle even at their dilated state. Second, the 
model could be extended to include the contribution of the active stress produced by the 
vascular smooth muscle. Third, the model could be extended to a heterogeneous multi layer 
model. Fourth, the microscopy techniques should be used to elucidate the alterations due to 
pathophysiological processes and diseases. Fifth, more powerful image analysis tools should 
be developed a) to segment elastin, collagen and smooth muscle cells b) to obtain 3D 
orientational distributions c) to automate calculation of the waviness and main orientations. 
Sixth, the pattern of collagen engagement should be measured at different stages of inflation-
extension tests. Seventh, the model could be used to study remodeling processes. Finally, the 
strain energy function may be introduced in a finite element context to allow for structure-
based analysis of geometrically complicated cases in health and disease. 
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