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ABSTRACT

The arterial wall consists of three major microstructural components, collagen, elastin,
and smooth muscle cells; all of which play important roles inthe cardiovascular func-
tion of health and disease. From a biomechanical perspective, collagen with its high ten-
sile strength constitutes the most important component, endowing the arterial wall with
strength and load resistance. Changes in the mechanical properties of a healthy wall
play a role in pathological and degenerative processes suchas increased wall stiffness,
atherosclerosis, or enlargement of intracranial aneurysms. To that end we studied the
fundamental role of collagen in intramural healing throughthe remodeling processes of
arterial or aneurysmal dissections in an apolipoprotein-Enull mouse model. A meaning-
ful quantification of morphological collagen data in healthy arteries is fundamental to a
better understanding of the underlying mechanical principles governing the biomechanical
response of the vessel wall. Furthermore, such data can be utilized for modeling of the
cardiovascular system and to increase our understanding ofdisease progression.

Towards obtaining such data we started with the quantification of collagen fiber angles in
the human thoracic and abdominal aorta and common iliac artery, using a well established
experimental approach based on measuring (by hand) individual fiber angles from histo-
logical sections through polarized light microscopy in combination with a universal stage.
The study yielded mean data for each of the three individual layers of the arterial wall,
which was quantified using a dispersion model.

In trying to overcome several limitations inherent to this traditional method, we began to
develop an automatic approach for the quantification of collagen fiber distributions from
2D images. Not only were we able to speed up the measuring process, but the new method
also enabled us to assess and evaluate entire fiber distributions among varying length-
scales using statistical approaches, which has implications for numerical modeling, e.g.,
on determining appropriate mesh densities.

Finally, we hoped to move beyond a two-dimensional quantification of collagen structures
by trying to obtain image stacks throughout the entire thickness of a human arterial wall.
The major experimental challenge to overcome was the limited application of optical tech-
niques to assess the orientation of collagen throughout approximately 800−1500µm of
non-transparent wall tissue. We succeeded by developing a novel approach which com-
bines a new sample preparation method with optical tissue clearing and subsequent imag-
ing using second-harmonic generation microscopy. To extract and quantify the morpholog-
ical collagen structures from image stacks we advanced our 2D image analysis approach,
now yielding a 3D distribution of amplitudes (1◦ resolution) representing the orientations
of the collagen fibers throughout the tissue. With that we cannow identify isotropic re-
gions in the tissue where no preferred fiber orientations areobserved and quantify regions
of anisotropy by calculating structural parameters which can directly be utilized in numer-
ical codes using fiber-reinforced constitutive laws.





CONTENTS

1 Introduction and Motivation 1
1.1 Fibrillar Collagen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Synthesis and assembly . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Hierarchical structure . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.3 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.4 Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 The Healthy Arterial Wall . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.1 Tunica intima . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Tunica media . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Tunica adventitia . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.4 Collagen and the biomechanical response of arterial walls . . . . 6

1.3 Age Related Changes and Pathological Considerations . . . . .. . . . . 7
1.3.1 Adaptive intimal thickening . . . . . . . . . . . . . . . . . . . . 7
1.3.2 Atherosclerosis . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.3 Abdominal aortic aneurysm . . . . . . . . . . . . . . . . . . . . 10
1.3.4 Genetic collagen diseases . . . . . . . . . . . . . . . . . . . . . 11

1.4 Collagen Structure in Constitutive and Numerical Modeling . . . . . . . 12
1.4.1 Continuum mechanical framework . . . . . . . . . . . . . . . . . 12
1.4.2 Constitutive equations . . . . . . . . . . . . . . . . . . . . . . . 15
1.4.3 Two fiber family structural model . . . . . . . . . . . . . . . . . 16
1.4.4 Structural model including dispersion . . . . . . . . . . . .. . . 17

1.5 Organization of the PhD Thesis . . . . . . . . . . . . . . . . . . . . . .. 19

2 Layer-specific Collagen Fiber Orientations in Human Arteries 23
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2.1 Tissue preparation . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.2 Method of measurement . . . . . . . . . . . . . . . . . . . . . . 28
2.2.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.4.1 Fiber angle measurements . . . . . . . . . . . . . . . . . . . . . 37
2.4.2 Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.4.3 Wall thickness measurements . . . . . . . . . . . . . . . . . . . 39
2.4.4 Implications for vascular physiology . . . . . . . . . . . . .. . . 40

i



3 Collagen and Thrombus Remodeling in Dissecting Aortic Aneurysms 43
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.1 Animal model . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2.2 Histology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.3 Image analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Quantitative Assessment of Collagen Fiber Orientations from 2D Images 59
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.1 Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.2 Fourier transformation and wedge filtering . . . . . . . . .. . . 62
4.2.3 Distribution fitting . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.4 Varying length-scale analysis . . . . . . . . . . . . . . . . . . .. 67

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.3.1 Distribution fitting . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.3.2 Varying length-scale analysis . . . . . . . . . . . . . . . . . . .. 70

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.4.1 Analysis validation . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.4.2 Distribution fitting . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.4.3 Fiber angles and dispersion . . . . . . . . . . . . . . . . . . . . . 77
4.4.4 Varying length-scale analysis . . . . . . . . . . . . . . . . . . .. 78

5 3D Quantification of Fibrillar Structures in Optically Cle ared Tissues 81
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2.1 Tissue preparation and fixation . . . . . . . . . . . . . . . . . . .83
5.2.2 Optical clearing . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.3 Histology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2.4 Nonlinear optical imaging . . . . . . . . . . . . . . . . . . . . . 84
5.2.5 Fiber orientation assessment. . . . . . . . . . . . . . . . . . . .. 84
5.2.6 Determination of anisotropy. . . . . . . . . . . . . . . . . . . . .85
5.2.7 Distribution fitting. . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.3.1 Optical clearing and histology . . . . . . . . . . . . . . . . . . .87
5.3.2 3D visualization . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.3.3 Continuous 3D fiber orientations . . . . . . . . . . . . . . . . . . 89
5.3.4 Parameter determination for numerical modeling . . . .. . . . . 90

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

References 97

ii



FOREWORD

Collagen is the most abundant protein in the body and the most important structurally. It is
fundamental to the development, health, and injury repair of many tissues and likewise it
is involved in many disease processes. There have been significant advances over the past
few decades in the constitutive modeling of collagenous soft tissues, including the move
from purely phenomenological relations toward structurally-motivated relations. Amongst
these many advances, those by Professors Holzapfel and Ogden have been particularly
important.

Essential to the formulation and implementation of structurally-motivated constitutive re-
lations for collagenous tissues is increased information on the type, mass fraction, orienta-
tion, cross-linking, and rates of turnover of the collagen.This PhD dissertation by Andreas
J. Schriefl is particularly timely and important for it provides novel, rigorous methods of
quantification of collagen orientation and evolution in both human arteries and a mouse
model of aortic aneurysm.

The findings on the layer-specific orientation of collagen inarteries of different types -
ranging from the thoracic to abdominal aorta and common iliac - are particularly impor-
tant because of the demonstration of both marked layer-to-layer and vessel-to-vessel differ-
ences. It is striking, for example, that the intima in aged arteries does not exhibit the orga-
nization seen in the media and adventitia. This finding may prove fundamental in attempts
to delineate genetic versus epigenetic control of collagenorganization in the aging of ar-
teries. It is also striking that collagen organization differs markedly from elastic to transi-
tional arteries, especially in the media, which likely reflects important structure-function
relations regarding collagen - smooth muscle interactions. Similarly, data presented on
spatially-specific replacement of fibrin with collagen in evolving intramural thrombi may
prove important in developing a theory of clot evolution.

In summary, this dissertation represents an important contribution to our understanding of
arterial collagen in health and disease, including aging. It will serve as important motiva-
tion for new mechanobiological hypotheses and associated experiments and as an impor-
tant source of information for constitutive and computational modeling for many years to
come.

Jay D. Humphrey

Yale University
New Haven, CT, USA
December, 2012
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1 INTRODUCTION AND MOTIVATION

1.1 Fibrillar Collagen

1.1.1 Synthesis and assembly

Collagen is a structural protein containing at least one domain in the triple helical confor-
mation, constituted by three polypeptide chains (α chains). The central collagen domain
consists of repeating Gly-Xaa-Yaa triplets, a high concentration of proline, alanine, and
lysine residues with non-collagenous domains at their terminal ends [1, 2]. In humans, 28
different types of collagen have been detected to date, which can be categorized according
to their structural properties [3]:

• Fibrillar: Type I, III, V

• Sheet-forming: Type IV, VIII

• Fibril-associated: Type XV, XVIII, XIX

• Microfibrillar: Type VI

While the major types in human vasculature are the classical fibrillar types I and III [4],
generally the arterial collagen content and distribution is species-dependent [5].

Most collagens in the intima and media of vascular walls are synthesized by smooth mus-
cle cells and in the adventitia by fibroblasts [6]. The secreted procollagen molecules have
their non-collagenous domains removed by specific proteinases, leaving the characteristic
collagen triple helices aggregate in quarter-staggered fibrils. Regarding their biomechan-
ical properties, the newly formed collagen fibrils initially have no tensile strength (and
are still soluble). Only during the subsequent formation ofboth inter- and intramolecular
covalent cross-links does their tensile strength progressively increase (and they become
increasingly insoluble) [7]. This final stage in the biosynthesis of fibrillar collagens is
mostly initiated by members of the lysyl oxidase family of copper-dependent amine oxi-
dases [8, 9], which is another multifunctional enzyme involved in collagen cross-linking
is tissue transglutaminase [10].

The driving factor in the self-assembling collagen fibril formation is entropy. The process
can be characterized by three phases: first, a lag phase during which collagen molecules
associate to form a metastable nuclei; second, a rapid growth phase during which more

1



2 1 Introduction and Motivation

molecules accrete around the nuclei followed by growth in fibril length and width and
third, a plateau region where no further growth is observed [11].

1.1.2 Hierarchical structure

The tensile properties of fibrillar collagen mostly serve biomechanical roles in tissues (note
that the structural signaling roles of collagen are less well understood). Its mechanical
properties are grounded in the structural organization within a collagen fibril with its char-
acteristic axial and lateral organization and topology [12, 13]. Structural details of the fibril
are complex but some key structural features can be observedthat are shared by almost all
fibrillar collagens. Foremost is its characteristic 67nmD-spacing (orD-period) along the
axial orientation, visible as highly regular alternating electron densities in projection re-
gions of electron micrographs [14]. These overlap and gap regions arise from the repeating
molecular stagger between five 300nm-long collagen molecules. The resulting 234-amino
acid pseudo-periodicity within the fibrillar collagen sequence is key to ideal electrostatic
pairings between adjacent triple helices and maximizes thecontact between hydrophobic
regions [15–19].

Fibril length and diameter vary greatly depending on anatomical location, and the reasons
for this wide distribution are not well understood. Estimating an effective fibril length has
been proven difficult, as the following quote illustrates: ‘Analysis of groups of collagen fib-
rils within individual micrographs from mature tendon or ligament did not reveal any fibril
ends. Examination of consecutive overlaid micrographs from mature medial collateral
ligaments did not reveal any collagen fibril ends. In addition, evaluation of consecutive
overlaid micrographs from mature tendon did not reveal any collagen fibril ends. Com-
bined, 7275 fibrils were examined at high magnification (10,000−50,000×) over a total
combined tissue length of approximately 2.1mm without revealing an end in mature tis-
sue. These data show that unlike fetal tissues, virtually all of the collagen fibrils in mature
ligament and tendon are very long’ [20]. Fibril diameters are known to increase with matu-
ration of the tissue [21], are also dependent on anatomical locations, and reported thickness
values range from 50 to a few hundred nanometers (see [22] andreferences therein).

Collagen fibers consist of a group of collagen fibrils bound together by a matrix rich in
proteoglycans, which also contribute to the mechanical properties of the fibers. Within the
fiber, fibrils are mostly (but not only) oriented longitudinally, running in various directions,
e.g., parallel, across each other, forming spirals, cross-plys or even spiral-type plaits [23].
This hierarchical organization, from collagen molecules to fibers, continues, for example,
in tendons where several fibers are bound together to form primary fiber bundles which are
again bound together to form secondary fiber bundles and so forth [23, 24].



1.1 Fibrillar Collagen 3

1.1.3 Mechanical properties

The hierarchical structure of collagen fibers, built of parallel fibrils which themselves are
aggregates of parallel collagen molecules, leads to important consequences regarding the
mechanical properties of the fiber. Firstly, the ultimate strength of a single collagen fiber
is not affected by its subdivision into multiple, parallel threads [25]. Secondly, the hier-
archical structure yields the so-called Cook-Gordon effect, describing the stopping of an
occasional crack at the surface of each fibril, therefore making it harder for a crack to
propagate across an entire fiber. Thirdly, the flexibility ofcollagen fibers is significantly
increased because it is directly proportional to the fibril number and inversely proportional
to the fourth power of the radius [22, 25]. With an ultimate tensile strength in the range
of 50−100MPa [26], an excellent elastic resilience [27], and the tiny size of the fibrils,
collagen fibers are uniquely suited to withstand high tensile stresses and simultaneously
endow the extracellular matrix with a high compliance.

A typical stress-strain curve of collagen (e.g., from a tendon) shows a nonlinear behavior
which can be subdivided into three regions [28, 29]. An initial ‘toe’ region is observed
for small strains, where little force is needed for the extension of fibers due to the re-
moval of macroscopic crimps of the fibrils [30]. Next comes the so-called ‘heel’ region,
corresponding to a straightening of molecular kinks in the gap [31], followed by a ‘lin-
ear’ region where molecular gliding within the fibrils takesplace until the rupture of the
structure [32].

1.1.4 Optical properties

The birefringent properties of collagen have long been known and were first described
by the Scottish naturalist and clergyman Sir David Brewster in 1847 [33]. Birefringence
denotes the optical property of a material in which the refractive index is dependent on the
polarization and propagation direction of light. Collagen type I exhibitspositive, intrinsic
andform birefringencewith respect to the length of the fibrils [34], three terms that require
a more detailed definition: (i) positive birefringence means that in an elongated structure
(e.g., fibril) the light velocity is higher in a plane parallel to the length of the structure;
(ii) intrinsic birefringence denotes the effect on the velocity of light caused by different
chemical groups in a ordered configuration; (iii) form birefringence arises when rod- or
plate-like structures are immersed in a medium with a different refractive index. The
intensely positive birefringence of collagen is caused by the superimposed right-handed
superhelix of the left-handed helix consisting of the threepolypeptide chains, yielding a
consequent alignment of the amino acid chains approximately parallel to the molecular
axis [35, 36].

The birefringent properties can be intensified when treatedwith certain stains. Most
marked changes were caused with Picrosirius red stain, an acid dye increasing the pos-
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itive birefringence of collagen [37–39] (note: original claims by the authors that collagen
type I and III could be distinguished based on different polarization colors had to be re-
tracted later, because it turned out that the color changes were in fact a due to different
fiber widths).

Besides possessing birefringent properties, collagen is also a well-documented source of
tissue second-harmonic generation (SHG) [40–42] and autofluorescence [43–45]. Both
types of nonlinear light-matter interactions (SHG and two-photon excited autofluores-
cence) are utilized in the multiphoton microscopy (MPM) technique [46–48] to yield high
contrast and optical sectioning capabilities. Importantly, it is a completely non-destructive
method which does not require the addition of contrast agents, rendering it well suited for
the determination of collagen-based morphometric features [49, 50].

1.2 The Healthy Arterial Wall

Generally, arteries can be classified into three types basedon their properties and sizes,
namelyelastic arteries, muscular arteries, andarterioles [51]. The group of elastic ar-
teries consists of the larger vessels closer to the heart andexhibits distinct elastic prop-
erties (hence their name). They include the ascending, thoracic and abdominal aorta, the
branches originating from the aortic arch, and the pulmonary artery. Their elastic prop-
erties are crucial for the smoothing of pulsating blood pressure waves (systolic-diastolic)
originating from the heart, exposing them to high circumferential elastic strain. The group
of muscular arteries is located closer to the periphery and includes the carotid, brachial,
iliac, and the coronary arteries. Their function includes the regulation of blood flow via
vasoconstriction or vasodilatation, mediated mainly by their smooth muscle cells. The
last group, the arterioles, are the smallest type of arteries and part of the microcirculation,
leading to the capillaries where the exchange of oxygen, water, and other nutrients takes
place. Arterioles have a small lumen and a thick muscular wall, making them the primary
site of peripheral resistance to blood flow which is again regulated via vasoconstriction or
vasodilatation [52–55].

The walls of healthy arteries consist of three concentric layers: thetunica intima(inner-
most layer),tunica media(middle layer), and thetunica adventitia(outermost layer). A
representative schematic is provided in Fig. 1.1.

1.2.1 Tunica intima

The region from and including the endothelial surface at thelumen to the luminal margin of
the media constitutes the tunica intima. The border to the media is formed by the internal
elastic lamina, which generally is considered to be part of the media [57]. In newborns
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Figure 1.1: Schematic of the arterial wall featuring the three concentric layers, thetunica intima,
tunica media, and thetunica adventitiaand other major components of a healthy elastic artery
(Figure with permission from [56]).

and very young arteries the intima is a single layer of endothelial cells attached to a thin
collagenous basal lamina. At this healthy stage it has no structural importance to the vessel
wall but only becomes mechanically significant with aging and the onset of arteriosclerosis
[58]. Its main purpose is to provide a non-clotting interface between the blood stream and
the vessel wall and simultaneously is a gateway for the transport of nutrients from and to
the bloodstream [54].

1.2.2 Tunica media

The media is situated between the internal elastic lamina (the border to the intima) and
the external elastic lamina (the border to the adventitia).Structurally, it is comprised of a
complex three-dimensional network of collagen fiber bundles, elastin and smooth muscle
cells [52]. The three components are organized in a varying number of medial lamellar
units [59]. Mechanically, at physiologicalin vivo pressures the media is the most signif-
icant layer due to its more circumferentially oriented collagen fibers [56]. Quantifying
the orientations of collagen fibers in arterial walls was themain focus of this disserta-
tion, therefore, an extensive and detailed discussion regarding the structural organization
of collagen within the media can be found in subsequent chapters.
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1.2.3 Tunica adventitia

The adventitia consists of a network of mostly collagen typeI fiber bundles [60], inter-
spersed with fibroblasts, fibrocytes, histological ground matrix, some elastic fibers, nerves,
and vasa vasorum providing the vessel with its blood supply [54, 55]. Its thickness is de-
pendent on the type of artery and, therefore, on its anatomical location. In human aortas,
the thick collagen fiber bundles are often organized as two counter-rotating fiber families,
mostly oriented between the major axes of the vessel [61]. Mechanically, the looser ad-
ventitia adds further structural integrity to the arterialwall by forming a ‘jacket-like’ tube
at increased blood pressures [56]. A detailed discussion ofthe morphological features
and structural organization of collagen fibers in the adventitia can be found in subsequent
chapters.

1.2.4 Collagen and the biomechanical response of arterial walls

From a biomechanical perspective, the healthy arterial wall is a deformable composite
structure, exhibiting a highly nonlinear stress-strain response with a characteristic (expo-
nential) stiffening at higher pressures [56]. The reason for this nonlinear gradual stiffening
effect is the progressive recruitment of the embedded wavy collagen fibers, the main load-
carrying element in the arterial wall. Anisotropic behavior of arterial segments was first
reported by [62] on dog specimens, later it was the classicalwork by Roach and Burton
[63] that identified the individual contributing tissue components to the overall nonlinear
response of human arteries. At low pressures, stress is almost independent of strain caus-
ing even small tension loadings to produce large extensions. In this region the mechanical
behavior is (mostly) governed by the elastic tissue components. With increasing strains at
higher blood pressures the load is progressively carried bycollagen fibers, which are con-
tinuously straightened and become increasingly more aligned leading to the characteristic
stiffening effect and the anisotropic mechanical behavior[56, 64].

The stress-strain regime of arterial walls can be divided into two domains: the (visco)elastic
domain in which cyclic loading and unloading is associated with initial stress softening ef-
fects (in, e.g., typical uniaxial extension experiments) causing a pre-conditioning of the
tissue which subsequently behaves (perfectly) elastically or viscoelastically [58]. When
loading beyond the (visco)elastic regime we enter the inelastic domain, in which the mate-
rial undergoes inelastic deformation (e.g., elastoplastic and/or damage mechanisms) caus-
ing significant irreversible changes in the mechanical behavior [65]. Such deformations are
far beyond the range of physiological loading but often occur during surgical treatments
such as percutaneous transluminal angioplasty [66, 67].

It should be mentioned that in addition to collagen and elastin, also smooth muscle cell
contraction/relaxation yields active forces which contribute to the mechanical stability of
the vessel and influence the diameter and flow resistance, especially in anatomical regions
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further removed from the heart where arteries become increasingly muscular [68, 69].
While its contractile function is less well explored, efforts are being undertaken to increase
our understanding of its role and contribution in arterial mechanics through computational
models [70–73].

The mechanical response of the vessels is not only dependenton different regions of the
same arteries, but variations in both the structural composition and mechanical properties
have been reported for different species [74–76], different ethnic groups [57], and are also
expected among different age groups of a single species [77,78].

1.3 Age Related Changes and Pathological Considerations

1.3.1 Adaptive intimal thickening

Non-pathological intimal thickening in the human aorta wasfirst reported in 1883 by
Thoma [79], describing it to be a universal feature in human arterial development [80].
Similar intimal thickening was later reported by Wolkoff [81, 82] in 1923/24 for coronary
arteries of infants, children, adults, as well as in different animal species.

Adaptive intimal thickening can be differentiated into twotypes: focal (eccentric) and
more extensive (diffuse). Eccentric thickening denotes a sudden and focal increase in the
intima thickness, often associated with orifices or arterial branches. Diffuse thickening
on the other hand is more spread-out, not specific to certain anatomical locations such
as orifices or branches and often shows a circumferential pattern. Generally, both types
of intimal thickening can not easily be distinguished because they run into one another,
while sometimes they are clearly identifiable. In any case they represent physiological
adaptations to changes of flow and/or wall tension that do notobstruct the lumen [57].
Other terminologies for adaptive intimal thickening that include both types (eccentric and
diffuse) are: musculoelastic intimal lesion [83], musculoelastic intimal thickening [84],
musculoelastic layering [85] or fibromuscular intimal thickening [86].

The reason for adaptive intimal thickening has been attributed to a variety of physiological
stimuli. The intima constitutes a reactive tissue component at the luminal border of the
arterial wall which corresponds to hemodynamic alterations as well as altered mechanical
wall stresses. It adapts its thickness in an attempt to maintain ‘normal’ conditions [87,
88]. Evidence suggests that locations of eccentric and diffuse intimal thickening might
be an adaptive response to reduced wall shear stress. On the other hand, a smaller lumen
diameter caused by intimal thickening could lead to elevated blood flow velocity as an
attempt to restore normal baseline values [89].

From a biomechanical perspective, a thickened intima becomes mechanically increas-
ingly important [56] and could strengthen the arterial wallin response to increased tensile
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stresses in order to keep such values constant. As part of a remodeling process, the in-
tima will adapt locally to changes in mechanical stimuli, which helps explain the evenly
distributed, diffuse thickening observed in straight arterial segments versus the local and
eccentric thickening at arterial branches and bifurcations, where both shear and tensile
stresses are not uniformly distributed [57].

1.3.2 Atherosclerosis

Atherosclerosis denotes a chronic disease of the arterial wall, constituting the leading cause
of death and resulting in reduced life span worldwide. The development of atheromatous
plaques in the intima of arterial walls is referred to as atherogenesis. Our current under-
standing of atherogenesis in humans begins with an initial change in the endothelial cell
monolayer, the inner lining of the intima and interface between the blood stream and the
vessel wall [57]. Instead of resisting white blood cells streaming past them, the changed
endothelial cells express adhesion molecules leading to the attachment of leukocytes on
their surfaces. At the same time endothelial permeability and the extracellular matrix
composition change, leading to an increased entry of cholesterol-containing low-density
lipoproteins (LDL) into the vessel wall [90]. Intracellular cholesterol accumulation is pro-
moted via leukocyte adhesion as well as particle endocytosis through monocyte-derived
macrophages. Leukocytes migrate to the intima, directed byupregulated chemokines
(chemotactic movement). Once the numerous monocytes enterthe arterial wall they be-
gin to differentiate into tissue macrophages. The macrophages (mononuclear phagocytes)
engulf lipoproteins, turning them into lipid-laden foam cells [91, 92]. Additionally, the
atheroma formation involves the recruitment of smooth muscle cells (SMCs) which are
part of the intima in human arteries (unlike in many animal models such as, e.g., mice,
where SMCs migrate from the adventitia to the intima during lesion formation [93]).

Intimal SMCs secrete extracellular matrix proteins such as interstitial collagen and elastin,
and form a fibrous cap covering the plaque consisting of a collection of foam cells, lipids
and dead cells. Efferocytosis is a process describing the inefficient clearing of dead cells,
leading to the formation of a necrotic core within the plaquecontaining cell debris and
extracellular lipids. Advanced plaques include cholesterol crystals and microvessels and
can ultimately rupture, enabling tissue factors to come in contact with blood coagulation
components, triggering thrombus formation into the lumen of the vessel where it can lead
to flow-limiting stenoses [91, 92].

While advanced lesions may lead to symptoms for the patient, preceding lesions are gener-
ally clinically silent. The precursors of advanced lesionscan be divided into several types,
as illustrated in Fig. 1.2 [94, 95]:

1. Type I lesions contain increased macrophages and scattered (macrophage derived)
foam cells, preferably at locations showing adaptive intimal thickening.
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Figure 1.2: Illustration of an artery showing six types of progressively severe lesions. Adapted from
the Wikimedia Commons fileEndo dysfunction Athero.png.

2. Type II lesions consist of layers of foam cells and lipid-laden smooth muscle cells
and include fatty streaks.

3. Type III lesions contain scattered groups of extracellular lipid droplets and particles,
disrupting the coherent intimal SMCs.

4. Type IV lesions, also known as atheromas, can be symptom-producing and are char-
acterized by a larger, confluent, and more disruptive core ofextracellular lipid.

5. Type V lesions generally have a lipid core including thicklayers of fibrous con-
nective tissue and/or fissures and hematomas. Some are largely calcified (type Vb),
while others consist of fibrous connective tissue with little to no lipid or calcium
content (type Vc).

6. Type VI lesions contain hematomas/hemorrhages, surfacedefects and/or thrombi.
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1.3.3 Abdominal aortic aneurysm

An arterial aneurysm denotes a focal expansion of the blood vessel compared to the orig-
inal shape of the artery. While aneurysms can occur at different locations (e.g., cerebral
aneurysm, thoracic aneurysm, etc.), this brief overview focuses on the abdominal aortic
aneurysm (AAA) which is defined as a dilatation of the abdominal aorta by at least 50% at
the height of the renal arteries [96]. AAAs are a common and life-threatening degenerative
disease [97], causing over 4500 deaths each year in the United States alone due to AAA
rupture [98].

Among others, the major risk factors associated with AAAs include smoking, age, sex
and ethnicity. Among these, smoking was reported to be most influential with a direct
relation between the number of years of smoking and AAA formation [99]. AAA risk
shows a dramatic increase for age groups above 60 and is besides smoking also often
linked with pulmonary emphysema, coronary artery disease,and advanced (occlusive)
atherosclerotic lesions [99–101]. It takes years for an AAAto arise, partially because the
gradual degeneration of the aortic wall is a complex processwhich includes destructive
remodeling of the connective tissue [102]. Four factors have been identified which are
believed to play a role during the pathological remodeling process [103]:

1. Chronic inflammation, especially within the adventitia, accompanied by neovascu-
larization and an upregulation of proinflammatory cytokines.

2. Significant (local) upregulation and dysregulation of matrix-degrading proteinases.

3. Continuous digestion of the major structural matrix proteins, specifically collagen
and elastin, resulting in a weakening and widening of the vessel wall.

4. Depletion of SMCs in the media of the aortic wall.

While the exact initiation event triggering the pathological process is unclear, it seems that
a medial and adventitial deposition of inflammatory cells iscrucial during the early stages
of the pathogenesis [93, 104]. Once an inflammation is present and matrix degradation has
begun, chemoattractant molecules are released amplifyingthe amount of inflammatory
cells in the outer aortic wall [105].

Currently, the strongest indicator of the AAA rupture risk isthe size of the aneurysm.
Based on statistical evidence, the Joint Council of the American Association for Vascu-
lar Surgery and Society for Vascular Surgery released the following estimation for AAA
rupture risk as a function of the AAA diameter [106]:

• Less than 4.0cm in diameter⇒ 0%

• 4.0cm to 4.9cm in diameter⇒ 0.5% to 5%

• 5.0cm to 5.9cm in diameter⇒ 3% to 15%
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• 6.0cm to 6.9cm in diameter⇒ 10% to 20%

• 7.0cm to 7.9cm in diameter⇒ 20% to 40%

• 8.0cm in diameter or greater⇒ 30% to 50%

Besides its size, the rate of expansion of an AAA could also be an indicator for the rupture
risk [107]. An AAA expanding by more than∼ 1cm per year is considered to be in the
high risk group regarding AAA rupture [96]. Treatments of high risk AAAs include regular
observations, medical therapy, surgery and endovascular stenting.

1.3.4 Genetic collagen diseases

Collagen has a very large and complex mutation spectrum whichcan lead to a whole range
of clinical syndromes. For example, fragile bone structureis often due to anomalous or in-
sufficient collagen formation and the biomechanical properties of collagen are affected by
variations in collagen fibril structure, deficient mineralization, and/or altered cellular pro-
cesses. Without a fundamental understanding of collagen synthesis, secretion and assem-
bly, a correct and full comprehension of the pathological conditions arising from genetic
mutations (such as altered COL1A1 and COL1A2 genes) will remain difficult to accom-
plish [108]. Additionally, processes involved in the collagen assembly to macroscopic
hierarchical structures (collagen molecules to fibril to fiber, etc.) and its cross-linking and
interactions with the extracellular matrix are still not fully understood [109].

Generally, pathologies based on collagen abnormalities lead to severe consequences be-
cause collagen constitutes one of the major structural proteins of most human soft tissues
(e.g., a collagen type I defect can affect bone, skin, eyes, dentin, tendons, ligament, blood
vessels and ears). Collagen mutations have been reported forall types of fibrillar collagens
[110] and result in a broad spectrum of diseases including osteogenesis imperfecta (OI,
a condition leading to bone fragility and reduced bone mass)and some forms of osteo-
porosis. Besides bone related pathologies, diseases involving the ‘OI phenotype’ include
vascular complications, hearing abnormalities, translucent skin, blue sclera, dentin abnor-
malities and hyperlaxity of ligaments and skin [111]. A large number of pathogenic muta-
tions have been reported for the COL1A1 and COL1A2 genes, some of the better known
associated diseases include Marfan syndrome [112], cervical artery dissection [113], and
Caffey disease [114]. Additional better known ‘collagen diseases’ including the involved
collagen types are summarized in Table 1.1 [108].
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Disease Collagen type Phenotype

OI I Brittle bones, blue sclera, dentin defects, short stature
EDS I, III, V, VII Joint laxity, bruising, vascular complications
SEDS, MEDS II, IX, X, XI Growth plate and growth abnormalities

Abnormal cartilage calcification
In Stickler syndrome ocular defects

EB IV, VII Skin blistering
Alport Syndrome IV Renal and basement membrane disease

Table 1.1: Selected overview of some better known ‘collagen diseases’, including their associated
collagen type and phenotype. OI: osteogenesis imperfecta, EDS: Ehlers-Danlos Syndromes, SEDS:
spondyloepiphyseal dysplasia, MEDS: metaphyseal spondylodysplacia, EB: epidemylosis bulosa.

1.4 Collagen Structure in Constitutive and Numerical Modeling

The mechanics of biological systems have been studied sincethe antiquity by Aristotle,
but it was the combination of the rise of computers and the early work by Fung in the
1960’s and thereafter who coined the term biomechanics and gave birth to biomechani-
cal modeling [115–119]. State of the art numerical modelingof soft biological tissues is
utilized for simulations of biological functions which helps to improve our understanding
of, e.g., growth and remodeling processes or the development and progression of various
diseases such as AAAs. One day patient specific simulations might potentially help guide
clinicians in their treatment choices or even during surgical procedures.

1.4.1 Continuum mechanical framework

Numerical modeling of soft biological tissues is mostly performed within the framework
of continuum mechanics. Within this framework the soft tissue is treated as a continuum
in which the behavior of individual particles is translatedinto the overall behavior of the
continuum. The model does therefore not capture the ‘true’ physical state of the tissue
at an atomistic level, instead, in continuum mechanics a point in space denotes a finite
volume around this point. This volume, on the one hand, has tobe large enough to include
a sufficient number of atoms or molecules necessary to yield macroscopic behaviors such
as material density or hydrostatic pressure. On the other hand it has to be small enough to
justify the analytical treatment of problems within this framework. In the case of arterial
mechanics this means thatδ/∆ ≪ 1, with δ denoting the lengths of tissue components at
a microscopic scale (e.g., cells) and∆ denoting the lengths at the macroscopic scale of
arteries (e.g., the circumference length of an artery).

In the following an overview of the basic relations in kinematics and stress measures is
provided, essential for understanding subsequent sections on constitutive equations and
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structural models for arterial walls. Since neither biomechanical testing nor numerical
modeling is the main focus of this work, the overview is kept brief but will include appro-
priate references for further reading on this subject. A solid and detailed foundation on
continuum mechanics is provided in the book by Holzapfel [120].

Kinematics
We define a continuum bodyB = {Pk} consisting of a discrete set of particles{Pk}. The
Euclidean space in which the body is located has an originO from which it is spanned by
the orthonormal basis vectorsei with i = {1,2,3}. At any given timet the body occupies a
regionΩ(t), at an initial timet0 = 0 the body occupies the initial (reference) regionΩ0(t0),
where the body is in its undeformed configuration. The position of a particleP set in the
reference regionΩ0 at timet0 is described by the position vectorX(P, t0). At a timet > t0
the bodyB may have transformed from its reference configurationΩ0(t0) to its current
configurationΩ(t), therefore, also changing the positions of its particlesPk. The defor-
mationχχχ : Ω0 → R

3 transforms the position of a particle from the reference configuration
X(P, t0) ∈ Ω0 to its new position in the current configurationx(P, t) = χχχ(X, t0), yielding
the deformation gradient

F(X, t) =
∂ χχχ(X, t)

∂X
(1.1)

used to describe motions of the bodyB. To describe a potential change in volume of the
body between configurations we useJ = dv/dV, with dV and dv denoting infinitesimal
volume elements in the reference and current configurations, respectively. The Jacobian
determinantJ = detF(X, t)> 0 (the determinant of the deformation gradient) can also be
used to obtain volume changes.

To transform a vectorM between configurations, the deformation gradient can be utilized
according tom = FM , with M denoting a vector with length|M | = 1 in the reference
configuration andm denoting the transformed vector in the current configuration. The
(usual) change in vector length betweenM and|m| is given by the stretch ratioλ .

A polar decomposition ofF shows that such a deformation includes rotating and stretching
of a vector, and the deformation gradent can then be written as

F = RU = vR, (1.2)

with R denoting the rotation tensor andU andv denoting the right and left stretch tensors,
respectively. The unique and orthogonal tensorR has the propertiesRTR = I (I denotes
the second-order identity tensor) and detR = 1. Both unique and positive definite stretch
tensorsU andv are symmetric, the squares of the tensors are given by

C = FTF = U2, (1.3)

denoted as the right Cauchy-Green tensor and by

b = FFT = v2, (1.4)
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the left Cauchy-Green tensor. Using the right Cauchy-Green tensorC yields the Green-
Lagrange strain tensor

E =
1
2
(C− I), (1.5)

as a measure for the strain in the reference configurationΩ0. Similarly we can describe the
strain in the current configurationΩ through the Euler-Almansi strain-tensor given by

e=
1
2
(I −b−1), (1.6)

in which the left Cauchy-Green tensorb is utilized.

Stress measures
Let us consider an infinitesimal spatial surface element ds∈ Ω with its orientation defined
by the outward normal (to the surface) unit vectorn. An infinitesimal force acting on the
surface element may be denoted df, and the Cauchy traction vectort describing the (actual)
force measured per unit surface area is then given by

df = tds. (1.7)

Through Cauchy’s stress theorem we can now relate the surfacetractiont with a the normal
vectorn by the unique symmetric second-order stress tensor fieldσσσ according to

t = σσσn. (1.8)

Using Nanson’s formular yields
P= JσσσF−T, (1.9)

whereP denotes the first Piola-Kirchhoff stress tensor (also know as the engineering stress
tensor). GenerallyP is not symmetric, but it does fullfill the relationPFT = FTP. Another
popular measure for stress is the symmetric second Piola-Kirchhoff stress tensor

S= F−1P= JF−1σσσF−T, (1.10)

obtained using the Piola transformation.

In addition to considerations regarding kinematics and stress, balance laws have been for-
mulated which serve as basic axioms in continuums mechanics. The most important laws
relevant for this work state that: (i) mass in a closed systemhas to be conserved and can,
therefore, neither be created nor destroyed; (ii) changes in linear momentum of a region
Ω have to be equal to external forces acting uponΩ; (iii) changes in angular momentum
of a regionΩ have to be equal to external moments acting uponΩ. For a more detailed
mathematical discussion of all balance laws see [120].
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1.4.2 Constitutive equations

If we consider hyperelastic materials (note, that the characteristic stress-strain response of
arterial walls is considered to fall into this category), then we can describe the biomechan-
ical response using a scalar-valued Helmholtz free-energy(strain-energy density) function
Ψ(F). The idea behind the usage of a strain-energy function for arterial walls is such, that
the work required to deform the tissue is stored reversibly as deformation energy in the tis-
sue and that only in a (stress-free, undeformed) reference configuration the stored energy
becomes zero.

Before a strain-energy function can be utilized it has to fulfill several requirements. For
one, the strain-energy must be positive for all deformations, i.e.

Ψ(F)> 0 for F 6= I , (1.11)

and zero for the special case of
Ψ(F = I) = 0, (1.12)

where the deformation gradient is equal the identity tensor. This can be interpreted as no
energy being stored in the undeformed material. Next, the strain-energy function must go
towards+∞ for infinite expansion or compression of a body, i.e.

detF →+∞ ⇒ Ψ(F)→+∞, (1.13)

detF →+0 ⇒ Ψ(F)→+∞, (1.14)

ensuring that the body volume can never vanish or infinitely expanded. Finally, material
objectivity requires the following relations to be fulfilled:

Ψ(F) = Ψ(U) = Ψ(C) = Ψ(E). (1.15)

With these requirements satisfied, we can now postulate a constitutive equation for a hy-
perelastic material according to, e.g.,

P=
∂Ψ(F)

∂F
, (1.16)

describing the relation between the deformation of a material (given byF), and the stress
in the material given by the first Piola-Kirchhoff stress tensorP. Considering requirement
(1.15) on the strain-energy function, the constitutive stress relation can also be written in
terms of the right Cauchy-Green tensorC or the Green-Lagrange strain tensorE according
to

P= 2F
∂Ψ(C)

∂C
and P= F

∂Ψ(E)
∂E

. (1.17)
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1.4.3 Two fiber family structural model

To describe the mechanical behavior of the arterial wall we use a constitutive model in
which the soft material is reinforced by two collagen fiber families. The strain-energy
function is additively split into two parts according to

Ψ(C,M ,M ′) = Ψiso(C)+Ψaniso(C,M ,M ′), (1.18)

whereΨiso andΨanisoare associated with the non-collagenous ground-matrix andthe em-
bedded collagen fiber families, respectively, whileC denotes the right Cauchy-Green ten-
sor and bothM andM ′ are direction vectors in the reference configuration corresponding
to the principle directions of each collagen fiber familiy (note that|M | =

∣∣M ′∣∣ = 1). For
the isotropic contributionΨiso it has been shown that the (classical) neo-Hookean model
is a satisfactory descriptor of the ground-matrix [121], which can be written as

Ψiso(I1) =
c
2
(I1−3), (1.19)

wherec > 0 denotes a stress-like material parameter andI1 = tr(C) is the first invariant
of the right Cauchy-Green tensor. For the anisotropic contribution Ψaniso caused by the
progressive recruitment of collagen fibers we use an exponential function according to
Holzapfel et al. [56], given by

Ψaniso(I4, I6) =
k1

2k2

∑

i=4,6

{
exp
[
k2(Ii −1)2]−1

}
, (1.20)

with the stress-like material parameterk1 > 0 and a dimensionless paramterk2 > 0. The
two invariantsI4 andI6 are given by

I4 = C : A1 and I6 = C : A2, (1.21)

whereA1 andA2 are second-order structural tensors, determined by the tensor product of
the preferred (or principal) orientations of both collagenfiber families, represented byM
andM ′, i.e.

A1 = M ⊗M and A2 = M ′⊗M ′. (1.22)

To identify the individual components of the direction vectorsM ′ andM we use a cylindri-
cal polar coordinate system with the basis vectorsER,EΘ,EZ corresponding to the radial,
circumferential and longitudinal directions of the arterial tube, respectively. The direction
vectors then take on the form

[M ] =




0
cosϕ
sinϕ


 and [M ′] =




0
−sinϕ
cosϕ


 , (1.23)



1.4 Collagen Structure in Constitutive and Numerical Modeling 17

with ϕ denoting the angles between the principal directions of thetwo collagen fiber
families, symmetrically arranged as two counter-rotatinghelices around the major vessel
axes.

Finally, by combining equations (1.19) and (1.20) we can write the free-energy function
Ψ(I1, I4, I6) in the form

Ψ =
c
2
(I1−3)+

k1

2k2

∑

i=4,6

{
exp
[
k2(Ii −1)2]−1

}
, (1.24)

according to the constitutive model by Holzapfel et al. [56]. For modeling a young healthy
human artery it is appropriate to treat the arterial wall as atwo-layer thick-walled tube,
because a young intima is mechanically not significant (its significance increases with age
due to adaptive intimal thickening). In this case the strain-energy function according to
equation (1.24) can be specified by using layer-specific material parametersc,k1,k2 and
stuctural parametersϕ for the media and adventitia.

1.4.4 Structural model including dispersion

Constitutive models using structural material parameters have been developed further to
not only consider, e.g., principal directions of collagen fiber families, but to addition-
ally include collagen fiber dispersion inherent to every layer of the arterial wall. A brief
overview of the model is provided [122], including its shortcomings and resulting open
issues for future dispersion models.

Based on the model by Holzapfel et al. (equation (1.20)), one additional scalar structure
parameterκ is added as a measure for the collagen fiber dispersion. Thus

Ψaniso(I1, I4, I6) =
k1

2k2

∑

i=4,6

{
exp
[
k2(I

∗
i −1)2]−1

}
, (1.25)

with
I∗i = κI1+(1−3κ)Ii with i = 4,6, (1.26)

wherek1,k2 and I4, I6 are the same parameters as in equation (1.20). The dispersion pa-
rameter ranges fromκ = 1/3, corresponding to an isotropic fiber distribution, toκ → 0,
where it approaches theDirac delta function (ideal fiber alignment). In its integral formκ
can be written as

κ =
1
4

π∫

0

ρ(Θ)sin3ΘdΘ, (1.27)
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Figure 1.3: Behavior of the dispersion parameterκ as a function of the experimentally obtainable
structural parameterb. At b= 0 the dispersion parameterκ = 1/3, corresponding to an isotropic
fiber distribution; withb→ ∞, κ becomes theDirac delta function representing ideal fiber align-
ment.

with ρ(Θ) denoting a density function representing the dispersed distribution of the colla-
gen fibers in the reference configuration, and the Eulerian angle Θ ∈ [0,π]. In this model
ρ(Θ) was assumed to be aπ-periodicvon Misesdistribution given by

ρ(Θ) = 4

√
b

2π
exp[b(cos(2Θ)+1)]

erfi(
√

2b)
, (1.28)

with the concentration parameterb and imaginary error function

erfi(x) =−ierf(ix), erf(x) =
2√
π

x∫

0

exp(−t2)dt. (1.29)

From equation (1.28) it becomes clear that the concentration parameterb determines the
shape of the density functionρ(Θ) (and, therefore, alsoκ); for example, with higherb-
valuesρ(Θ) becomes increasingly narrower (more aligned). Figure 1.3 illustrations the
influence ofb on κ. Sinceb is a structurally-based scalar value it can be experimentally
obtained by simply fitting a given angular fiber distribution(see subsequent sections).

One drawback of this model is the assumption of a rotationally symmetric density function
to represent the dispersed collagen fibers. It has been well established (and will become
evident during subsequent chapters of this work) that in a healthy artery the collagen fibers
are almost completely aligned in-plane of the arterial wall. This in-plane arrangement is
less pronounced in diseased arteries where increased out-of-plane deviations are observed,
but even then the distribution of collagen fibers is far from being rotationally symmetric.
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Therefore, even though the above discussed dispersion model, based on a density func-
tion according to equation (1.28), is the best option available at the time, it is not a good
representation of true fiber morphologies and leaves room for improvement. There exists
an experimentally motivated need for the development of a structurally-based dispersion
model, capable of reflecting dispersed collagen fiber orientations obtained through experi-
mental investigations.

1.5 Organization of the PhD Thesis

The PhD thesis is a compilation of four scientific papers, focusing on the structural organi-
zation and role of fibrillar collagen in human arterial walls. During the course of this thesis,
several new experimental and numerical tools for the quantification of collagen fiber distri-
butions have been developed: experimental advancements ofexisting laboratory protocols,
development and building of novel sample preparation equipment, implementation of new
tissue clearing procedures, and programming of Matlab codefor extracting, fitting, and
characterizing collagen fiber morphologies from 2D images as well as 3D image stacks.
During a four month research assignment at Yale University,USA, new insights into the
role of collagen remodeling in dissecting aortic aneurysmswere discovered. All of these
advancements have been published in the following four journal papers:

1. Determination of the Layer-specific Distributed Collagen Fibre Orientations in Hu-
man Thoracic and Abdominal Aortas and Common Iliac Arteries
A.J. Schriefl, G. Zeindlinger, D.M. Pierce, P. Regitnig and G.A. Holzapfel, Journal
of the Royal Society Interface, 9:1275–1286, 2012.

In this study we used a well established experimental approach to obtain collagen
fiber angles from histological sections through polarized light microscopy in combi-
nation with a universal stage. We recorded over 37,000 fiber angles from 11 human
non-atherosclerotic thoracic and abdominal aortas and common iliac arteries. Spe-
cial attention was given to the sample preparation method byapplying planar axial
and circumferential pre-stretches before tissue fixation.The study yielded mean data
for each of the three individual layers of the arterial wall,which was quantified using
a dispersion model. Distinct fiber families were observed inall vessels, usually two
in the medias and adventitias and sometimes a third or fourthin the intimas. The
fiber families were generally arranged symmetrically with respect to the cylinder
axes, and closer to the circumferential direction in the media and to the axial direc-
tion in the adventitia. However, in the media of the common iliac artery only one
fiber family in the circumferential direction was observed.Besides collagen fiber
angles we additionally recorded layer-specific thickness data for each vessel. For
the aortas and the common iliac artery the mean total wall thickness was 1.39 and
1.05mm, respectively.
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2. Remodeling of Intramural Thrombus and Collagen in an Ang-II Infusion ApoE-/-
Model of Dissecting Aortic Aneurysms
A.J. Schriefl, M.J. Collins, D.M. Pierce, G.A. Holzapfel and J.D. Humphrey, Throm-
bosis Research, 130:e139–e146, 2012.

The study focuses on the role of collagen and intramural thrombus remodeling in
dissecting aortic aneurysms. The investigated histological cross-sections were ob-
tained from five lesions from angiotensin-II (Ang-II) infused, apolipoprotein-E null
(ApoE−/−) mice, a commonly used animal model to generate dissecting aortic
aneurysms. The mostly histological investigations resulted in new observations re-
lated to collagen remodeling. In both, the adventitia as well as the intramural throm-
bus, remarkable remodeling was observed in regions well separated from the flowing
blood. Thrombotic material was replaced by collagenous tissue, constituting a fa-
vorable wound healing type response. Such gained insight could potentially have a
broader impact, e.g., in the use of endografts to treat aortic aneurysms or for flow-
diverting stents used to treat intracranial aneurysms. Finally, regardless of the spe-
cific mechanisms responsible for the pathogenesis, we suggested a possible scenario
explaining the initiation and progression of the lesion, resulting in a dissecting aortic
aneurysm in the Ang-II mouse model after only 28 days of treatment with Ang-II.

3. Quantitative Assessment of Collagen Fiber Orientations from 2D Images of Soft
Biological Tissues
A.J. Schriefl, A.J. Reinisch, S. Sankaran, D.M. Pierce and G.A. Holzapfel, Journal
of the Royal Society Interface, 9:3081–3093, 2012.

In this study a new method was developed for the quantification of collagen fiber
orientations and associated dispersions at different length-scales, which can be uti-
lized in numerical modeling of soft biological tissues. Instead of measuring individ-
ual collagen fiber angles by hand from stained histological sections using polarized
light and a universal stage (as it was done traditionally), we focused on extract-
ing the fiber angles fully automated from 2D images using various image analysis
techniques. Specifically our new method combines 2D Fast Fourier Transformation,
Fourier power spectrum analysis and wedge filtering to extract relative amplitude
distributions representing the fiber orientations in the original image. Furthermore,
we showed how progressive regions of interest splitting canbe utilized to obtain use-
ful orientation information among different length-scales. The amplitude distribu-
tions were fitted using maximum likelihood estimation and aπ-periodicvon Mises
distribution (either one or a mixture of twovon Misesdistributions in the case of
one or two fiber families, respectively). Regarding materialparameters for numer-
ical modeling we focused on three key parameters: first, the dispersion parameter
κ, a well established measure of anisotropy; second, the location parameterµ, de-
scribing the preferred (or principal) direction of a fiber family; third, the weighted
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error entropyEw, as a measure of changes in the entire fiber distributions at dif-
ferent length-scales (which also has implications for numerical modeling, e.g., on
determining appropriate mesh densities).

4. An Automated Approach for 3D Quantification of Fibrillar Structures in Optically
Cleared Soft Biological Tissues
A.J. Schriefl, H. Wolinski, P. Regitnig, S.D. Kohlwein and G.A. Holzapfel, Journal
of the Royal Society Interface, in press.

In this study we introduce a new approach for imaging and analyzing the entire thick-
ness of the intact human aortic wall. To this end we developeda novel sample prepa-
ration method, allowing us to chemically fixate (using formalin) an intact segment
of the aortic tube as a whole, that has been axially pre-stretched and simultaneously
pressurized based onin vivo values. To enhance the laser penetration range for sub-
sequent nonlinear optical imaging, the fixed vessel segmentwas optically cleared us-
ing a solution of benzyl alcohol to benzyl benzoate, increasing the penetration depth
almost tenfold from∼ 120µm to∼ 1.2mm. Image stacks throughout the thickness
of the cleared wall were made by detecting the second-harmonic generation signal
originating from the collagen fibers. To extract and quantify the 3D morphologi-
cal data from image stacks in a simple, fast and automated fashion we combined
Fourier-based image analysis for characterizing collagenorganization with maxi-
mum likelihood estimation for distribution fitting of 3D-orientational data sets. For
the first time we were able to visualize collagen structures throughout the thick-
ness of the aortic wall and extract the corresponding 3D distribution of amplitudes
(1◦ resolution) representing the orientations of the collagenfibers. Furthermore we
identified isotropic regions in the tissue where no preferred fiber orientations are
observed and quantified regions of anisotropy by calculating two structural parame-
ters: (i)µ, describing the principal fiber orientation and (ii)b, describing the degree
of fiber alignment aboutµ. Both, µ andb, can directly be utilized in numerical
modeling codes using fiber-reinforced constitutive laws.

Additionally, the following conference proceedings and accepted (extended) abstracts were
part of the thesis:

• A.J Schriefl, D.M. Pierce, P. Regitnig and G.A. Holzapfel:Experimental determi-
nation of the distributed collagen fiber orientations in thehuman descending aorta
and common iliac artery.82nd Annual Meeting of the International Association of
Applied Mathematics and Mechanics (GAMM), Graz, Austria, April 18–22, 2011.

• G. Zeindlinger, A.J. Schriefl, P. Regitnig, D.M. Pierce and G.A. Holzapfel:A sample
preparation method for the measurement of distributed collagen fiber orientations
in human soft tissues.82nd Annual Meeting of the International Association of
Applied Mathematics and Mechanics (GAMM), Graz, Austria, April 18–22, 2011.
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• D.M Pierce, H. Weisbecker, A.J. Schriefl, B.R. Villa, E.J. Gómez Aguilera and G.A.
Holzapfel: Modeling aortic tissue and intraluminal thrombus: experimental and
numerical results.2nd International Conference on Material Modelling and 12th
European Mechanics of Materials Conference, Paris, France,August 31–September
2, 2011.

• A.J. Schriefl, G. Zeindlinger, D.M. Pierce and G.A. Holzapfel: Experimental quan-
tification of the layer-specific distribution of collagen fiber orientations in human
descending aorta and common iliac arteries.Joint Workshop on New Technologies
for Computer/Robot Assisted Surgery, Graz, Austria, July 11–13, 2011.

• G.A. Holzapfel, A.J. Schriefl, A.J. Reinisch, D.M. Pierce, S. Murtada, M. Böl and
J. Stålhand:Advances in the modeling of soft collagenous tissues: the role of dis-
tributed collagen fiber orientations and active tone in arteries. IUTAM-Symposium
on Computer Models in Biomechanics: from Nano to Macro, Stanford, USA, Au-
gust 29–September 2, 2011.

• A.J. Schriefl, P. Regitnig, D.M. Pierce and G.A. Holzapfel:Layer-specific distributed
collagen fiber orientations in human arteries, from thoracic aorta to common iliac
artery. ASME 2011 Summer Bioengineering Conference, Farmington, USA, June
22–25, 2011.

• G. Sommer, G. Zeindlinger, A. Katzensteiner, A.J. Schriefl, H. Ainödhofer, A. Sax-
ena and G.A. Holzapfel:Passive mechanical response and residual deformations
of ovine esophagus: impact on esophagus tissue engineering. 8th European Solid
Mechanics Conference, Graz, Austria, July 9–13, 2012.

• A.J. Reinisch, A.J. Schriefl and G.A. Holzapfel:Modeling of dispersed fibers in con-
tinua. 8th European Solid Mechanics Conference, Graz, Austria, July 9–13, 2012.

• A.J. Schriefl, G.A. Holzapfel and J.D. Humphrey:Roles of thrombus and collagen
remodeling in intramural dissecting aortic aneurysms.8th European Solid Mechan-
ics Conference, Graz, Austria, July 9–13, 2012.



2 LAYER-SPECIFIC COLLAGEN FIBER ORIENTATIONS IN
HUMAN ARTERIES

Abstract. The established method of polarized microscopy in combination with a uni-
versal stage is used to determine the layer-specific distributed collagen fiber orientations
in 11 human non-atherosclerotic thoracic and abdominal aortas and common iliac arteries
(63.0±15.3 yr, mean± SD). A dispersion model is used to quantify over 37,000 recorded
fiber angles from tissue samples. The study resulted in distinct fiber families, fiber direc-
tions, dispersion and thickness data for each layer and all vessels investigated. Two fiber
families were present for the intima, media and adventitia in the aortas, with often a third
and sometimes a fourth family in the intima in the respectiveaxial and circumferential di-
rections. In all aortas, the two families were almost symmetrically arranged with respect to
the cylinder axis, closer to the axial direction in the adventitia, closer to the circumferen-
tial direction in the media and in between in the intima. The same trend was found for the
intima and adventitia of the common iliac arteries; however, there was only one preferred
fiber alignment present in the media. In all locations and layers the observed fiber orienta-
tions were always in the tangential plane of the walls, with no radial components and very
small dispersion through the wall thickness. A wider range of in-plane fiber orientations
was present in the intima than in the media and adventitia. The mean total wall thickness
for the aortas and the common iliac artery was 1.39 and 1.05 mm, respectively. For the
aortas a slight thickening of the intima and a thinning of themedia in increasingly distal
regions was observed. A clear intimal thickening was present distal to the branching of
the celiac arteries. All data, except for the media of the common iliac arteries, showed two
prominent collagen fiber families for all layers so that two-fiber family models seem most
appropriate.

2.1 Introduction

Alterations of the underlying mechanical principles of thehealthy arterial wall (for ex-
ample, changes in the wall constituents) are believed to have implications upon arterial
disease and degeneration [123]. Available evidence suggests: intimal thickening is due to
specific mechanical stresses [57], atherosclerosis may be related to increased arterial wall
stiffness [69], aortic disease may be linked to differencesin the tissue organization and con-
tent in the proximal and distal regions of the aorta [124], and enlargement of intracranial
aneurysms may result from growth and rearrangement of collagen due to stress (increasing
the risk of rupture with a related mortality rate of 35–50%) [125]. Aging processes such
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as stiffening of the vessel wall [77, 126, 127] are related toan increase of collagen content
relative to elastin [128, 129], fibrosis and continuous depositions of amorphous substances
for the elastin, and increased cross-linking of collagen, all of which lead to reduced mo-
bility of the arterial wall constituents [130]. Additionally, for the human abdominal aorta,
sex-dependent differences in the degrees of stiffening have been reported [77], and gener-
ally the interaction of the structural vessel wall components with the different constituents
of the extracellular matrix is believed to be a key factor in understanding diseases; see, for
example, [130].

The (passive) mechanical behavior of arterial walls is mainly determined by elastin and
collagen in the media and adventitia [131]. These two constituents are embedded in an ex-
tracellular, non-fibrous, glycosaminoglycan-rich matrix[129], forming a complex three-
dimensional (3D) network including smooth muscle cells [132]. The structural subdivi-
sion of the collagen fiber into fibrils and micro-fibrils significantly increases its flexibility
(which is directly proportional to the number of subunits) and reduces the risk of rupture
because cracks cannot easily propagate across a multiple fibrils [22, 25, 133]. With an
ultimate tensile strength in the range of 50–100MPa [26], itis the collagen fibers that give
the arterial wall its strength and ability to resist loads. Thus, with regard to strength and
load resistance, collagen fibers are mechanically the most important tissue constituents
[22, 56, 134]. Together with proteoglycans, it is the elastin with its nearly perfect elastic
properties which is responsible for the resilience of the matrix [135]. Elastin is load-
bearing at low and high strains, with a less significant contribution at higher strains due to
the increased bearing of load through collagen.

In humans there are 28 known different types of collagen; however, the collagen fibers
investigated in this study are limited to the major types present in arterial walls, namely
the classical fibrillar collagen of typesI andIII [4]. Collagen typesIV, V, andVI are also
present in human arteries (among others), but these constitute only about 0.5–1.0% of the
total arterial collagen. While the significance of collagen fiber orientation and dispersion
on the mechanical properties of arterial walls has been well-established (see, for exam-
ple, [56, 122, 136]), and data of collagen organization in 2Dand 3D for human vessels
have been published, see, for example, [125, 137–140], limited structural data are avail-
able to date regarding collagen orientation in the human aorta and common iliac artery. In
young and healthy arteries, the intima consists of a single layer of endothelial cells with
no structural importance to the wall. It becomes mechanically significant with aging and
the associated onset of arteriosclerosis [58]. In the media, the collagen fiber arrangement
in human cerebral arteries is circumferential [141]. For the adventitia of human coro-
nary arteries (fixed at distending pressure), a single circumferential order of collagen has
been reported in [137], while for cerebral arteries a wide range of orientations are present
[139].

It is known that variations exist in both the structural composition and the mechanical prop-
erties of arteries from different species, as well as in different regions of the same arteries,
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and that they both influence the mechanical response of the vessels [74–76]. Differences
were observed in intimal and internal muscular layers between different ethnic groups [57],
and are also expected (in all likelihood) among different age groups of a single species
[77, 78]. In the human aorta the elastin-to-collagen ratio decreases in progressively distal
regions making the aorta most flexible at proximal regions [69]. Such differences in mor-
phology among arteries may change the influence of pressure and wall shear stresses upon
the vessels [142, 143]. Hence, experimental data on the collagen arrangement from human
tissue samples of specific blood vessels are indispensable to facilitate better understanding
of disease progression and improve modeling of the cardiovascular system.

The approach taken in this study differs from related research on cerebral arteries [136,
138] and intracranial aneurysms [125, 140], where investigations into the collagen fiber
orientations were performed. We use the well-established method of picrosirius-polariza-
tion [38, 144], in combination with a universal stage, similar to the method pioneered and
described in [145], to study samples from healthy, non-atherosclerotic, human aortas and
common iliac arteries for the first time. The birefringent feature of the collagen fibers is
utilized for the measurement of the collagen fiber orientations. Picrosirius red was used
as a birefringence enhancement stain for collagen [38]. Qualitative and quantitative data
with respect to the fiber alignments were obtained using polarized light microscopy [36].
To approximate thein vivo strain state of the blood vessel, all of the samples investigated
were pre-stretched biaxially with a specially designed fixture, followed by chemical fixa-
tion in formalin while distended [57]. This process resulted in improved fiber orientation
coherence [63, 74, 139]. The measurements were performed using a Zeiss universal stage
attached to a Zeiss polarizing microscope (Carl Zeiss IMT GmbH, Vienna, Austria) [140],
enabling the measurement of two Euler angles and thus fully defining the local orienta-
tion of the mostly straightened fibers in the 3D space. The measured data were fitted with
the von Misesdistribution allowing the determination of the orientation density function
characterizing the 3D distribution of collagen fiber orientations in the (unloaded) reference
configuration [122].

The quantitative structural information obtained throughthis study will not only improve
our understanding of the biomechanical behavior of arterial walls, but will also have a
broader impact on the modeling of the cardiovascular system, providing fundamental pa-
rameters for mathematical models which are becoming more widely used, and will even
become more important in clinical decision making.
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2.2 Methods and Materials

2.2.1 Tissue preparation

Eleven human non-atherosclerotic, descending aortas including the common iliac arteries
(all are elastic-type vessel walls) were harvested within 24 hours from death (63.0±15.3
yr, mean± SD, 6 women ranging from 48 to 91 and 5 men ranging from 43 to 83).
Precaution was taken not to include samples showing typeIV lesions or higher, or other
pathologies [146]. For the present study, the use of autopsymaterial from human subjects
was approved by the Ethics Committee of Medical University Graz.

Seven square samples were removed from each axially cut vessel at specific locations la-
beled as T1, T2, T3, A1, A2, A3, and CI (see Fig. 2.1). The labeling T and A refer to the
descending thoracic region T1–T3 and the abdominal region A1–A3 of the aorta, respec-
tively, while CI refers to the common iliac artery. Anatomic landmarks like the branching
of the celiac arteries were used to ensure consistent, repeatable sample locations. Sam-
ples from different vessels were always taken from the same seven locations and measured
15×15 mm. Two corners of each sample were removed to mark the circumferential direc-
tion of the vessel. Four black markers were placed at the center of each sample, separated
by a distance of approximately 6.0 mm in each coordinate direction, for tracking with the
video extensometer. A coordinate system was applied to thisreference geometry, where
X is the circumferential direction,Y the axial direction, andZ indicates the direction of
the sample thickness. This geometry is referred to as the unloaded configuration, while
in the deformed configuration the axes are labeled with lowercase characters (x,y,z) to
unambiguously distinguish between them.

To approximate thein vivo stress/strain state of the vessel wall and to ensure (mostly)
straightened collagen fibers, a biaxial stretch was appliedwith a specially-designed fixture.
The consideration of a biaxial pre-stretch is an important part of the sample preparation
method because a pre-stretch has a substantial influence on the organization of the layered
microscopic structure of collagen and muscle fibers [147]. To minimize boundary effects
during the sample stretching, a suture-based gripping method was chosen with three hooks,
serving as suture attachments for each edge of the sample. The three hooks spanned about
10 mm, and the area between the four markers was approximately 6×6 mm in the (planar
un-stretched and unloaded) reference configuration.

Before stretching the sample, the distance between the markers in theX- andY-directions,
and the sample thickness (theZ-direction), were measured using a video extensome-
ter, yielding the geometries of the unloaded configurationsof the specimens. Using a
displacement-controlled protocol, a strain of 22% in the circumferential direction and 12%
in the axial direction was then applied with a custom made fixture. Our value for the axial
strain is based on the lower bound ofin vivo values reported in [148], and for the circum-
ferential strain we used a similar value as described in [149]. Figure 2.2 shows a tissue
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Figure 2.1: Seven locations T1, T2, T3, A1, A2, A3 and CI along the aortas and the common iliac
arteries from which samples were extracted. T and A denote the descending thoracic and abdominal
part of the aorta, and CI the common iliac arteries.

sample mounted in the fixture before stretching it biaxially. Applying a controlled stretch
was essential during tissue preparation since it not only approximates thein vivoconditions
of the vessel wall but also straightens the collagen fibers resulting in an increasingly coher-
ent orientation necessary to perform accurate angular measurements [63, 139, 150]. The
stretched sample and fixture were then put into a bath of 4% formaldehyde for chemical
fixation. After approximately 10 hours in the formaldehyde bath, the sample was removed
from the stretching fixture and sewn into a specially-designed aluminum frame to maintain
the stretched state while the sample was dehydrated, and embedded in paraffin wax. At
the beginning of the embedding process the specimen was dipped into the first hot paraffin
bath while still mounted in the fixture to counteract shrinking due to the rapid temperature
change of about 40◦C. The sample was then removed from the aluminum frame for further
processing.

The resulting paraffin block (with the embedded tissue sample) was cut into two halves,
one was used to obtain in-plane sections (x-y plane) and the other to obtain transverse
sections (x-z plane). A series of planar sections was made according to thefollowing
protocol: (i) begin sectioning from the luminal side (intima is sectioned first), (ii) make
six subsequent sections at 8µm, (iii) leave a gap of 100µm before starting with the next
series of six sections. This was repeated throughout the entire embedded sample as many
times as possible. The preferred section thickness of 8µm was determined in a pilot study
on pig aortas during which we tested section thicknesses ranging from 2-12µm (in 2µm
steps). We found that histological sections with a thickness below 7µm were sometimes
very fragile and often contained cracks and/or tears, whilesections with a thickness above
8µm often displayed a 3D topography which made it difficult to focus or achieve proper
extinctions.
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Figure 2.2: Tissue sample mounted in the test fixture under biaxial stretch to approximate thein
vivostrain state prior to chemical fixation in 4% formaldehyde while distended. Fourblack markers
at the center of the sample are used for measuring the biaxial stretch via a video extensometer.

Every first section out of each series of six was then stained with picrosirius red, a well
known birefringent enhancement stain for collagen that does not change the optical axis
of the unstained fibers [38]. Every second section was stained with hematoxylin and eosin
for standard histological analysis to detect atherosclerotic lesions of typeIV or higher
according to [146], to determine if the sample could be included in this study. All sections
were cut with aMicrom HM 335(Microm, Walldorf/Baden, Germany).

To ensure that the sample preparation process caused no geometrical changes (for example,
a shrinking of the wall during the fixing in paraffin), we measured the wall thicknesses
of the stretched samples before paraffination and compared these with the thicknesses
obtained from the microscopic images. In all cases the same results were obtained within
the tolerance of the measurement procedures.

2.2.2 Method of measurement

A Zeiss three-axis universal rotary stage attached to the main stage of a Zeiss polarizing
microscope was used for the determination of the 3D distribution of collagen fiber orien-
tations. Each microscope slide with the histological section was fixed between two glass
hemispheres, thus ensuring that the polarized light alwaysenters the glass perpendicularly
and minimizing light reflections in tilted positions. The hemispheres have an index of re-
fraction of 1.516; additionally, to minimize internal reflections and refractions the inner
surfaces were coated with Glycerol (index of refraction∼ 1.47). The area of interest on
the tissue section was centered between the two glass hemispheres to avoid distortions that
occured on the outer rim.
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Figure 2.3: Definition of the coordinate system and two Euler anglesϕ and ϑ on a biaxially-
stretched tissue sample.

The universal stage allowed the tissue sections to be tiltedand rotated in angled planes
around its three axes. All rotational angles can be measured. For an unambiguous defi-
nition of the orientation of a line (idealized straightenedcollagen fiber) in 3D, two Euler
angles may be used. In our coordinate system the azimuthal angle ϕ denotes the in-plane
rotations (circumferential-axial plane) of the sample where ϕ = 0◦ is then the circumfer-
ential direction. The elevation angleϑ denotes the out-of-plane rotations (circumferential-
radial plane) withϑ = 0◦ denoting no radial component in the orientation of the fiber,see
Fig. 2.3.

To measure the collagen fiber directions, the polarizer and the analyzer were preset at ex-
tinction so that only the birefringent components of the tissue were visible. It has long
been established that typeI and typeIII collagen, the major types in arterial walls [151],
exhibit a positive intrinsic and form birefringence [36]. In order to determine the best
sample location for the angular measurements (for example,to avoid regions which were
damaged during the tissue preparation process), the entiretissue section was first scanned
with a relatively low magnification (2.5× objective lens). The region of interest was then
centered and aligned to the in-plane (ϑ = 0◦) and circumferential (ϕ = 0◦) direction. A
10× objective lens was then used for all measurements. The slidewas rotated in the az-
imuthal plane until the collagen fibers reached its darkest position yielding the first Euler
angleϕ, followed by tilting the slide in the elevation plane without further changing the az-
imuthal angle until the final darkest position was found, yielding the second Euler angleϑ .
Images were also taken of transversally cut tissue samples with the polarizing microscope,
also allowing the elevation angleϑ to be measured directly from the images using stan-
dard software (Axiovision 40, Carl Zeiss IMT GmbH, Vienna, Austria). To determine the
layer-specific thicknesses of the arterial walls, images were taken from each transversely
cut tissue sample from all vessels. Using Axiovision 40, approximately 20 thickness mea-
surements for each of the intima, media and adventitia were performed from each image.
The average thicknesses for each of the three layers were obtained by calculating the mean
value and the standard deviation of the 20 measurements. To obtain the total wall thick-
ness the three mean values were added, the total standard deviation was calculated by using

SDtot =
√∑3

i=1n2
i , wheren is the standard deviation of each layer.
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2.2.3 Data analysis

The collagen fiber directionsϕ,ϑ were measured in the deformed configuration to mimic
the in vivo stress/strain condition and to ensure (mostly) fiber straightening. In the un-
stressed state the fibers generally exhibit wavy patterns, often without a clear spatial direc-
tion which is difficult to measure. However, material modelsconsider the fiber directions
in the reference configuration [56, 122]. To ensure unambiguous differentiation between
the two configurations, all axes, vectors and angles are now denoted with lower case char-
acters for the deformed configuration and with upper case characters for the reference
configuration.

In the following we briefly introduce the required nonlinearkinematics. ByΩ0 we denote
the reference configuration of a sample, while the deformation χ : Ω0 → R

3 transforms
a material pointX ∈ Ω0 to a new positionx = χ(X) ∈ Ω in the deformed configuration
[120]. As a deformation we introduce the deformation gradient asF(X) = ∂ χ(X)/∂X. We
consider the artery wall to be incompressible, which yieldsthe conditionλxλyλz = 1 for
the three stretch ratiosλx, λy andλz. Hence, for the biaxial pre-stretch in thex-, y-plane,
when stretched along the fibers, the deformation gradientF in matrix notation takes on the
form

[F] = diag[λx, λy, (λxλy)
−1]. (2.1)

It is worth remarking here that it is important to minimize shear during biaxial stretching
because of the inability to impose and control shear stresses. Shearing strains are usually
much smaller than the extensional strains [152]; we therefore treated the shearing strains
as negligible. For more details on this issue see [153].

All measured azimuthal and elevation angles from the deformed tissue samples are now
described as a unit vector with the Cartesian componentsx= cosϑ cosϕ, y= cosϑ sinϕ
and z= sinϑ , yielding a spatial fiber vector field corresponding to the measured fiber
directions themselves in the deformed state. In the following we simply use the inverse
deformation gradientF−1 for mapping back the vector field from the deformed to the
reference configuration. Due to this pull-back operation, the correspondingX-, Y- and
Z-coordinates in the reference configuration (assuming homogeneous deformation) result
as

[X Y Z]T = [F−1][x y z]T. (2.2)

To obtain the elevation angleΘ and the azimuthal angleΦ in the reference configuration
the following relations are used (see also [150])

Θ = arctan

(
Z√

X2+Y2

)
, Φ = arctan

(
Y
X

)
. (2.3)

All angle data in the reference configuration from all vessels were then averaged, resulted
in mean values for the intima, media, and adventitia for the locations T1 to CI. The angles
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were plotted with a 5◦ resolution, generating the fiber density, sayρm, of the measured
data (indicated by the index m) as a function ofΘ andΦ.

Since we ultimately desire to use the measured data in an existing constitutive model [122],
we need to transform the Euler anglesΘ andΦ from our coordinate system (see Fig. 2.3)
to the coordinate system used in [122]. We denote the transformed angles bỹΘ andΦ̃.
Thus,

Φ̃ = arctan

(
tanΘ

1
sinΦ

)
, Θ̃ = arctan

(
tanΦ
cosΦ̃

)
. (2.4)

In the new Cartesian coordinate system, the distributed collagen fiber orientations inΩ0 are
characterized by a density functionρ(M(Θ̃,Φ̃))with respect to the undeformed orientation
of an arbitrary unit vectorM . With (ẽ1, ẽ2, ẽ3), an orthonormal Cartesian basis, and with
the two Euler angles̃Θ ∈ [0,π] andΦ̃ ∈ [0,2π], the unit vectorM takes on the form

M(Θ̃,Φ̃) = sinΘ̃cosΦ̃ẽ1+sinΘ̃sinΦ̃ẽ2+cosΘ̃ẽ3. (2.5)

For simplicity, the distribution of the experimentally measured collagen fiber family is
assumed to have rotational symmetry about a principal direction a0, consistent with [122].
Representation of a single collagen fiber family, which does not include dispersion, can
be accomplished using a structure tensor of the forma0 ⊗ a0 [56]. By fiber family we
mean a group of fibers oriented along a single common direction of alignment with some
dispersion.

Without loss of generality, the preferred direction of the unit vectora0 is now taken to
have the same direction as the basis vectorẽ3 making the density functionρ(M(Θ̃,Φ̃))

independent of̃Φ, i.e. ρ(M(Θ̃,Φ̃))→ ρ(Θ̃). This allows thegeneralizedstructure tensor,
which is an alternative measure of the fiber distribution in acontinuum sense, to be written
in the compact form [122]

H = κI +(1−3κ)a0⊗a0, (2.6)

with the identity tensorI and the dispersion (or structure) parameterκ, given by

κ =
1
4

π∫

0

ρ(Θ̃)sin3Θ̃dΘ̃. (2.7)

To model the rotational symmetry about a preferred fiber direction a0, a transversely
isotropic andπ-periodicvon Misesdistribution is used according to [122], with the density
functionρ(Θ̃) as

ρ(Θ̃) = 4

√
b

2π
exp[b(cos2̃Θ+1)]

erfi(
√

2b)
, (2.8)

whereb > 0 is the so-called concentration parameter associated withthe von Misesdis-
tribution, and erfi(x) = −ierf(ix) denotes the imaginary error function [154]. From (2.7)
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it is clear that the dispersion parameterκ describes thedegree of dispersionin an integral
sense, ranging fromκ = 1/3 (b = 0), describing an isotropic distribution of fibers in a
continuum sense, toκ = 0 (b→ ∞), describing perfect alignment of the collagen fibers. In
the latter case the density functionρ(Θ̃) in (2.8) becomes theDirac delta function.

The method of least squares was applied to determine the bestfit for the fiber density
ρm(Θ̃,Φ̃), by using theπ-periodicvon Misesdistribution as a function of the concentration
parameterb, the elevation anglẽΘ and the azimuthal anglẽΦ. To facilitate fitting, the
volumes enclosed byρm and thevon Misesdistributionρ were both normalized to 4π.
The optimized value of the least squares fit was then obtainedby minimizing the residual
sum of squares given by

RSS=
n∑

i=1

[ρm(Θ̃,Φ̃)i −ρ(b,(Θ̃,Φ̃)i)]
2, (2.9)

wheren denotes the number of observed angle pairs(Θ̃,Φ̃)i , binned on a 5× 5◦ grid,
ranging from−90◦ to+90◦, andRSSdenotes the squared distance between the (measured)
fiber densityρm(Θ̃,Φ̃)i of every angle and the corresponding densityρ(b, (Θ̃,Φ̃)i) of the
von Misesdistribution. Although thevon Misesdistribution is independent of̃Φ, we used
it to obtain the values forρ(b, (Θ̃,Φ̃)i) in (2.9). As a measure of the goodness-of-fit we
calculated the coefficient of determinationR2 as

R2 = 1− RSS
TSS

= 1−
∑n

i=1 [ρm(Θ̃,Φ̃)i −ρ(b,(Θ̃,Φ̃)i)]
2

∑n
i=1 [ρm(Θ̃,Φ̃)i −ρm(Θ̃,Φ̃)]2

, (2.10)

whereρm(Θ̃,Φ̃) denotes the overall mean of the measured fiber densityρm for all angle
pairs(Θ̃,Φ̃)i andTSSis the sum of the squared distances between every individualdensity
value of the measured angle pairs and the overall mean fiber density. Hence,R2 yields
values between 0 and 1; the better thevon Misesdistributionρ fits the measured dataρm,
the closer the value ofR2 is to unity.

2.3 Results

Approximately 50 fiber angles were measured for each histological tissue section. Depend-
ing on the width and quality of the samples we were usually able to obtain 1–2 picrosirius
red stained planar sections from the intima, 2–3 from the adventitia and 3–4 from the
media from each sample. Given the number of samples (11 humanaortas including the
common iliac arteries), the total number of recorded fiber angles from all tissue sections
was over 37,000. Analysis of the layer-specific data from the samples investigated for the
locations T to CI allowed us to determine: the number of fiber families, the mean angular
data such as the azimuthal mean (Eulerian) angleΦm and the elevation mean (Eulerian)
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Location No. of fiber Azimuthal data (◦) Elevation data (◦) Fitting data
families Φm AD Θm AD κ R2

Intima

T 2–4 41.15 22.07 4.02 9.44 0.052 0.60−39.48 23.11

A 2–4
38.37 23.39

1.42 8.53 0.048 0.55−37.14 23.92

CI 2–3 45.02 24.73 0.63 9.49 0.055 0.18−42.37 23.94

Media

T 2 27.75 15.30 1.66 7.89 0.046 0.74−27.19 15.18

A 2
24.79 14.44

0.14 7.51 0.039 0.82−24.91 14.96
CI 1 −0.11 19.70 −0.34 8.58 0.060 0.63

Adventitia

T 2 53.21 17.30 −0.99 9.47 0.055 0.73−50.55 16.74

A 2
50.09 18.76

1.07 9.45 0.059 0.64−47.75 18.76

CI 2 53.30 17.55 1.43 9.32 0.054 0.69−54.27 18.08

Table 2.1: Layer-specific data from all 11 subjects of the descending thoracic aorta T, the abdominal
aorta A, and the common iliac artery CI (compare also with Fig. 2.1). Summarized are number of
fiber families, mean angular data such as azimuthal mean angleΦm and elevation mean angleΘm,
then corresponding angular deviation (AD), dispersion parameterκ, and minimizedR2-value.

angleΘm, the corresponding angular deviation AD, the dispersion parameterκ, and the
minimizedR2-value as a measure of the goodness-of-fit. Because no significant difference
between the mean fiber directions was found among the locations T1–T3 and A1–A3, we
summarized these data into the thoracic region T and the abdominal region A. All resulting
data are summarized in Table 2.1.

Note that the listed mean fiber angles are obtained from the entire data using all subjects,
hence yielding the overall mean valuesΦm and Θm. The dispersion parameterκ also
represents a mean value, however, it is obtained by fitting the model only to data relating
to two fiber families in the intima (omitting fiber orientations in the circumferential and
axial directions) and to all data for the media and the adventitia. As can be seen from the
table, we found that the mean angleΘm is close to 0◦ for all locationsand for all three
arterial layers. Consequently, the collagen fibers at all locations of the investigated vessels
are located close to the tangential plane, i.e. thex-y plane.

Overall, the arterial layers from all locations showed two very distinct counter rotating
fiber families, with a few exceptions, i.e. for the media of the common iliac artery, and
the intima along the aortas and the iliac artery. Figure 2.4,for example, displays three
representative images from the intima, the media, and the adventitia at location T2, all
showing two distinct fiber families located in thex-y plane. We observed that in the media
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Figure 2.4: Representative polarized light micrographs, using crossedpolars, of picrosirius-red
stained sections of (a) the intima, (b) the media, and (c) the adventitia of the thoracic aorta. All
three images show two distinct collagen fiber families located in thex-y plane of the arterial wall.
The horizontal and vertical sides of the image denote the circumferential and axial directions, re-
spectively.

and adventitia the two collagen fiber families are organizedin separate layers (each layer
containing one preferred fiber direction), which is observable by the appearance of a kind
of ‘plywood’ structure when cutting through several of suchlayers. In the intima this orga-
nization in layers was less clear, the two fiber families displayed a ‘carpet-like’ structure,
as shown in Fig. 2.4(a).

Remarkably, in the media of the common iliac artery we observed a very different result
from two distinct fiber families to only one, which is oriented in the circumferential direc-
tion. In the case of the intima we observed a higher fiber dispersion with a varying number
of fiber families, ranging from 2–4. The intimas of the thoracic and abdominal aortas
showed up to four fiber families, while the intima of the common iliac arteries showed up
to three. It is important to emphasize that not all intimas investigated had more than two
fiber families, but that two prominent fiber families, placedbetween the major axes in the
x-y-plane, were always visible. Several intimas showed a thirdpeak in the axial direction
and a fourth peak oriented circumferentially. To visualizethe varying number of fiber fam-
ilies between the different locations, we provide an overview of the azimuthal anglesΦ of
the data from all samples in Fig. 2.5.

The analysis of the total wall thickness for the descending thoracic and abdominal aor-
tas and the common iliac arteries yielded 1.39± 0.18 mm, 1.39± 0.16 mm, and 1.05±
0.15 mm, respectively. No significant variations in the thicknesses between the locations
T1–T3 and A1–A3 were observed. While the descending thoracicand abdominal walls
have the same thickness, we found a decrease of about 25% for the wall of the common
iliac artery. Layer-specific changes in the thickness alongthe descending aorta, from T1
to A3 are shown in Fig. 2.6. Due to the much thinner wall of the common iliac artery we
decided not to include these data in Fig. 2.6, because it would have distorted trends in the
linear regression. Although not statistically significant, the overall wall thickness appeared
to remain almost constant (R2 = 0.17), while a slight thickening of the intima (R2 = 0.26)
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Figure 2.5: Layer-specific overview of the totality of the azimuthal anglesΦ with respect to the
reference configuration (Φ = 0◦ is circumferential) from all subjects as a function of the location
along the aortas and the common iliac arteries. TheX-axis denotesΦ ∈ [−90◦,90◦], theY-axis
denotes the density of the measured angles for the descending thoracic aorta T, the abdominal aorta
A, and the common iliac arteries CI.

and a thinning of the media (R2 = 0.75) in increasingly distal regions were observed. No
significant variations were found for the adventitia (R2 = 0.27).

Because the thickness of the arterial intima is not uniform due to adaptive intimal thick-
ening [151], and the absolute thickness values might be misleading, we also provide in-
tima/media and intima/media/adventitia ratios in Table 2.2. The listed values in Table 2.2
were calculated from the averaged mean thickness data usingall subjects, therefore, yield-
ing mean values for the thickness ratios. In Fig. 2.7 we illustrate the total wall thickness for
the thoracic and abdominal aortas as a function of age for thelimited number of subjects
available (the positive slope of the linear regression is statistically not significant:R2 = 0).
An analysis of sex-related thickness variations for the total wall also showed no significant
results.
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Figure 2.6: Layer-specific thickness data from locations T1 to A3 according to Fig. 2.1. To avoid
distortions in the linear regression, data from the much thinner common iliac arteries were not
included.

2.4 Discussion

The importance of collagen fiber angles on the mechanical behavior of arterial walls has
been well-studied and established in the literature, see, for example, [56, 122, 140, 155].
Because of strong legal and institutional restrictions, only limited structural data on many
human tissues are currently available. To our knowledge, this is the first experimental
investigation on the structure of collagen fibers in human aortas and common iliac arteries
with non-atherosclerotic intimal thickening. We were ableto quantify the layer-specific
distribution of collagen fiber orientations along the aortas and the common iliac arteries
for the first time, providing essential data on the structural composition of the vessel walls.
This study has demonstrated the strong variation and dependence of the distribution of
collagen fiber orientations on the specific tissue location and especially on the wall layer.
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Location I/M (%) I/M/A (%)

T1 21/79 12/57/31
T2 20/80 13/61/26
T3 20/80 10/52/38
A1 27/73 14/52/34
A2 41/59 20/48/32
A3 29/71 14/49/37
CI 33/67 14/44/42

Table 2.2: Intima/media and intima/media/adventitia arterial wall thickness ratios (in %)for the
descending thoracic T1–T3, the abdominal aortas A1–A3, and the common iliac arteries CI. All
values were obtained from the averaged mean thickness data using all subjects.

2.4.1 Fiber angle measurements

In our experiments we measured over 37,000 fiber angles from non-atherosclerotic de-
scending thoracic and abdominal aortas and from common iliac arteries, providing a large
body of data relative to previous studies on different arteries [136, 139]. The results of
our analysis show two clear fiber families for the intima, media and adventitia in both the
thoracic and abdominal aortas, with often a third and sometimes a fourth family of fibers
present in the intima in the axial and circumferential directions. For the investigated hu-
man aortas the two families are almost symmetrically arranged with respect to the cylinder
axis and are closer to the axial direction in the adventitia,closer to the circumferential di-
rection in the media and in between in the intima, as shown in Table 2.1 and Fig. 2.5. The
same trend was found for the intima and adventitia of the common iliac arteries; however,
there was only one fiber family present in the media of the common iliac arteries. The
differences of the mean fiber angles among different layers of the thoracic and abdominal
aortas (more circumferential for the media and more axial for the adventitia) were ex-
pected to a certain degree. These differences correlate well with the mechanical response
demonstrated in uniaxial tension tests on human iliac arteries, where a higher stiffness
for the adventitia tested axially and the media tested circumferentially has been reported
[58, 76]. However, it is important to note that the biaxial layering of the collagen fibers in
the descending aortic media is not a universal quality amongelastic arteries, as our results
for the fiber distribution of the media in the common iliac artery show, where a unimodal
distribution was observed (see Table 2.1 and Fig. 2.5).

In human brain arteries a highly aligned medial collagen in the circumferential direction
has been documented [136, 139]. This result correlates wellwith our findings for the me-
dia in the common iliac arteries, but differs significantly for the media in the thoracic and
abdominal aortas. The differences are not unexpected due tothe different functions of
the human aorta which is exposed to high circumferential elastic strain and a smoothing
of blood pressure (systolic-diastolic) is important, versus brain arteries which are of the
muscular type. Two helically-arranged fiber families (withdifferent orientations in differ-
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Figure 2.7: Age dependency of arterial wall thickening.

ent layers) in the elastic aorta allow the necessary distensions to absorb pulsating pressure
waves originating from the heart, and also form a net-like structure to prevent the vessel
wall from overstretching at increased blood pressures. A widely distributed collagen fiber
orientation about a mean axial direction was reported for the adventitia in the brain arter-
ies [136]. A mean helical orientation of 53◦ (0◦ is circumferential) was documented in
[139], but the presence of two fiber families was not reported. At physiological (in vivo)
pressures the media is the mechanically most significant layer with its more circumferen-
tially oriented fibers in a healthy artery. The less stiff adventitia, however, adds additional
structural integrity to the wall by forming a ‘jacket-like’tube at elevated pressures [56].

In the intimal layer we consistently observed two fiber families, while often a third and
sometimes a fourth (additional) fiber family was found in theaxial and circumferential
directions, respectively. Our finding of two prominent helically organized fiber families
in the intima (symmetrically arranged with respect to the cylindrical axis) was also docu-
mented for the subendothelium of human brain arteries in [156]. As depicted in Fig. 2.5,
there is generally a much wider range of fiber orientations present in the intima than in the
media and adventitia. We did not find any significant correlation between the additional
(third/fourth) fiber families and age or sex for our limited number of 11 subjects.

2.4.2 Statistics

We fitted the dispersion in prominent fiber families with a rotationally symmetricπ-periodic
von Misesdistribution, as suggested in [122]. The listed dispersiondataκ in Table 2.1 are
mean values of both main fiber families (see Fig. 2.5), exceptfor the media of the common
iliac artery where only one fiber family was detected. A thirdor fourth fiber cluster in
the intima was not included in the analysis. The dispersion parameterκ is lower in the
media when compared to the adventitia, in the regions T and A.The result is also visible
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in Fig. 2.5, where the peaks in the adventitia plots are slightly wider than the peaks in the
media plots.

The R2-values show that the symmetricvon Misesdistribution is certainly not an ideal
statistical distribution for the obtained experimental data. While other non-symmetrical
distributions might be more suited to fit our data, we want to emphasize that the rotationally
symmetricvon Miseswas specifically chosen because it allows for the calculation of a
single dispersion parameterκ (as introduced in [122]) yielding a quantitative value for
the anisotropy within the framework of a two-fiber family material model, which has been
implemented in various finite element analysis programs such as ABAQUS (Simulia Corp.,
RI, United States) and FEAP (University of California at Berkeley, CA, United States).

Although the study [157] documents some salient structuralquantities in regard to arterial
morphology, the present work highlights the fact that thesequantities are highly layer-
specific. We made noa priori assumptions regarding the number of fiber families; we
measured distributions as a function of direction. From these data then we concluded mean
fiber directions, fiber families and corresponding dispersions. By pre-stretching the arterial
samples we have attempted to properly account for thein vivo condition. For the specific
choice of circumferential and axial tissue pre-stretch (22% and 12%, respectively) we were
guided by the work of [148] and [149]. The 22% circumferential strain is not matched to a
known transmural pressure. While we believe that our data representation of overall mean
values is well suited for illustrating the layer-specificity of our findings (see Table 2.1), we
want to emphasize that one must always be respectful of the variability among different
subjects, for example, in the present study a specific mean azimuthal angle can vary up
to 8◦ among individual subjects. Although our reported angular deviations capture such
variabilities statistically, we would like to accentuate that one needs to recognize such
biological variations rather than seeking universal ‘truths’ in biological, physiological, or
anatomical function.

2.4.3 Wall thickness measurements

We performed detailed thickness measurements, which resulted in a mean total wall thick-
ness for the descending aorta of 1.39±0.18 mm, 1.39±0.16 mm for the abdominal aorta,
and 1.05± 0.15 mm for the common iliac arteries. These values correlate well with the
thicknesses documented in [158] for the non-atherosclerotic abdominal aortas, while in
a multiethnic study of atherosclerosis the observed aorticwall thicknesses were signifi-
cantly higher, in the range of 2.11–2.32±0.06 mm, [159]. A similar result was shown for
aortas with second- or third-degree atherosclerosis, where increased wall thickness was
documented [160].

Our layer-specific analysis of the thoracic and abdominal aortas demonstrated a slight
thickening of the intima and a thinning of the media in increasingly distal regions, while
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the overall tissue thickness remained constant. Based on guidelines from the American
Heart Associations’ Council on Arteriosclerosis [151], we calculated the intima/media
ratio as a method to determine normal intima thickness, and our results of 0.3–0.7 (see
Table 2.2) are well within the range of normal human arteries. Interestingly, while the
intima/media ratio remains almost constant for the thoracic aorta, a clear intimal thicken-
ing can be observed distal to location A1, starting at the branching of the celiac arteries
where constant blood flow is disturbed. This regional observation also correlates well with
the preferred locations for diffuse intimal thickening, between the orifice of the inferior
mesenteric artery and the bifurcation of the common iliac arteries [151].

Despite the limited number of subjects and their relativelyadvanced age (63.0±15.3 yr)
we found that wall thickening depends (slightly) on age, as shown in Fig. 2.7. While the
overall trend is consistent with documented data [159, 160], we would expect a stronger
dependence of tissue thickness with age if younger subjects(with very little or no intimal
thickening) were included in our analysis.

2.4.4 Implications for vascular physiology

Our results provide novel data on the structure of human arterial walls, with implications
for the physiological performance of arteries with non-atherosclerotic intimal thickening.
Significant differences in the mechanical behavior in both axial and circumferential direc-
tions have been established in the literature [76], but the underlying principle of such an
anisotropic behavior has yet to be fully understood. While some authors already hypothe-
sized that fiber angles might be responsible for the mechanical behavior [58], our structural
data have the potential to provide a foundation for understanding these experimental ob-
servations.

The different responses of arteries (for example, aorta versus cerebral artery) are governed
by the structure of the wall. Since the collagen fibers are thestructurally most important
constituent of the wall, and the significant influence of fiberdispersion on the mechani-
cal properties has been established [155], our layer-specific data on the number of fiber
families and the fiber angles (including their dispersion) constitute a step forward in the
biomechanical understanding of the functions of human aortic walls and the walls of com-
mon iliac arteries.

Our expected observation of differences in fiber arrangement between the intima, media
and adventitia explains the previously reported mechanical and functional differences of
the three arterial layers [56, 58]. One of our key results show a variation of fiber distri-
bution of the media among elastic arteries (descending aortic media versus common iliac
media). This affirms that structural vessel composition cannot be assumed to be the same
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even within a single species, much less among different species [74]. Therefore, experi-
mental data from human tissues like those presented here will become increasingly indis-
pensable for identification of pathological progressions and material modeling of arteries.
In the future, studies of the influences of cardiovascular diseases such as atherosclerosis
on the collagen fiber distribution in arterial tissue (compared to healthy tissue) would be a
natural extension of the work presented here.

Limitations. To approximatein vivo stretches and ensure straightened collagen fibers
our samples were stretched biaxially, yielding a planar geometry for each tissue sample.
While this geometry was necessary to obtain in-plane histological sections for microscop-
ical measurements, it does deviate from the (uncut) cylindrical in vivo shape of arteries,
which could have caused slight changes in the mean fiber directions.

When measuring collagen fiber angles using polarized light itis a great challenge to en-
sure correct fiber sampling, because the nature of the method‘invites’ the microscopist
to preferably measure the more visible (brighter) fibers, therefore, possible biasing away
from weaker fibers. Additionally, the usage of the universalstage does not allow for the
use of a grid pattern in deciding on the location of the measurements in a practical manner.
With this in mind we tried to sample as fairly as possible, butcannot completely exclude
some human bias during measurements.

Another limitation of this study is that it does not allow themeasurement of fiber angles
continuously throughout the entire wall (in the radial direction, see Fig. 2.3), and we want
to emphasize that our results are mean values for each layer.Because of the small vari-
ations in mean fiber directions among our investigated samples (see Results), we do not
believe that major changes occur within each arterial layer.
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3 COLLAGEN AND THROMBUS REMODELING IN
DISSECTING AORTIC ANEURYSMS

Abstract. Fibrillar collagen endows the normal aortic wall with significant stiffness and
strength and similarly plays important roles in many disease processes. For example, be-
cause of the marked loss of elastic fibers and functional smooth cells in aortic aneurysms,
collagen plays a particularly important role in controlling the dilatation of these lesions and
governing their rupture potential. Recent findings suggest further that collagen remodeling
may also be fundamental to the intramural healing of arterial or aneurysmal dissections. To
explore this possibility further, we identified and correlated regions of intramural thrombus
and newly synthesized fibrillar collagen in a well-established mouse model of dissecting
aortic aneurysms. Our findings suggest that intramural thrombus that is isolated from free-
flowing blood creates a permissive environment for the synthesis of fibrillar collagen that,
albeit initially less dense and organized, could protect that region of the dissected wall
from subsequent expansion of the dissection or rupture. Moreover, alpha-smooth muscle
actin positive cells appeared to be responsible for the newly produced collagen, which
co-localized with significant production of glycosaminoglycans.

3.1 Introduction

Thoracic aortic aneurysms (TAAs) and abdominal aortic aneurysms (AAAs) are respon-
sible for significant morbidity and mortality, with youngerindividuals (< 60 years old)
affected more by the former and older individuals (> 70 years old) increasingly affected
more by the latter in our aging society. Despite differencesin etiology and natural his-
tory, fundamental mechanisms are shared by these two classes of lesions, including loss
of elastin, apoptosis of smooth muscle, and remodeling of collagen [161, 162]. There
is a continuing need, however, for an increased understanding of the biochemomechani-
cal conditions that lead to dilatation, dissection, and rupture [107, 163, 164]. Motivated
largely by the difficulty of collecting sufficient longitudinal information on lesion mor-
phology, histology, cell biology, and biomechanical properties in humans, various animal
models have been developed to study aortic aneurysms (cf. [165]). Of the different mod-
els, continuous subcutaneous infusion of angiotensin-II (Ang-II) in the apolipoprotein-E
null (ApoE−/−) mouse has emerged as the most commonly used method to generate dis-
secting aortic aneurysms (e.g., [166–175]). Via these and many similar studies, it appears
that these lesions initiate following an accumulation of macrophages within the media,
which produce cytokines and proteases that lead to degradation, dissection, and dilatation
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of the wall. Hence, although these lesions occur primarily in the suprarenal abdominal
aorta, they exhibit some features (e.g., dissection and intramural thrombus) that are more
common to TAAs than to AAAs in humans. Regardless of localization, for the purposes
herein, lesions arising from the infusion of Ang-II in ApoE−/− mice provide an excellent
model of a dissecting aortic aneurysm, including development of an intramural thrombus
and possible subsequent healing of the dissected wall.

Notwithstanding the availability of significant information on the histology and cell bi-
ology associated with the Ang-II mouse model of dissecting aneurysms (cf. [176] and
references therein), little attention has been directed towards the turnover of fibrillar colla-
gens and possible roles played therein by intramural or intraluminal thrombus. Because of
the marked loss of elastic fibers and functional smooth muscle cells within the aneurysmal
wall, fibrillar collagens play particularly important mechanical roles in controlling the rate
of enlargement and governing the rupture-potential [107].In particular, given that collagen
is very stiff when straight (with an elastic modulus on the order of 1GPa), vascular dis-
tensibility depends largely on the degree of undulation of the collagen fibers as well as on
their density, fiber diameter, interactions with other matrix proteins and glycoproteins, and
cross-linking [177]. In this paper, we examine for the first time the waviness and density
of fibrillar collagens at different locations within serialcross-sections along the length of
dissecting aortic aneurysms that developed due to a 28-day infusion of Ang-II, with par-
ticular attention to the replacement of intramural thrombus with fibrillar collagen during
this period.

3.2 Methods

3.2.1 Animal model

All animal protocols were approved by the Texas A&M University Institutional Ani-
mal Care and Use Committee. Following other reports (e.g., [166]), 8-week old male
ApoE−/− mice were anesthetized with isoflurane and implanted subcutaneously in the
mid-scapular region with an Alzet mini-osmotic pump (Durect Corp., CA). These pumps
delivered Ang-II continuously at 1000ng/kg/min. Following 28 days of treatment with
Ang-II, while maintained on a normal diet, the mice were euthanized with an overdose
of sodium pentobarbital. The suprarenal aorta was then isolated via a mid-line incision
and photographed, large branches were ligated with 7-O silk, and the vessel was excised
en-bloc. Following biomechanical testing [178], the vessels were fixed in an unloaded
configuration using a buffered 10% formalin.
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3.2.2 Histology

Suprarenal aortas from five, 12-week old mice that developedsignificant aneurysms (> 1.5
fold increase in outer diameter) were cut into distal and proximal halves, embedded in
paraffin (both halves in one block), and sectioned at five microns. Serial cross-sections
were obtained for each half of the specimen at three axial locations separated by 880 mi-
crons, hence yielding 6 sets of axially located cross-sections per lesion. Supplemental
Fig.1 gives an overview of the many resulting cross-sections for each vessel and thus il-
lustrates the sectioning protocol. Sections were then stained with Verhoeff Van Gieson
(VVG) to highlight elastin, picrosirius red (PSR) to highlight fibrillar collagens, Alcian
blue to highlight glycosaminoglycans (GAGs), and Movat’s pentachrome to identify fib-
rin, elastin, collagen, and glycosaminoglycans within a single section. Additional sec-
tionswere immunostained forα-smooth muscle actin (αSMA). All images were acquired
with an Olympus BX51TF microscope using an Olympus DP70 camera in combination
with Olympus CellSens Dimension 1.4.1 software. In the case of the PSR-stained sec-
tions, images were acquired using appropriate polarizing optics and dark-field imaging; all
other images were acquired using bright-field imaging. Magnification was typically set at
10× or 20×.

3.2.3 Image analysis

As a measure of collagen waviness, we computed the ‘entropy’H from dark-field PSR-
stained images collected from multiple locations within each cross-section. Straighter
(more organized) fibers yield lower values of entropy whereas increasingly wavy (more
disorganized) fibers yield higher values of entropy. Towardthis end, each original dark-
field image was first converted to an 8-bit(0− 255) grayscale image that was then par-
titioned into five smaller images at each location to define multiple computational sub-
domains for each calculation of waviness (Fig. 3.1a). Each sub-domain was then divided
into m×mpixel regions of interest (ROI), thus yieldingn ROIs at each location of interest
(cf. Fig. 3.1b). The collagen fiber organization within eachROI was then represented by
a distribution functionf (x,y), where(x,y) defines each pointp in a 2-D real space. This
distribution function was then transformed to the Fourier space using a 2-D fast Fourier
transformation, which yieldedF( f (x,y)) = F(u,v), where(u,v) is the associated point in
Fourier space. The zero-frequency components were then shifted to the center and, finally,
the 2-D power spectrumP of the Fourier transform (FT) was obtained by multiplying the
FT with its complex conjugate∗, namely

P(u,v) = F(u,v) ·F∗(u,v). (3.1)

The overall collagen fiber orientation within each ROI was then obtained by fitting a line
through the center of the power spectrum in a least square sense [179]. The orientation of
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Figure 3.1: Schematic of steps to compute entropyH as a measure of collagen waviness or disor-
der. (a) An original dark-field image of a portion of the PSR-stained adventitia is shown with five
associated sub-domains defined for separate computations. (b) Each sub-domain was divided into
m×m pixel regions of interest (ROIs) as shown by the light grid lines in this representative sam-
ple. (c) The overall fiber orientationα was determined for each ROI and plotted as a normalized
histogram to yield the probability mass functionp as defined in the text.

the line yields the angleα as a measure of the overall fiber orientation for each ROI. All
angles were then plotted as a histogram to yield a probability mass functionp(αi), which
was normalized to

∑n
i=1 p(αi) = 1 (Fig. 3.1c). Finally, the entropyH was calculated from

the probability mass function to yield a scalar measure of waviness of the collagen fibers,
that is,

H =−
n∑

i=1

p(αi) log2 p(αi), (3.2)

with n denoting the number of ROIs at each location of interest [180].

To quantify the local density (or, ‘concentration’) of the fibrillar collagen, we determined
the area fraction of collagen present at multiple locationswithin each dark-field image.
This quantification was performed on the same five computational sub-domains per loca-
tion that were used to quantify waviness (cf. Fig. 3.1a). This concentration was determined
by calculating the ratio of colored pixels (representing the birefringent collagen fibers) to
the black background for each domain. We emphasize that the term ‘concentration’ is
used loosely as a synonym for area fraction within a 2-D imageand, therefore, should
not be confused with the biochemical term concentration, as, for example, dry weight
of collagen. All image analyses were performed using customcodes written in Matlab
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(MathWorks Inc., MA, USA). For isolating colors and applying color thresholds, we used
ImageJ (U.S. National Institutes of Health, MD, USA).

3.3 Results

Consistent with prior reports (e.g., [166]), AAAs excised from the five mice following 28
days of continuous infusion of Ang-II tended to involve mostof the suprarenal aorta and
to be on the order of 2.2mm in maximum unloaded outer diameter. In comparison, the
normal unloaded outer diameter is on the order of 0.8mm [181]. Hence, Ang-II resulted in
a mean 2.75-fold localized increase in diameter, consistent with the term aneurysm, which
means ‘widening’ and is generally considered pathologic ifthe diameter increases by 1.5
fold or more. Upon gross examination in a pilot study, however, the true lumen appeared
to be preserved throughout much of the lesion, thus most of the gross dilatation resulted
from an intramural accumulation of thrombus or extracellular matrix material (Fig. 3.2).
There also existed a large parallel intramural cavity (presumably a false lumen) in some
regions, which merged with the true lumen in the center of thelesion to form a much larger
‘merged’ lumen.

Also consistent with the gross observations (cf. Fig. 3.2),serial histological sections re-
vealed three distinctive formations in each of the five lesions (Fig. 3.3a–c). Formation
(a) consistently appeared within the region of maximum dilatation, which was typically
near the center of the lesion; it was characterized by a ruptured media, that is, completely
severed elastic fibers and smooth muscle at a single circumferential location within the
media. This rupture allowed a large cavity, presumably a false lumen, to merge with the
true lumen. This merged lumen is illustrated well in the VVG-stained cross-section shown
as Fig. 3.3a wherein the wavy elastic fibers appear black and the two arrows point to the
site of medial rupture. Formation (b) typically existed close to and just distal and proximal
to the site of the merged lumen; it was characterized by an intact lumen and parallel cavity
that were separated by what appeared to be remodeled matrix (Fig. 3.3b). Note that the
true lumen in these regions was circumscribed by an intact media consisting of concentric
elastic lamellae as expected of a normal aortic wall (cf. [181]). Formation (c) was found
the farthest from the site of the merged lumen, again both distal and proximal, and was
characterized by an intact true lumen and an intramural thrombus that typically consisted
of fibrin (Fig. 3.3c) but in some cases GAGs and fibrillar collagen (Figs. 3.4 and 3.5).
Again, the true lumen was circumscribed by an apparently normal media. It should be
noted that black fragments visible on the outer perimeter inall cross-sections in Fig. 3.3
are remnant India ink, which was used in mechanical tests that are reported elsewhere
[178]. Furthermore, the symbols † and ‡ in Fig. 3.3 denote locations where the waviness
and concentration of fibrillar collagen were calculated, asdescribed below.
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Figure 3.2: Photograph of a representative suprarenal aortic aneurysm that resulted following 28
days of a subcutaneous infusion of Ang-II in the ApoE−/−mouse; the maximum diameter is
∼ 2.2mm. Shown, too, are reduced magnification photographs of cross-sections obtained from
regions indicated by the dashed lines: L−lumen, T−thrombus, C−cavity, and ML−merged lumen
(i.e., probable merging of the true lumen L with a false lumen / cavity). As noted in the text, the
thrombus contained different constituents depending on its position within the lesion as well as
its distance from the region of maximal dilatation. Note that the black in the photographs of the
cross-sections is India ink from a prior mechanical test.

Staining with Movat’s pentachrome and PSR revealed marked spatial distributions of fib-
rillar collagen, fibrin, and GAGs (Figs. 3.4 and 3.5). Recall,therefore, that collagen ap-
pears brownish/gray in sections stained with Movat’s pentachrome while fibrin appears
pink/red, GAGs light blue, and elastic fibers black. In contrast, type I, or thick, collagen
fibers appear bright red/orange whereas type III, or thin, collagen fibers appear less bright
and more green/yellow in sections stained with PSR and viewed using polarized light. The
large pink region in the Movat’s stain in Fig. 3.4 revealed anextensive asymmetric accumu-
lation of fibrin, with little fibrillar collagen as confirmed by the lack of bright birefringence
in the associated PSR image. Yet, at some locations near the expanding adventitia, brown-
ish/light blue colors suggested the presence of small pockets of GAGs (e.g., white asterisk
in Fig. 3.4a) and collagen fibers (white arrows in Fig. 3.4b),which may mark regions where
the thrombus was beginning to remodel towards a collagenoustissue. Such a deposition
of GAGs and fibrillar collagen may have reflected a wound healing type response, perhaps
mediated by myofibroblasts consistent with the co-localized αSMA staining (Fig. 3.4c)
and known ability of this cell type to deposit significant amounts of collagen [182, 183].
Regardless, Fig. 3.5 shows nearly sequential sections that were located farther yet from the
center of the lesion and stained with PSR (a), Movat’s pentachrome (b), or Alcian blue (c),
with thresholding used to highlight fibrin in the Movat’s stain and GAGs in the Alcian blue
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Figure 3.3: Representative Verhoeff Van Gieson (VVG)-stained cross-sections that reveal the three
distinct formations that were observed in each of the five dissecting aneurysms studied. Note: the
wavy elastic fibers within the aortic media appeared black; in contrast, the black fragments along
the outermost perimeter are due to India ink that was used in mechanical tests that are reported
elsewhere. Formation (a): merged lumen (ML), with arrows indicating locationswhere the media
ruptured, thus allowing the true lumen and outer cavity (false lumen) to communicate. Formation
(b): intact lumen (L) and cavity (C) separated by remodeled tissue; this cavity is presumably a false
lumen. Formation (c): intact lumen (L) and intramural thrombus (T). The symbols † and ‡ denote
locations used for subsequent analysis of the waviness and concentration of fibrillar collagen.

stain. These sections contained more collagen (Fig. 3.5a) and correspondingly more GAGs
(Fig. 3.5c) and less fibrin (Fig. 3.5b) within the intramuralregion presumably occupied by
thrombus at some time. Indeed, the collagen and GAGs tended to co-localize in regions
devoid of fibrin, hence implying a replacement process.

Given that it should take some time for fibrin to break down andfor synthetic cells to
invade the thrombus and produce significant amounts of collagen, Figs. 3.4 and 3.5 may
suggest different relative ‘ages’ for the thrombus, that is, times since that portion of the
thrombus was either formed from or in contact with the flowingblood. Thus, one might
speculate that the youngest thrombus existed closest to thecenter of the lesion where the
merged lumen could have continued to provide flowing blood (formation (a), Fig. 3.3a),
and hence fibrinogen and platelets, whereas the oldest region of the same thrombus existed
farthest from the merged lumen and hence the flowing blood. This possibility is supported
by findings in Fig. 3.6, which show higher magnification images (60×) of thrombus from
progressively greater distances (left to right) from the patent cavity (i.e., locations sepa-
rated axially by 880 microns within the same thrombus that isseen in Fig. 3.4). Note again
that the spatio-temporal decrease in fibrin (pink) corresponded with the increase in GAGs
(blue) and collagen (birefringent in the darkfield image). Moreover, the sequence of pi-
crosirius red stained images (b,d,f) revealed both an increase in collagen concentration and
fiber thickness (brighter red) with remodeling, or aging, ofthe thrombus. The ‘holes’ in
the birefrigent images likely corresponded to locations ofsynthetic cells, although possibly
caniculi (cf. [184]).
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Figure 3.4: Movat’s Pentachrome (a), dark-field picrosirius red (b), and alpha-smooth muscle (c)
stained images of nearby aneurysmal cross-sections. Note that the Movat’s stain shows elastic
fibers as black, fibrin as pink/red, GAGs as light blue, and collagen as brownish/gray; the darkfield
picrosirius stain shows collagen type I or thicker fibers as bright red/orange and collagen type III
or thinner fibers as less bright and more green/yellow; the alpha smooth muscle strain shows both
smooth muscle cells and myofibroblasts as brown. Hence, pink regions in (a) reveal thrombotic
material (fibrin) that had not remodeled, which was confirmed by the lack offibrillar collagen in
the associated regions within (b). In contrast, regions wherein the pink was replaced by brownish /
light blue colors in (a) indicated regions wherein the fibrin may have started toremodel, presumably
via the deposition of GAGs (white asterisk in a) and fibrillar collagen (e.g., horizontal white arrow
in b) by co-localized invadingαSMApositive cells, which may well have been myofibroblasts.

During our examinations of sections stained with PSR, we alsonoticed changes in colla-
gen organization and appearance within the adventitia whencomparing regions close to
the true lumen (e.g., denoted by † in Fig. 3.3) with those wellaway from the lumen (e.g.,
denoted by ‡ in Fig. 3.3). Because of the tremendous asymmetric increase in diameter,
collagen well away from the lumen must necessarily have remodeled (that is, collagen can
only extend on the order of 10% once straight, yet some portions of the adventitia farthest
from the lumen must have elongated on the order of 150 to 200% during the 28-day period
of study). Fig. 3.7 shows two darkfield images that highlightrepresentative differences in
collagen organization between locations † and ‡. Quantifieddifferences in collagen wavi-
ness and concentration, relative to near normal values, areshown in Fig. 3.8 at these two
locations for all three formations (a: merged lumen, b: lumen plus cavity, c: lumen plus
intramural thrombus in Fig. 3.3). Specifically, comparisons between locations ‡ and † in
the adventitia are given by dark gray bars for the three formations in Fig. 3.3 (i.e., a−c1

here). In contrast, comparisons between collagen within a remodeled intramural throm-
bus and adventitial location † are given by the light gray bars (bar c2). Zero denotes a
waviness or concentration equivalent to that in the adventitia nearest the lumen (location
†), which was assumed to be the closest to normal within this cross-section. This analysis
suggested that the remodeled collagen fibers at location ‡ were always less wavy than the
more normal collagen fibers at location †, which is reflected by the decrease in entropy
(formations a−c1). Conversely, remodeled collagen fibers within the intramural throm-
bus were significantly more disorganized/wavy than normal as reflected by the increased
entropy (bar c2). No significant differences were found in collagen waviness amongst the
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Figure 3.5: Representative images from nearby cross-sections that were located distant from the
center of the lesion. Isolated constituents were highlighted by polarizing lightor thresholding:
(a) dark-field polarized light image of a picrosirius-stained section showing fibrillar collagen, (b)
thresholded image of pink thrombus revealed by a Movat’s Pentachrome stained section, and (c)
thresholded image of a bluish deposition of glycosaminoglycans (GAGs) revealed by a separate
Alcian blue stained section. Notice the lack of collagen in areas of fibrin-richthrombus, but the
colocalization of fibrillar collagen and GAGs in the remodeled regions. Note: The single con-
stituents in panels b and c were extracted from the original images using colorthresholding in
ImageJ.

three thrombi shown in Fig. 3.6, however (i.e., the picrosirius stained images in panels (b),
(d), and (f)). These objective quantitative findings were expected based on visual assess-
ments, as, for example, when comparing collagen organization in Fig. 3.7a (more normal
adventitia) with Fig. 3.6b, d, and f (remodeled intramural thrombus).

Results for the concentration of collagen (Fig. 3.8b) revealed a significant decrease in the
remodeled adventitia compared to the normal adventitia (formations a−c1). This find-
ing was also consistent with our visual impression from images such as that in Fig. 3.7,
wherein collagen appeared more densely packed at location †compared with location
‡. The lowest concentration of collagen fibers was found in the remodeled intramural
thrombus, bar c2, but the specific value of the concentration depended on boththe loca-
tion within the thrombus and the remodeling time. For example, the mean relative dif-
ference (relative to near normal collagen; cf. Fig. 3.7a) and corresponding standard errors
of the mean for collagen concentration of the young, older, and oldest thrombus were
−56.8±6.2%,−31.7±2.6%, and 14.1±0.9%, respectively. This progressive increase in
collagen concentration appeared to be consistent with an increasing thrombus age / remod-
eling time (cf. Fig. 3.6).

3.4 Discussion

Angiotensin-II is a potent vasopressor having pleiotropicactivity. For example, systemic
increases of Ang-II in the bloodstream can cause vasoconstriction throughout the arterial
tree, and thus increased systemic blood pressure; conversely, local increases of Ang-II
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Figure 3.6: Close-up(60×) images of three regions of intramural thrombus stained with either Mo-
vat’s Pentachrome (top panels) or picrosirius red (bottom panels). Panels (a) and (b) show thrombus
that was closest to the center of the lesion, which likely represented the ‘youngest’ thrombus, that
is, replenished due to its proximity to the flowing blood. Panels (c) and (d) arefrom the same lesion
but∼ 880 microns farther from the center, and thus likely represent a slightly older thrombus. Pan-
els (e) and (f) are from a region∼ 1760 microns away from the center of the lesion, and thus likely
farthest from the free flowing blood and thereby the oldest. The series of the picrosirius-stained
images (b,d,f) highlights changes in collagen structure and organization from that originally laid
down around cells or canaliculi (circular structures) in the youngest (or biologically most active)
thrombus (b), to more fibrillar collagen structures in (d), and finally to highly remodeled thrombus
in (f). The increase in collagen concentration was consistent with the decrease of fibrin, which ap-
peared pink/red in the Movat’s stain. Recall that this dramatic remodeling took place within about
three weeks.

within the arterial wall can lead to the increased production of diverse chemokines, cy-
tokines, and proteases, which can cause significant localized remodeling of the wall. Al-
though hypertension is a risk factor for human aortic aneurysms and dissections, [168]
showed that Ang-II results in dissecting suprarenal aorticaneurysms in mice independent
of blood pressure. Rather, it appears to be the macrophages and other inflammatory cells
that are recruited to the media and adventitia of the suprarenal aorta that play key roles in
the initiation and development of these AAAs [185] while other large arteries are spared
[186]. Indeed, this concept of a localized macrophage mediated pathogenesis is consis-
tent with the stimulation of monocyte chemoattractant protein 1 by Ang-II [187], which
facilitates the recruitment of monocytes / macrophages to the aortic wall.

Although aortic lesions resulting from subcutaneous infusion of Ang-II in the mouse are
typically suggested to model certain aspects of abdominal aortic aneurysms, AAAs seldom
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Figure 3.7: Representative dark-field images of sections stained with picrosirius red to highlight
collagen fibers in the adventitia at location † (presumed nearly normal adventitia just behind the
lumen) and location ‡ (clearly remodeled collagen, well opposite the site of †).Both locations are
defined in Fig. 3.3.

dissect in humans. In contrast, the present findings are consistent with the early report by
[173] that Ang-II induced aneurysms in the mouse arise following an aortic dissection. For
this reason, this animal model may be a better model of some aspects of TAAs, which often
dissect and are similarly not well understood biomechanically [161, 188]. Nevertheless,
a detailed study of histological and mechanical characteristics of this mouse model will
increase our general understanding of the initiation and propagation of dissecting arteries
and aneurysms. Towards this end, of course, there is a need for additional longitudinal
data, particularly at early time points when the lesion initiates.

Consistent with prior reports (cf. [176]), we found that the dissection at 28 days presented
as three prototypically different formations along the axial direction (cf. Figs. 3.2 and 3.3):
a central region wherein medial elastic lamellae fragmented completely and the true lu-
men merged with a false lumen; regions distal and proximal tothe central region wherein
the media remained intact but there existed a large intramural cavity (false lumen) without
thrombus; and regions more distal and proximal to the central region wherein the media
remained intact but the intramural cavity was filled with either thrombus or remodeled
thrombus consisting largely of GAGs and collagen. Little prior attention has been directed
toward the potential remodeling of the intramural thrombus. Note, therefore, that clinical
observations in patients having a dissecting TAA suggest that a patent false lumen may
be a potential risk factor for continued aortic enlargementand a poor long-term outcome,
but a partially thrombosed false lumen may be of even greaterconcern [189, 190], per-
haps due to increased plasmin activity (cf. [191]) since plasmin can activate latent matrix
metalloproteinases [192]. In contrast, a fully thrombosedfalse lumen may be protective,
serving as a first step in ‘aortic wall healing and remodelingafter repair’ [193]. The present
observations support the hypothesis that a thrombus isolated from flowing blood may al-



54 3 Collagen and Thrombus Remodeling in Dissecting Aortic Aneurysms

Figure 3.8: Mean relative differences (relative to near normal collagen; cf. Fig. 3.6b) and corre-
sponding standard errors of the mean (SEM) for (a) collagen wavinessand (b) collagen concen-
tration for the three distinct cross-sectional formations present within the dissecting aneurysms.
Formation (a) from Fig. 3.3 with a merged lumen (ML); formation (b) from Fig. 3.3 with an iso-
lated lumen and cavity (L and C); formations c1 and c2 from Fig. 3.3 with a lumen and intramural
thrombus (L and T) for regions that were either not remodeled (c1) or remodeled (c2) as indicated
by collagen deposition. The dark gray bars (formations a−c1) denote comparisons between loca-
tions ‡ and † in adventitial regions. The light gray bars (formation c2) denote comparisons between
collagen in a remodeled intramural thrombus (T) and adventitial collagen at location †. Zero thus
denotes the waviness and concentration of collagen within the nearly normaladventitia behind the
lumen (location †). All formations and locations are defined in Fig. 3.3.

low invading cells to replace the degrading fibrin with fibrillar collagens (cf. [194–196]),
which could potentially strengthen the wall and protect it from possible further dissection
or rupture, at least within that region. Indeed, this hypothesis is consistent with the tacit as-
sumption underlying the treatment of intracranial saccular aneurysms with clot-promoting
coils or flow-diverting stents. In this case, it is hoped thatan intra-saccular thrombosis
will form and become isolated from the bloodstream (e.g., via re-endothelialization at the
orifice of the lesion), thus allowing subsequent conversionof the thrombus to collagenous
tissue by invading myofibroblasts [197]. What appears to be vital, therefore, is that the
intramural or intraluminal clot be isolated from flowing blood, which of course can oth-
erwise serve as a replenishing source of platelets, leukocytes, fibrinogen (and thus fibrin),
plasminogen (and thus plasmin), and so forth.

Whereas an endograft can isolate an intraluminal thrombus within an AAA from the flow-
ing blood, such a thrombus remains in contact with the bloodstream under ‘normal’ con-
ditions. In contrast, much of the intramural thrombus within the false lumen of a dissected
artery or aneurysm could naturally become isolated from theflowing blood even if the
‘ends’ of the thrombus are never so isolated. In this case, asin the case of the coiled
intracranial aneurysm (cf. [197]), it is possible that cells having synthetic capability can
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invade and remodel the thrombus provided that there is sufficient oxygenation and modest
levels of competing cells and biomolecules that arise from the blood-thrombus interface
(cf. [198, 199]). Our findings support this possibility. Recall, too, that we foundαSMA-
positive cells within both the media, where smooth muscle cells are to be expected, and
co-localized with regions experiencing new collagen and GAG deposition (cf. Fig. 3.4).
It is well known that myofibroblasts exhibit heightened synthetic capability, that they are
fundamental to connective tissue remodeling in many tissues and organs, and thatαSMA
is the most commonly used marker for this cell type [183]. Moreover, there now appears
to be many possible sources of myofibroblasts, including adventitial fibroblasts and resi-
dent progenitor cells, bone marrow derived fibrocytes, smooth muscle cells, and even (via
endothelial to- mesenchymal transistions) endothelial cells [182]. Although we neither
attempted to confirm that theαSMA-positive cells were indeed myofibroblasts nor tried
to identify cell source, our observations were consistent with a radially inward invasion of
myofibroblasts from the adventitia into the thrombus (cf. Fig. 3.4), similar to that reported
by [197] in a very different model of remodeling of thrombus via collagen deposition.
This complex issue clearly merits further study, however, particularly given the increasing
interest in adventitial cells in vascular remodeling [200].

The present findings also do not provide any further information on possible reasons why
a partially thrombosed dissection may be more susceptible to further dissection or rup-
ture. There was no indication of local adverse remodeling orfailure of the wall / remnant
adventitia in regions containing fibrin-rich thrombus (e.g., Supplemental Fig.2). Indeed,
it appears that if the aortic wall ruptures in this mouse model, it tends to do so early in
the development of the dissection (generally 4−10 days following the initiation of Ang-
II infusion; [166]), perhaps during the period when all or most of the thrombus is newly
formed. We focused herein on later development, 28 days following the initiation of Ang-
II, to capture different stages of thrombus development within single lesions. There is
a need nonetheless to explore earlier time points further, particularly given the observa-
tion by [173] that ‘Macrophage accumulation was particularly evident at the edges of the
thrombi, both in regions of disrupted and intact media.’ There is similarly motivation to
quantify possible temporal changes in blood-borne biomarkers or factors involved in the
clotting process.

Finally, we suggest one possible scenario (Fig. 3.9) that isconsistent with our histological
observations, that is, the existence of three distinct formations (cf. Figs. 3.2 and 3.3) in each
of our five vessels and the different stages of thrombus remodeling therein. Fig. 3.9a shows
the possible initiation of an intramural delamination (due, in part, to the medial accumu-
lation of macrophages; [176]), followed by a possible propagation of this delamination
in Fig. 3.9b (due to wall stresses exceeding local inter-lamellar strength) that ultimately
leads to dissection along the medial-adventitial border and a subsequent localized trans-
mural tear that establishes communication with the lumen. Intramural pressures caused by
the blood could then contribute to the propagation of a dissection and initiate associated
growth and remodeling processes within the remaining intramural constituents [201], lead-
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Figure 3.9: A postulated (a) intramural initiation of a localized delamination within the media of
the suprarenal aorta in an ApoE−/− mouse infused with angiotension-II that (b) could propagate
and lead to both a dissection along the medial-adventitial plane and an intimal-medialtear, with
subsequent communication with the blood stream that could allow a false lumen to extend axially
(c). Moreover, consistent with Figs. 3.2 and 3.3, panels df show types of cross-sections that could
arise due to the false lumen filling with thrombus on the more distal and proximal aspects, with
those regions farthest from the flowing blood experiencing a replacement of fibrin with newly
deposited fibrillar collagen (and GAGs). It is possible, of course, that the initial dissection could
propagate within the media (not found in this study), along the medial-adventitialborder, or within
the adventitia, particularly if it had previously remodeled into more loosely organized collagen
fibers (as often observed herein).

ing to the observed dramatic increase in vessel circumference and formation of an intra-
mural thrombus. Regardless of the specific mechanisms responsible for the pathogenesis,
Fig. 3.9c illustrates a longitudinal section as a possible scenario for an advanced, 28-day
dissecting aneurysm (cf. Fig. 3.3 in [167]). Panels 3.9d−f show how the longitudinal sec-
tion of Fig. 3.9c might appear in typical histological cross-sections, which match the three
formations we observed in all five lesions (cf. Figs. 3.2 and 3.3). Additionally, relative dif-
ferences in the age of the thrombus (i.e., time since it was incontact with flowing blood)
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can be explained using this scenario. The youngest region ofthe thrombus would occur
near the center of the aneurysm, where it is exposed to the blood stream via the ruptured
intimal-medial layer. The oldest regions of thrombus wouldbe farthest from the center of
the lesion and not directly exposed to blood; this would allow more time, and perhaps a
more permissive environment, for synthetic cells to invadethe intramural thrombus and to
start the remodeling process (cf. Figs. 3.4 and 3.6).

In summary, we have presented new observations related to collagen remodeling within
dissecting aneurysms that arise in the most commonly employed mouse model of aortic
aneurysms. The rapidly expanding adventitia clearly undergoes remarkable remodeling,
but so too the intramural thrombus in regions well separatedfrom the flowing blood. Given
that replacement of thrombus by collagenous tissue may represent a favorable wound heal-
ing response, additional effort should be directed toward understanding and promoting
such remodeling in arterial dissections. Insight gained could also have a broader impact,
as, for example, in providing new insight relative to the useof endografts (and so-called
endoleak) to treat aortic aneurysms or flow-diverting stents to treat intracranial aneurysms.
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4 QUANTITATIVE ASSESSMENT OF COLLAGEN FIBER
ORIENTATIONS FROM 2D IMAGES

Abstract. In this work, we outline an automated method for the extraction and quantifi-
cation of material parameters characterizing collagen fiber orientations from 2D images.
Morphological collagen data among different length scaleswere obtained by combining
the established methods of Fourier power spectrum analysis, wedge filtering, and progres-
sive regions of interest splitting. Our proposed method yields data from which we can
determine parameters for computational modeling of soft biological tissues using fiber re-
inforced constitutive models and gauge the length-scales most appropriate for obtaining a
physically meaningful measure of fiber orientations, whichis representative of the true tis-
sue morphology of the 2D image. Specifically, we focus on three parameters quantifying
different aspects of the collagen morphology: first, using maximum likelihood estimation
we extract location parameters which accurately determinethe angle of the principal di-
rections of the fiber reinforcement (i.e. the preferred fiberdirections); second, by using a
dispersion model we obtain dispersion parameters quantifying the collagen fiber disper-
sion about these principal directions; third, we calculatethe weighted error entropy as a
measure of changes in the entire fiber distributions at different length-scales, as opposed
to their average behavior. With fully automated imaging techniques, such as multiphoton
microscopy, becoming increasingly popular (which often yield large numbers of images to
analyze), our method provides an ideal tool for quickly extracting mechanically relevant
tissue parameters, which have implications for computational modeling (for example, on
the mesh density) and can also be utilized for the inhomogeneous modeling of tissues.

4.1 Introduction

The mechanical behavior of the arterial wall is mainly governed by the organization and
composition of the three major microstructural components, collagen, elastin, and smooth
muscle cells [56, 63, 202]. The influence of these componentson the cardiovascular func-
tion in health and disease has been the subject of extensive research [57, 69, 123, 125–
127, 130]. While elastin is load-bearing at low and (to a smaller extent) high strains, it is
collagen which endows the arterial wall with strength and load resistance, thus making it
the most relevant mechanical tissue constituent [22, 134, 135, 203]. Research indicates,
that changes in the mechanical properties of the healthy arterial wall play a role in arterial
disease and degeneration [123]. For example, increased stiffening of the vessel wall with
age may (among other factors) be related to an increased ratio of collagen to elastin as

59
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well as increased collagen cross-linking [77, 126]. Higherwall stiffness may also be a
contributing factor for atherosclerosis [69]. Furthermore, changes to the mechanical envi-
ronment can lead to growth and rearrangement of collagen which can cause enlargement
of intracranial aneurysms, with an associated elevated rupture risk and mortality rate of
35-50% [125]. Collagen remodeling is also believed to play a role in the healing of dis-
secting aortic aneurysms [61]. Therefore, evaluating and monitoring morphological data
on collagen within the arterial wall is essential to facilitate a better understanding of the
underlying mechanical principles governing the behavior of the vessel wall. Additionally,
such data can be used to improve modeling of the cardiovascular system and increase our
understanding of disease progression.

Many problems related to the mechanical function of arteries can be studied in the frame-
work of finite element (FE) analysis. FE-based constitutivemodels for arterial tissues are
available, even in commercial codes such as Abaqus (SIMULIA, Providence, RI), and nu-
merical modeling is a well-accepted means by which to gain insight into the functional
relationships between structural and mechanical properties within arterial tissues, as well
as studying tissue- and organ-level deformations or stresses [163]. Collagen fibers gener-
ally display wavy patterns in the unstressed arterial wall.When strain is applied it leads
to a progressive recruitment of collagen fibers, which alignthemselves in preferred (prin-
cipal) directions, causing the characteristic nonlinear mechanical response of arterial tis-
sues. Higher strains effect the orientations of collagen fibers [204] resulting in an improved
fiber orientation coherence and smaller dispersions of the entire fiber families [63, 139].
Anisotropic, fiber-reinforced material laws have been developed for modeling such tissues
[56, 202], and some of these models also include a measure of the fiber dispersion, see, for
example, [58, 122, 205, 206].

To visualize collagen one can make use of either stained histological sections (common
stains: picrosirius red, hematoxylin and eosin, Masson’s trichrome, Movat’s pentachrome),
or different microscopy techniques: for example, polarized microscopy [36, 139]; electron
microscopy ([179] and references therein); fluorescence microscopy [207]; multiphoton
microscopy (MPM) [46, 49, 50, 208], featuring enhanced penetration depth in soft biolog-
ical tissues, good optical sectioning, and good resolution. Both, fluorescence microscopy
and MPM, utilize collagen as a source of second harmonic generation (SHG) [48, 209, 210]
and autofluorescence [43–45], which allows for direct observation without staining. For a
brief overview of structural quantification of collagen fibers in arterial walls see [55].

To assess morphological collagen data from two-dimensional (2D) images in a simple, fast
and automated fashion, we use a Fourier-based image analysis approach in combination
with wedge filtering and progressive regions of interest (ROIs) splitting. Fourier power
spectrum analysis and wedge filtering are both well established techniques for character-
izing collagen organization based on the autocorrelation of intensity fluctuations within
a given image [179, 180, 211–215]. ROI splitting is a tool forextracting morphological
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data from sub-images, allowing us to assess changes of such data among varying length-
scales.

Our approach differs from afore mentioned works, in that we focus on extracting relevant
biomechanical material parameters which can be used directly in numerical modeling. We
aim to provide an automated method to span the work of an experimentalist focused on
obtaining high quality images from soft tissues, and a computational modeling of such
tissues using material parameters extracted from 2D images. Specifically, we demonstrate
the following: first, the accurate determination of the principal directions of fiber reinforce-
ment (i.e. the preferred fiber directions), second the quantification of the fiber dispersion
about this principal direction, third the gauging of appropriate length-scales for charac-
terizing important features of the tissue morphology (which has implications on the FE
mesh density of the geometrical model), and finally a comparison of the entire fiber distri-
butions (instead of averaged measures) among different length-scales using higher-order
statistics.

4.2 Methods and Materials

4.2.1 Images

To validate and demonstrate our methods in a controlled setting, we generated two binary
test images, as shown in Fig. 4.1. Both test images are 1511× 1511 pixels in size and
contain 100 straight white lines, randomly distributed so that no two lines touch each
other. The lengths of the lines vary according to a Gaussian distribution with a standard
deviation of 35% of the mean length. In panel (a) all lines arealigned parallel at 25◦ (0◦

and 90◦ correspond to the horizontal and vertical axes of the image,respectively). In panel
(b) 30% of the lines have been randomly rotated to yield a Gaussian distribution with a
mean of 45◦ and a standard deviation of 10◦. All random numbers were generated using
MATLAB (MathWorks Inc., MA, USA).

Figure 4.2 gives an overview of three microscopy images we chose for our studies. Panel
(a) shows a grayscale version of a representative micrograph of a picrosirius red (PSR)
stained in-plane tissue section of the human intima (image size: 1936×1936 pixels) The
use of autopsy material from human subjects for this study was approved by the Ethics
Committee of Medical University Graz (#: 21-288 ex 09/10). Weobtained the image via
polarized microscopy through the course of a different research study; details regarding the
tissue preparation and histological procedures can be found in [61]. The image features
two almost symmetrically arranged collagen fiber families with respect to the main cylin-
der axes, indicated by the white dashed lines in panel (a). The circumferential and axial
directions of the vessel correspond to 0◦ and 90◦, respectively. Figure 4.2(b) shows a MPM
image of one collagen fiber family taken from an in-plane section of the human media
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(a) (b)

Figure 4.1: Two binary test images, each 1511×1511 pixels, containing 100 randomly distributed
straight lines with varying lengths according to a Gaussian distribution (sd: 35%). In panel (a) all
lines are oriented at 25◦ (0◦ is circumferential); in panel (b) 30% of the lines have been randomly
rotated to match a Gaussian distribution with a mean of 45◦ and a standard deviation of 10◦.

(image size: 1237×1237 pixels). The SHG signal of collagen was detected using acom-
mercially available coherent anti-Stokes Raman scattering(CARS) and SHG microscope
system based on a Leica SP5 (Leica Microsystems, Inc.). The device is equipped with a pi-
cosecond solid state laser-based light source (picoEmerald; APE, Germany; HighQ Laser,
Austria) with integrated optical parametric oscillator (OPO). The SHG signal of collagen
was generated by tuning the OPO to 830 nm. Backscattered SHG signal was collected in
epi-mode using a non descanned detector (Epi-NDD) and a BP 465/170 filter. Imaging
was performed using a Leica HCX PL APO CS 40.0×0.25 oil objective. Figure 4.2(c)
shows a SHG image of collagen fibers from a transversal section of chicken cartilage (im-
age size: 1443× 1443 pixels). For details regarding tissue preparation andimaging see
[215].

4.2.2 Fourier transformation and wedge filtering

To obtain material parameters for applications in computational modeling, our first task is
to extract quantitative data regarding collagen fiber orientations from 2D images. Toward
this end, we represent the original grayscale image by a distribution functionf (x,y), where
(x,y) defines a point in the real 2D image. Using a 2D Fast Fourier Transformation (FFT)
we obtainF( f (x,y)) = F(u,v), where(u,v) is a point in the Fourier space. To avoid
frequency-domain effects originating from periodic discontinuities at the boundaries of
the original image, we first apply a window using a raised cosine function which reduces
the grayscale values to 0 at the image periphery (see Fig. 4.3(a)). After FFT, we perform
a coordinate shift, transforming the lowest spatial frequency to the origin, from where
it increases as we move towards the image edges. The Fourier Transform (FT) is then
multiplied with its complex conjugateF∗, yielding the power spectrumP, namely

P(u,v) = F(u,v) ·F∗(u,v). (4.1)
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Figure 4.2: Representative experimental images: panel (a) displays an in-plane section of a human
intima of the thoracic aorta (image size: 1936× 1936 pixels), showing two collagen fiber fami-
lies almost symmetrically arranged with respect to the major cylinder axes (indicated by the white
dashed lines, 0◦ and 90◦ correspond to the circumferential and axial direction of the vessel, respec-
tively); panel (b) shows an in-plane section of the human media (image size:1237×1237 pixels)
featuring one collagen fiber family; panel (c) shows collagen fibers in a transversal section of the
chicken cartilage (image size: 1443×1443 pixels). The grayscale image in panel (a) was obtained
using polarized light and picrosirius red staining. Images in panels (b) and(c) were obtained using
second harmonic generation microscopes.

Figure 4.3(b) displays the Fourier power spectrum shown with a logarithmic intensity scale
of the windowed image of Fig. 4.3(a). Note the 90◦ shift of the axes owing to the Fourier
transformation. Frequency components of the collagen fibers along different orientations
are represented as changes in amplitude,I(Φ), along a specific angleΦ. The two fiber
families are visible as two white elongated clouds orientedbetween the major axes.

The collagen fibers are now discriminated by spatial frequency and orientation. We use
wedge-shaped orientation filters to extract the fiber anglesand their corresponding ampli-
tudes from the power spectrum [211]. The amplitudesI(Φ) are obtained by summation of
everyP(u,v) within individual wedges (1◦ wedge width), yielding a discrete distribution
of relative amplitudes as a function of the angleΦ. For these angles to correlate with the
real image, we shift them back by 90◦, as shown in Fig. 4.3(c). For subsequent fitting, we
smooth the relative amplitudes using a moving average filterwith a span range of 5◦. The
effect of data smoothing is illustrated in Fig. 4.3(d).

4.2.3 Distribution fitting

To describe the angular distribution of fibers, sayρ̃(Φ), we use aπ-periodicvon Mises
distribution similar to [122, 202], given by

ρ̃(Φ) =
exp[bcos(2(Φ−µ))]

2πI0(b)
, (4.2)
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Figure 4.3: Panel (a) shows the windowed grayscale image of the intima, as shown in Fig. 4.2a.
Panel (b) displays the Fourier power spectrum of (a), visualized with a logarithmic intensity scale
and the lowest frequency at the origin. Panel (c) displays the discrete angular distribution of relative
amplitudesI(Φ) of the windowed grayscale image, obtained through 1◦ wedge filtering of the
power spectrum shown in (b). Panel (d) shows the effect of smoothingthe amplitudes using a
moving average filter with a span range of 5◦. The frequency components in (a) of the collagen
fibers along different orientations are represented in (b) as changesin amplitude along a specific
angleΦ. Two fiber families are visible in (b) as two white elongated clouds oriented between the
major axes. Note the 90◦ shift of the axes from (a) to (b) owing to the Fourier transformation. All
angles in (c) are shifted back by 90◦ to correlate with the angles of the collagen fibers in the real
image.
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Figure 4.4: Panel (a) is a graphical representation of five two-dimensional von Misesdistributions
ρ(Φ) for five different concentration parameters. Forb = 0, ρ(Φ) = 1 is a uniform distribution
(representing an isotropic fiber distribution) while forb→ ∞ the distribution becomes a Dirac delta
function at angleµ (here centered at zero). Each distribution is normalized toπ. Panel (b) shows
the unit vectorM defined by the angleΦ in a two-dimensional Cartesian coordinate system with
the basis vectorse1 ande2.

whereΦ denotes the angle,b∈ [0,∞] the concentration parameter determining the shape
of the distribution, andµ ∈ [−π/2,π/2) the location parameter describing the mean (or
principal) fiber orientation (see Fig. 4.4(a)). Both parameters (b and µ) are determined
during the fitting process.I0(b) in (4.2) is the modified Bessel function of the first kind of
order zero and the function of ordern is defined by

In(b) =
1
π

π∫

0

exp[bcos(α)]cos(nα)dα. (4.3)

Note that thevon Misesdistribution is an angular distribution and a close approximation
to the wrapped normal distribution (which is the normal distribution wrapped around the
circle) [216]. Thevon Misesdistribution is normalized according to [202], such that

1
π

π/2∫

−π/2

ρ(Φ)dΦ = 1, (4.4)

which yields the density function

ρ(Φ) =
exp[bcos(2(Φ−µ))]

I0(b)
. (4.5)
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Note that the location parameterµ becomes zero in the model since thex1-axis of the
coordinate system and the mean fiber direction are made to coincide (see Fig. 4.4(b)).
From eq. (4.5) we can compute the dispersion parameter

κ =
1
π

π/2∫

−π/2

ρ(Φ)sin2(Φ)dΦ =
1
2

(
1− I1(b)

I0(b)

)
, (4.6)

with κ ∈ [0,1/2]. For an isotropic fiber distributionκ = 1/2 (b= 0), in the case of com-
plete fiber alignment, i.e. no dispersion,κ → 0 (b→ ∞), as illustrated in Fig. 4.4(a).

We obtained an analytical solution forκ using the trigonometric identity sin2x = (1−
cos2x)/2, yielding the result shown in (4.6). Sinceρ(Φ) is π-periodic, (4.3) also holds
for the integration limits[−π/2,π/2]. Note thatκ is half of the circular variance [217].
The dispersion measureκ can be used to construct a symmetric structure tensorH which
describes the fiber distribution in a continuum mechanical framework. Note that this ap-
proach assumes a planar, symmetric fiber distribution and isonly appropriate for modeling
thin lamellar structures or a subset of 3D problems under theassumption of an in-plane
arrangement of the fibers (see discussion for more details).

To fit the distribution from Fig. 4.3(d), we use maximum likelihood estimation (MLE).
The fundamental properties of the FT (see discussion) allowus to generate the fiber angle
data set (required for MLE) from the amplitude distribution. For this purpose, we treat the
distribution of relative amplitudes as a histogram, where the number of fiber angles equates
to the value of the corresponding amplitude. For instance, from a relative amplitude value
of 20% at 0◦ we generate 20 angles with 0◦. This approach ensures that the created angular
data set can reproduce the original amplitude distributionand provides us with a sufficient
number of angles for the MLE.

As can be seen in Fig. 4.3(d), the distribution is composed oftwo fiber families, with a
summation of the amplitudes at the overlapping region. Therefore, we use a mixture of
two von Misesdistributions, given by

ρmix(Φ) = ρ1(Φ)+ρ2(Φ) =

2∑

i=1

exp[bi cos(2(Φ−µi))]

I0(bi)
. (4.7)

Thus, four parameters are fitted, namely the concentration parametersb1 andb2 and the
location parametersµ1 andµ2 of the two distinct distributions. Note that the mixture of
the twovon Misesdistributions in (4.7) does not need to be normalized toπ by a constant
factor, since it is only used in the fitting process for determining the four fitting parameters
[218], and is not used further in the model.
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4.2.4 Varying length-scale analysis

To determine meaningful measures of fiber orientations at different length-scales, we di-
vide the original image continuously into ever smaller sub-images, denoted as regions-
of-interest (ROIs). With each subsequent dividing stepn, the number of ROIs grows ex-
ponentially byn2, as illustrated forn = 1-4 in Fig. 4.5(a). Every ROI is windowed (see
above) and the Fourier power spectrum is calculated according to (4.1). We then fit a line
through the center of the power spectrum in a least squares sense [179], from which the
overall fiber angleϕ is determined for each ROI (Fig. 4.5(b)). Note thatϕ could also be
determined by means of wedge filtering, but since we are only interested in one parameter
for each ROI (instead of the entire angular distribution of amplitudes for each ROI) it is
computationally (much) more efficient to fit a line through the power spectrum. This yields
n2 anglesϕ within the original image for each dividing stepn, illustrated in Fig. 4.5(c) as
a histogram forn= 30 (0◦ and 90◦ correspond to the horizontal and vertical direction of
the image, respectively). From this angular distribution we determine two measures de-
scribing the average behavior of the calculated fiber orientations: the mean angleϕm and
the median angleϕmdn. We provide both measures in the illustrative example (n= 30) in

Fig. 4.5(c). Normalizing the histogram to
∑n2

i=1 I(ϕi) = 1 yields the computed probability
mass function (PMF)pc(ϕ), which we use in the subsequent analysis. Using bothϕm and
ϕmdn, we aim to determine an appropriate range forn, where the resulting distribution of
n2 fiber anglesϕi (i = 1,n2) reflects the inhomogeneous morphology of the collagen fibers
in the image. We achieved this goal by determining a range where ϕm andϕmdn display
(relatively) stable behavior among subsequent partitions(n’s).

To test if the calculated distributions from dividing images into ROIs reflect the inhomo-
geneity of the morphology, we plot statistical measures across different subdivisions (i.e.
different n’s) of images. In this context, the weighted error entropy isthe most relevant
statistical measure [219, 220]. Error entropy has been usedin the context of stochastic
learning as a reliable metric, and has the ability to capturearbitrary statistics [221]. The
error entropyE is defined as

E(n) =
1
π

π/2∑

i=−π/2

pd(ϕi ,n) log2[pd(ϕi ,n)], (4.8)

where
pd(ϕi) = abs[pc(ϕi)− pa(ϕi)]. (4.9)

While pd quantifies the difference between the computed(pc) and actual(pa) PMF, the
error entropyE(n) quantifies the uncertainty in the difference between the twodistribu-
tions.

Hence, when the two distributions are identical, the error entropy is zero. However, this
assumes that both distributionspc andpa are centered around the same value (a difference
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Figure 4.5: Schematic of the steps to determine collagen fiber distributions at decreasing length-
scales (increasing dividing stepsn). The original image (panel (a),n= 1) is continuously divided
into an increasing number of regions-of-interest (ROIs), yieldingn2 ROIs at each stepn, as illus-
trated forn= 1-4 in (a). For every ROI, the Fourier power spectrum is calculated, from which the
overall fiber angleϕ of this ROI is determined by fitting a line through the center of the power spec-
trum in a least squares sense, as shown in (b). Panel (c) is a representative histogram of all angles for
n= 30, yielding the angular distribution (900 angles) of the original image from Fig. 4.2(b) at this
length-scale (0◦ corresponds to the horizontal direction of the image). Normalizing the histogram

by
∑n2

i=1 I(ϕi) = 1 yields the computed probability mass function (PMF)pc(ϕ). To describe the
average behavior of this distribution, the mean angleϕm and the median angleϕmdn are determined.

distribution which is Dirac delta at a different mean value has less error entropy than a
difference distribution which is centered around the correct mean). To prevent this occur-
rence, we weight the error entropy with difference in mean values. The weighted error
entropy is given by

Ew(n) = abs[µpc(n)−µpa(n)][k+E(n)], (4.10)

wherek is a weighing constant andµpc andµpa are the mean values of the given distri-
butions. In order to determine the weighted error entropy, the actual PMF (pa in equa-
tion (4.9)) must be computed if it is not known. For the first two test images (Figs 4.1(a)
and (b)),pa is the input PMF (the normalized angular distribution of thelines). Because
pa is usually unknown for experimental images (for example, Figs 4.2(b) and 4.2(c)), we
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choose a specific PMF to bepa, where the gradient of absolute entropy of the PMF stabi-
lizes and reaches a plateau. To ensure that the chosenpa is robust, we perform a perturba-
tion analysis. Ifn yields the ROI size when the gradient of absolute entropy stabilizes, we
also choose theoretical distributions corresponding to(n−3) and(n+3). A robust choice
would imply that our results (the plots of weighted error entropy Ew) do not change for
such small perturbations in the chosen theoretical PDFpa.

4.3 Results

We have developed automated methods to extract collagen fiber orientations and associated
dispersions at different length-scales from 2D images, which can then be used in compu-
tational modeling. To this end, we focused on three key parameters: first, the dispersion
parameterκ, which is a well established and used measure of anisotropy [122, 202, 206];
second, the fiber anglesϕm andϕmdn, as a measure for the average orientation of a given
fiber distribution; third, the weighted error entropyEw, which analyzes and compares en-
tire fiber distributions rather than the averaged fiber orientations, which is, therefore, useful
when average measures are not sufficient. Furthermore, the behavior of the average fiber
angles and weighted error entropy at different length-scales allows us to determine an ap-
propriate range of ROI sizes, which will yield fiber distributions representing the tissue
morphology from the image, which has implications for computational modeling (for ex-
ample, on the mesh density). Our method is based on transforming an image to Fourier
space where the power spectrum is calculated, from which theabove mentioned parame-
ters can be extracted (see Figs 4.3 and 4.5).

4.3.1 Distribution fitting

To obtain the dispersion parameterκ, we fit a given angular distribution using MLE. As
an illustrative example we choose the (more challenging) case of an image featuring two
(rather than one) collagen fiber families (Fig. 4.2(a)). Theresult of fitting a mixture of two
von Misesdistributions (equation (4.7)) is shown in Fig. 4.6. The fitting parameters are
b1 = 2.503,µ1 =−39.6◦ andb2 = 2.149,µ2 = 39.4◦ for the two distributions, respectively
(b denotes the concentration parameter andµ the location parameter). Using (4.6) and
the shape parametersb1 andb2, the dispersion parametersκ1 = 0.1173 andκ2 = 0.1396
were calculated. To quantify the goodness of the fit, we use the Pearsonχ2 test (yielding
a p-value) and the coefficient of determinationR2. For the fit in Fig. 4.6 we obtained
p= 0.8535 andR2 = 0.935.
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Figure 4.6: Angular distribution of the collagen fibers in Fig. 4.2(a) (0◦ corresponds to the cir-
cumferential direction of the vessel). The two distinct peaks correspondto the two collagen fiber
families, almost symmetrically arranged around the circumferential direction, visible in Fig. 4.2(a).
The fit was performed using maximum likelihood estimation and two superimposedvon Mises
distributions with four fitting parameters: one concentration and location parameter for each fiber
family (b1 = 2.503, µ1 = −39.6◦, b2 = 2.149, µ2 = 39.4◦). The dispersion parameters for each
family areκ1 = 0.1173, κ2 = 0.1396.

4.3.2 Varying length-scale analysis

Figure 4.7(a) shows the behavior of the average fiber anglesϕm andϕmdn with increasing
n ∈ [0,75] (decreasing ROI size) for the first test image from Fig. 4.1(a). Initially, both
measures yield the correct angle of 25◦ in accordance with the actual input PMF(pa),
which is a Dirac delta distribution located at 25◦ (see Fig. 4.1(a)). The mean angle starts
to deviate from the correct angle aroundn = 13 (left arrow in Fig. 4.7(a)) marking the
upper cut-off point forϕm, while the median angle shows a more stable behavior yielding
the appropriate angle(±0.5◦) until the upper cut-off point forϕmdn aroundn= 36 (right
arrow).

For the weighted error entropy(Ew) in Fig. 4.7(b),pa was chosen to be a Dirac delta dis-
tribution located at 25◦, corresponding to the actual PMF of the first test image. Notethat
if instead of the Dirac delta distribution we choosepa, based on the results of the pertur-
bation analysis (not plotted), where the gradient of absolute entropy stabilizes (rather than
the known Dirac delta distribution), it results in the theoretical distribution, verifying our
scheme for computing the unknown actual PMFs for images of soft tissues. The weighted
error entropy is quite stable until aroundn= 13. While the reliable estimate for the me-
dian holds untiln= 36 (upper cut-off point forϕmdn in (a)), the entire PMF only shows a
relatively stable behavior for a third of that range (untiln= 13), similar toϕm.

The results in Fig. 4.8(a) forϕm andϕmdn of the second test image, which includes some
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Figure 4.7: Results for the first test image (Fig. 4.1(a)): panel (a) shows the mean angleϕm and
the median angleϕmdn for increasing dividing stepsn, and panel (b) shows the weighted error
entropyEw. Both measuresϕm andϕmdn in (a) yield the correct angle of 25◦ until aroundn= 12,
confirming the capability of this method for extracting accurate angular data across different length-
scales. The mean angleϕm starts to loose accuracy aroundn = 13 (upper cut-off point forϕm),
while the median angle is more stable(±0.5◦) up to n = 36 (upper cut-off point forϕmdn). The
weighted error entropy in panel (b), is relatively stable until aroundn= 13, corresponding to only
minor changes in the probability mass functions (PMFs) across these length-scales.

dispersion (see Fig. 4.1(b)), show a very different behavior with respect to the first test
image. Initially the mean angleϕm yields increased values around 30◦ (owing to the fact
that 30% of the fiber angles are distributed with a mean of 45◦) and starts to drift off at
n = 17. Overall, the values forϕm fluctuate with increasingn, and a stable behavior is
never observed. The median angleϕmdn on the other hand only fluctuates in the beginning
of the analysis (n = 1-10), and stabilizes at a lower cut-off point of aboutn = 11 (see
arrow);ϕmdn is then stable up ton= 24 (±0.5◦) before it starts to drift away. The weighted
error entropy in Fig. 4.8(b) indicates that after an initialincrease the PMFs do not change
much untiln= 14, after whichEw(n) shows a steeper increase.
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Figure 4.8: Results for the second test image which includes dispersion (Fig. 4.1(b)): panel (a)
shows the mean angleϕm and the median angleϕmdn for increasing dividing stepsn, and panel (b)
shows the weighted error entropyEw. In (a) the mean angleϕm fluctuates and does not stabilize
owing to the dispersion, and is, therefore, not suited for identifying a range of appropriate ROI
sizes. On the other hand, the median angleϕmdn initially fluctuates but stabilizes aroundn = 11,
yielding a lower cut-off point (left arrow);ϕmdn is then stable up ton = 24 (upper cut-off point)
before it starts to drift away. In the stable range ofϕmdn from n= 11 ton= 24, then2 angles from
all ROIs yield an angular distribution representing the orientation of lines in theinput image. The
weighted error entropyEw in (b) shows that after an initial increase the PMFs do not change much
until n= 14.

Figure 4.9 displays the results of the average fiber angles inpanel (a), and the weighted
error entropy in panel (b) of a SHG image featuring collagen fibers in an in-plane section
of the human media (shown in Fig. 4.2(b)).

Both ϕm and ϕmdn have a lower cut-off point atn = 3. After n = 19, ϕm drifts away
sharply, whileϕmdn displays a (relatively) stable range until the upper cut-off point at
approximatelyn= 40. The weighted error entropy curve features two regimes: (i) a very
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Figure 4.9: Results for the second harmonic generation image of collagen fibers in the human media
(Fig. 4.2(b)): panel (a) shows the mean angleϕm and the median angleϕmdn for increasing dividing
stepsn, and panel (b) shows the weighted error entropyEw. In (a) we observe a lower cut-off point
for both anglesϕm andϕmdn atn= 3. Whileϕm starts to drift away aftern= 19, the median angle
ϕmdn displays a (relatively) stable behavior over a widern-range until aboutn = 40, followed by
a small angular drift at decreasing ROI sizes. The weighted error entropy Ew in panel (b) displays
small changes of the probability mass functions (PMFs) up ton= 18. The entropy increase beyond
that point coincides to the length-scale where the stable region forϕm in (a) starts to break down.

stable region untiln= 18, and (ii) a monotonic, almost linear increase henceforth. This is
similar to the drift in the curve forϕm, while the drift is less steep forϕmdn.

The results from the analysis of the SHG image featuring collagen fibers of the chicken
cartilage (shown in Fig. 4.2(c)) are displayed in Fig. 4.10.Both, ϕm andϕmdn in panel
(a) have a lower cut-off point atn= 4, followed by a stable domain until the upper cut-off
point atn= 25. In the stable domain,ϕm yields values approximately 6◦ higher compared
to ϕmdn. The weighted error entropy in Fig. 4.10(b) has a trend similar to Fig. 4.9(b),
with a stable regime followed by an almost linearly increasing curve. In the beginning of
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Figure 4.10: Results for the second harmonic generation image of collagen fibers of chicken car-
tilage (Fig. 4.2(c)): panel (a) shows the mean angleϕm and the median angleϕmdn for increasing
dividing stepsn, and panel (b) shows the weighted error entropyEw. In (a) we observe a lower
cut-off point for both anglesϕm andϕmdn at n = 4, below which both measures yield unstable
values owing to artifacts and different collagen fiber orientations at the perimeter of the cartilage.
Both measures show a stable behavior up ton= 25 (upper cut-off point), though the values forϕm
are approximately 6◦ higher compared toϕmdn. The behavior of the weighted error entropyEw up
to aroundn = 6 in (b) confirms the existence of an initially unstable domain (highlighted in (a)),
followed by a stable and low weighted error entropy regime up to aboutn= 21.

Fig. 4.10(b), up to aroundn= 6, Ew reveals changes in the PMF owing to afore mentioned
artifacts. This is not the case forEw in Fig. 4.9(b), because the analyzed image (shown
in Fig. 4.2(b)) does not contain regions with very differentfiber orientations (compare
Fig. 4.2(b) with Fig. 4.2(c)).
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4.4 Discussion

In this paper we outline an automated Fourier-based imaginganalysis method to extract
and quantify material parameters characterizing collagenfiber orientations from 2D im-
ages. Our method combines Fourier power spectrum analysis and wedge filtering (two
well-established image analysis tools for morphological data extraction, see, for example,
[179, 180, 211]). Additionally, we show how ROIs (sub-images) can be utilized to obtain
useful orientation information among different length-scales.

We aim to extract data from which we can (i) determine material parameters for computa-
tional modeling of soft biological tissues using fiber reinforced constitutive models and, (ii)
gauge which length-scales are most appropriate to capture tissue morphology, which can
also have implications for computational modeling (for example, mesh density). Specifi-
cally, we focus on three key parameters: first, we compute thedispersion parameterκ, a
measure of anisotropy [122, 202, 206]. Mainly,κ is based on a three-dimensional (3D),
rotationally symmetricvon Misesdistribution. Since we deal with 2D images, we make
use of the 2D equivalent as discussed in [202]. Second, we introduce two measures for the
average orientation of a given distribution(ϕm, ϕmdn) and show thatϕmdn is the more ap-
propriate measure to use if the collagen fibers are dispersed. In the presence of fiber fami-
lies the average orientation corresponds to the preferred (or principal) fiber direction of one
fiber family [61], and hence can be used as a parameter for continuum mechanics-based
constitutive models (see, for example, [56, 107, 120, 136, 222] and references therein).
Third, we calculate the weighted error entropyEw as a measure of changes in the entire
fiber distributions at different length-scales, as opposedto their average behavior.

4.4.1 Analysis validation

In our approach, three fundamental properties of the FT are pertinent, ensuring that the
distribution of relative amplitudes in the Fourier space isa representation of the collagen
fiber distribution. They are: (i) the rotation of a collagen fiber results in an equal rotation
in the Fourier space (the rotational property), (ii) the Fourier transform of a region con-
taining several fibers is equal to the sum of the individual Fourier transforms of the same
fibers (the addition theorem), and (iii) a spatial shift of a fiber does not affect the ampli-
tude of its Fourier transform (the shift theorem). Hence, Fourier space provides a proper
representation of the fiber orientations of a 2D image.

Generally, the dimensions of any original image used for ouranalysis should be much
larger than the structures of interest shown in the image (inour case collagen fibers) to en-
sure that they can still be contained within ROIs at increasingly smaller length scales. To
validate the functionality of our method we created two testimages shown in Figs 4.1(a)
and (b). The purpose of the first test image (panel (a)) is to verify the capability of the
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method to extract correct angular data among various length-scales. The distribution of all
lines in the first test image corresponds to a Dirac delta function at 25◦. Both average mea-
sures(ϕm, ϕmdn) yield the correct angles of 25◦ in the range ofn= 1-12 (see Fig. 4.7(a)).
As expected,ϕmdn is more stable at increasingly smaller ROI sizes (increasing n) than
ϕm.

To investigate which of the two average measures is more appropriate if the fibers are dis-
persed, we modified the first test image to include some dispersion, resulting in the second
test image shown in Fig. 4.1(b). From the results in Fig. 4.8(a) it becomes evident that the
mean average measureϕm does not stabilize. It is, therefore, not suited for identifying a
range of ROI sizes that would yield angular distributions which are representative for the
orientations of the lines (simulated fibers). On the other hand, the behavior of the median
average measureϕmdn shows three interesting characteristics: (i) it yields a lower cut-off
point, which represents a maximum ROI size above which the average anglesϕmdn of the
entire distributions fluctuate highly asn changes; (ii) it yields an upper cut-off point, which
marks a minimum ROI size below which the angular values startto drift away; and (iii) it
identifies a stable range of ROI sizes between both cut-off points. Such stable ranges can
only be observed if the underlying distributions (from which ϕmdn is determined) reflect
the orientations of the features in the image. If, for example, a ROI size is too large, details
within individual ROIs are smeared out and information is lost. On the other hand, if a ROI
size is too small the information within individual ROIs is compromised by, for example,
image artifacts, resolution limits or edge effects.

4.4.2 Distribution fitting

We use MLE to fit a mixture of twovon Misesdistributions to the angular distribution
obtained from the image in Fig. 4.2(a), featuring two collagen fiber families in the human
intima of the thoracic aorta [61]. The results of this fittingare shown in Fig. 4.6, and as
a measure of the goodness-of-fit we determined thep andR2 values. Since the Pearson
χ2-test depends on the size of the data set (i.e. the number of generated angles), we also
calculate the coefficient of determinationR2. SinceR2 is computed by comparing the
original distribution with the estimated PDF, it does not depend on the number of angles
and is, therefore, an additional measure for the goodness-of-fit independent ofp. We also
emphasize thatR2 is not optimized during the fitting procedure.

We would like to note that although it is quite common to fit a curve to a histogram using
the least squares method, there are some drawbacks to this approach that should be kept
in mind. For one, least squares fitting depends on the bin sizeof the histogram. Another
potential pitfall arises from thenormality assumption, which states that the errors are nor-
mally distributed with mean zero. Since bin counts in a histogram are non-negative this
assumption does not hold. Also theconstant variance assumptionand theindependent-
errors assumptionare not justified when fitting distributions [223].
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4.4.3 Fiber angles and dispersion

In the literature, the importance of collagen fiber orientations on the mechanical behavior
of arterial walls has been well established, see, for example, [55, 61, 140, 202]. To account
for the effect of strain on changes in the fiber orientations and the angular distributions,
to approximate thein vivo strain state of arteries as well as to ensure more straightened
fibers necessary for angular measurements, the investigated samples were usually either
pressurized or pre-stretched biaxially beforehand [125, 137–139]. Our approach allows for
a fast and automated determination of the angular distribution from 2D images. By fitting
a given distribution (in our example a distribution of two fiber families, see Figs 4.2(a)
and 4.3) with a mixture of twovon Misesdistributions, we can compute the principal fiber
orientationsµ1, µ2, and the corresponding dispersion parametersκ1, κ2, one for each fiber
family (see Fig. 4.6).

Note that this approach assumes a planar, symmetric fiber dispersion for each fiber family
individually. Such 2D data can be directly applied to mechanical modeling of thin lamel-
lar tissue structures on the basis of membrane or thin shell theory, for example, cerebral
arteries, using appropriate constitutive models (see, forexample, [122, 202] for further dis-
cussion). However, many arteries behave as thick-walled cylindrical tubes, for example,
the human aorta, and hence 3D modeling approaches are required. In this case, for a subset
of fully 3D problems, one can make use of the (mainly) in-plane arrangement of the col-
lagen fibers in arterial walls. For example, in the case of thehuman descending aorta and
common iliac arteries, the collagen fibers lie in the plane ofthe tissue (angular deviation
≈±9◦) [61]. The assumption of in-plane arranged collagen fibers is not necessarily appro-
priate for other soft tissues. For example, in the articularcartilage the fibers display very
different orientations depending on the specific zone. In the tangential zone they lie within
the transversal plane, a variety of orientations are observed for the middle zone, while in
the deep zone the fiber arrangement is perpendicular to the transversal plane [224]. To en-
sure that our analysis yields correct material parameters,most of the collagen fibers should
lie within the sectioning (imaging) plane in order to avoid projections to this plane, which
would lead to deviations in length and (possibly) angles from the true morphological state.
Therefore, in the case of an in-plane arrangement of the collagen fibers the 2D collagen
fiber data obtained through our method may also be used for 3D modeling (using the 2Dκ
parameter according to equation (4.6)) under the assumption of strictly in-plane organized
collagen fibers (neglecting the out-of-plane deviations isa simplification of the problem
with regards to computational modeling, motivated by experimental observations [61]).
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4.4.4 Varying length-scale analysis

We developed an analysis method which continuously splits an image into increasingly
smaller ROIs to obtain a physically meaningful measure of fiber orientations across length-
scales. In most applications, mean and median measures suffice when we are interested
in the average behavior of fiber families. Using two test images we have shown that the
median angleϕmdn is the more appropriate measure to use for this purpose.

To demonstrate the applicability and usefulness of our method on microscopy images of
soft tissues containing collagen fibers, we ran our analysison SHG images of the human
media and the chicken cartilage (see Figs 4.2(b) and (c), respectively). Results for both
images, as shown in Figs 4.9(a) and 4.10(a), reveal a stable range of ROI sizes, located
between the lower and upper cut-off point, whereϕmdn shows only small fluctuations
(±3◦). The advantage of the length-scale analysis can be seen in Fig. 4.10(a), where a
ROI size in the range ofn= 1-4 leads to highly fluctuating values forϕmdn, followed by
a wide range(n = 5-25) of stable behavior beforeϕmdn slowly drifts away. Using our
method, a finite element analyst can, for example, determinean appropriate mesh density
(based on a ROI size whereϕmdn shows stable behavior) which also captures the relevant
tissue structure. For example, the cartilage tissue in Fig.4.2(c) features very different fiber
orientations at the perimeter compared to the center of the tissue. If a ROI size is too large,
this specific tissue inhomogeneity will be lost. Only if the ROI size is small enough, can
such spatial changes in orientation be resolved. Analysis of the cartilage tissue shown in
Fig. 4.10(a) tells us, that a mesh density corresponding to aROI size betweenn= 5-25 is
appropriate to capture important structural features of the image.

However, if average measures are not sufficient (for example, quantification of the risk of
a pathological condition such as an abdominal aortic aneurysm [225]), and to depict how
higher-order statistical measures vary across different values forn, we compare weighted
error entropies across different valuesn. There are different measures which can be used
to compute the distance between two distributions [226–228]. For example, the Kullback-
Leibler divergence [229] is a measure of distance between two distributions, but it is not
symmetric and is only defined for two distributions whose range of non-zero values is the
same (which is not the case in our examples). Mutual information, as another example,
quantifies how much the knowledge of one variable reveals about another variable. How-
ever, correlation information between the two variables isneeded, and such information is
not available in our case. The weighted error entropyEw is an appropriate measure for our
purpose. It compares entire fiber distributions (rather than the averaged behavior) and re-
veals, how much of the tail information is lost when averagedbehavior is considered. For
the microscopy images in our study, the weighted error entropy shows that the entire fiber
distributions start to change with increasingn before a change inϕmdn can be observed
(cf. panels (a) and (b) in both Figs 4.9 and 4.10). Therefore,if one is interested in the
behavior of the entire fiber distributions, a study ofEw helps to identify ranges ofn where
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calculated fiber distributions are similar, and at which length-scale they start to differ.

The usefulness of both parametersϕmdn andEw is illustrated in the results for the second
test image (Fig. 4.1(b)) in Fig. 4.8. For example, if one is interested in determining an
appropriate ROI size capturing local changes in tissue morphology, then a corresponding
ROI size ranging fromn= 11-20 is suitable, since in this rangeϕmdn shows a (relatively)
stable behavior. On the other hand, if the behavior of the entire PMF is of interest, then
the result forEw tells us that we are loosing information starting aroundn= 14, which is
insight that can not be gained from average measures.

Another valuable aspect of our methods pertains inhomogeneous computational model-
ing of tissues. For this purpose the location-specific structural parameters (fiber angleκ)
obtained for every ROI can be incorporated element-wise into a FE mesh. Such patient-
specific data allows for a more precise modeling of the cardiovascular system and could
help improve our understanding of the interaction between collagen fiber morphology and
arterial wall mechanics.

Limitations. The method we present extracts morphological data from 2D images and is,
therefore, not able to capture true 3D fiber orientations anddispersions. As it is the case
with other methods which aim to quantify fiber angles, it is a prerequisite for the collagen
fibers to be (mostly) straightened (see [61] and references therein). Such data can be used
for modeling within the framework of membrane or thin shell theory, but are limited to
a subset of 3D physical problems and soft biological tissues(see discussion). To fit the
fiber distribution we use MLE which requires a sufficient number of fiber angles. Our
method does not measure fiber angles directly, but extracts them from Fourier power spec-
tra. While this automated approach for extracting orientational information from images
is well established, we want to emphasize that the resultingfiber angle distributions do not
represent accurate fiber angle counts. The choice for the upper and lower cut-off points
to determine a (relatively) stable dividing range (n range), with the aim of obtaining phys-
ically meaningful fiber orientations which reflect the tissue morphology, must be made
manually. Depending on the input image this choice can either be very evident or in the
case of slow drifts with increasingn-values less defined.
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5 3D QUANTIFICATION OF FIBRILLAR STRUCTURES IN
OPTICALLY CLEARED TISSUES

Abstract. We present a novel approach allowing for a simple, fast and automated morpho-
logical analysis of 3D image stacks (z-stacks) featuring fibrillar structures from optically-
cleared soft biological tissues. Five non-atherosclerotic tissue samples from human ab-
dominal aortas were used to outline the multi-purpose methodology, applicable to vari-
ous tissue types. It yields a 3D orientational distributionof relative amplitudes, repre-
senting the original collagen fiber morphology, identifies regions of isotropy where no
preferred fiber orientations are observed, and determines structural parameters through-
out anisotropic regions for the analysis and numerical modeling of biomechanical quanti-
ties such as stress and strain. Our method combines optical tissue clearing with second-
harmonic generation imaging, Fourier-based image analysis, and maximum likelihood es-
timation for distribution fitting. With a new sample preparation method for arteries, we
present for the first time a continuous 3D distribution of collagen fibers throughout the en-
tire thickness of the aortic wall, revealing novel structural and organizational insights into
the three arterial layers.

5.1 Introduction

The importance of fibrillar collagen in arterial tissue has long been known [22, 63]. It is
not only mechanically the most important tissue constituent [55, 56], but research indi-
cates that it also plays an important role in arterial disease and degeneration [69, 126] as
well as in the healing of dissecting aortic aneurysms [93], which makes the evaluation of
morphological collagen data within arterial walls essential for an improved understanding
of vascular health and mechanics. The architecture of the arterial wall, however, represents
a major experimental challenge: first, its thickness up to∼ 1.4mm [61] of non-transparent
material limits the application of optical techniques to assess the orientation of fibrillar
collagen; second, the specific detection of collagen in the three layers of the aortic wall
typically requires labeling techniques such as the use of antibodies that are not feasible
in thick tissues; third, since the orientation of the fibrillar collagen in the arterial wall
responds to the internal blood pressure, any preparation ofarterial wall samples for sub-
sequent analysis requires preservation ofin vivo conditions to obtain reliable information
about the orientation of fibrillar collagen.

81
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The use of optical clearing for enhanced visualization of morphological structures in whole
organs or thick tissue structures has seen a renewed interest of late. Often, optical clearing
is based on refractive index matching of various scatterers(e.g., collagen) and the ground
matrix of soft tissue (e.g., interstitial fluid), by replacing water in the tissue with a fluid
of a similar index of refraction as that of the proteins [230–232]. Measurements based
on spectroscopy techniques, polarization or optical coherence microscopy as well as non-
linear imaging techniques such as two-photon fluorescence and second-harmonic genera-
tion yield more valuable, otherwise virtually inaccessible information when performed on
cleared (versus uncleared) soft biological tissue [233]. Multiphoton microscopy (MPM) is
especially suited for three-dimensional (3D) visualization [46–48] due to its optical sec-
tioning capability using sequential automated slicing (z-stacks) [234]. In combination with
optically cleared tissue there is no more need for manual slicing to obtain images of whole
organs or thick tissue structures and furthermore leaves the tissue whole for traditional
histological investigations.

At the same time, numerical modeling based on continuum mechanical frameworks has
developed into a powerful tool for hypothesis testing and verification of theoretical frame-
works against experimental and clinical observations; see, e.g., [155, 163, 224, 235–237].
Despite the broad range of tissues studied through computational analyses (e.g., arteries,
cartilage, heart, cornea, etc.), numerical models share the commonality of requiring phys-
iologically determined material and/or structural parameters that can usually be obtained
from biomechanical experiments [238], clinical data [130]or can be extracted from images
[239].

Such an analysis, however, requires the integration of various tasks from different disci-
plines such as tissue preparation and imaging techniques, image analysis as well as nu-
merical modeling. In this study, we aim to overcome these limitations by developing a
novel, simple, fast and automated method consisting in combining well-established tech-
niques and expertise from different fields for the purpose ofextracting and quantifying 3D
morphological data from optically cleared whole tissues.

Specifically, we combine tissue clearing using a solution ofbenzyl alcohol to benzyl ben-
zoate (BABB) [240, 241] with second-harmonic generation (SHG) imaging of fibrillar
collagen [49, 50], Fourier-based image analysis for characterizing collagen organization
[179, 180, 211], and maximum likelihood estimation (MLE) for distribution fitting of 3D-
orientational data sets [216]. Firstly, our method yields the 3D distribution of amplitudes
(1◦ resolution) representing the orientations of fibrillar collagen extracted from az-stack;
secondly it identifies isotropic regions in the tissue whereno preferred fiber orientations are
observed; thirdly it identifies regions of anisotropy characterized by two structural param-
eters: one describing the preferred (or principal) orientation of the fibers (denotedµ), and
the other describing the degree of fiber alignment (or concentration) about that preferred
orientation (denotedb). Both structural parameters can be utilized directly in numerical
modeling codes using fiber-reinforced constitutive laws [56, 122, 155].
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In general, our method is suited to analyze images containing (straightened) fibrillar struc-
tures independent of the type of tissue or material. In this work we use non-atherosclerotic
human abdominal aortic tissue samples to explain our approach and additionally introduce
a new sample preparation method which allows for the fixationof whole blood vessels
approximatingin vivo geometries (by considering axial pre-stretches andin vivo blood
pressures [61, 139]). Using our method we are able to presentfor the first time a con-
tinuous 3D distribution (1◦ resolution) of collagen fiber orientations throughout the entire
thickness of the human abdominal aortic wall with a thickness of approximately 1mm.

5.2 Material and Methods

5.2.1 Tissue preparation and fixation

Five human abdominal aortas without atherosclerotic changes of type IV or higher [146]
(age in years and gender (m/f): 53m, 64m, 65f, 65f, 77m) were harvested within 24h of
death. The use of autopsy material from human subjects for this study was approved by
the Ethics Committee of Medical University of Graz (#: 21-288ex 09/10). All samples
were cleaned from the surrounding tissue, and anatomic landmarks (such as branching
of the common iliac arteries) were used to ensure consistentsample locations for all five
vessels. To reconstruct thein vivo stress/strain state of the abdominal aortas, we devel-
oped a custom made device which enabled us to mount the intactaortic tube, stretch it
axially and simultaneously pressurize it. The axial stretch was controlled through a video
extensometer, the pressure was automatically monitored and kept constant through a high
precision pressure reducer (control range: 5.0-200.0±0.1kPa). The mounting device was
encased in a pneumatic glass basin filled with 4% paraformaldehyde (PFA), where the
pre-stretched and pressurized vessel was kept for 12h for sufficient fixation. All vessels
were pre-stretched 12% in the axial direction based on the lower bound ofin vivovalues re-
ported, [148], and pressurized at the average systolic arterial pressure (SAP) of 130mmHg.
After chemical fixation the newly stiff vessel was removed from the mounting device for
subsequent optical clearing.

5.2.2 Optical clearing

The vessels were rinsed with phosphate buffered saline (PBS;pH 7.4) to wash off excess
PFA, and dehydrated using a graded ethanol series with each step lasting 45min, according
to the following protocol: 50%, 70%, twice at 95%, and twice at 100%. For optical clearing
we used a solution of 1:2 benzyl alcohol to benzyl benzoate (BABB). Each vessel was
initially submerged into a solution of 1:1 ethanol:BABB for 4h before submerging them
into a 100% BABB solution where they remained to clear for at least 12h before imaging.
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All steps involved in the tissue preparation, fixation and optical clearing were performed
at room temperature.

5.2.3 Histology

Cleared aortic specimens were embedded in paraffin and sectioned at five microns. The
resulting cross-sections were then stained with picrosirius red (PSR) to highlight fibrillar
collagen and Elastica Van Gieson (EVG) to highlight elastin. All images were acquired
with a Nikon 80i microscope in combination with Nikon NIS-Elements F software. Mag-
nification was set to 600×. Images from the PSR-stained sections were acquired using
appropriate polarizing optics.

5.2.4 Nonlinear optical imaging

Second-harmonic generation (SHG) imaging of collagen was performed using an imaging
setup consisting of a picosecond laser source and an opticalparametric oscillator (OPO;
picoEmerald; APE, Germany; HighQ Laser, Austria) integrated into a Leica SP5 confocal
microscope (Leica Microsystems, Inc., Austria). To induceSHG of collagen the OPO was
tuned to 880nm. Detection of backscattered second-harmonic signal was achieved using
a BP 465/170 emission filter and with a non-descanned detector (NDD) in epi-mode.
Image acquisition was performed using a Leica HCX IRAPO L 25×0.95 water objective
with a working distance of 2.5mm for deep tissue imaging;z-stacks (3D image stacks)
of the cleared aorta specimens were acquired using 0.62×0.62×1µm sampling (x-y-z).
Image processing ofz-stacks (3D Gaussian filtering) and subsequent volume-rendering
was performed using Amira visualization software (Visage Imaging, Inc.).

5.2.5 Fiber orientation assessment.

To extract collagen fiber orientations from 2D images we useda Fourier-based image anal-
ysis method in combination with wedge filtering [239]. Towards this end, we applied a
window using a raised cosine function to reduce the grayscale values to 0 at the image pe-
riphery, which could otherwise cause frequency-domain effects in subsequent steps. Next
we applied a Fast Fourier Transformation (FFT) to the windowed grayscale image, rep-
resented by a distribution functionf , where f (x,y) denotes its value at point(x,y). The
Fourier transform off is a function denotedF =F( f ), where its value at point(u,v) can be
written as[F( f )](u,v) =F(u,v). After performing a coordinate shift, which transforms the
lowest spatial frequency to the origin, we calculated the power spectrumP by multiplying
the Fourier Transform with its complex conjugate, namely

P(u,v) = F(u,v) ·F∗(u,v). (5.1)
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The fiber directions are now discriminated by spatial frequency and orientation. To extract
them from the power spectrum we used wedge-shaped orientation filters [211]. By means
of summation of everyP(u,v) within individual 1◦ wedges, we obtained a discrete distri-
bution of relative amplitudesI(Φ) (in %) as a function of the corresponding fiber angle
Φ. Finally, the angular distribution was shifted back by 90◦ to adjust for the shift owing
to the Fourier transformation. This procedure was performed for all n images in az-stack,
yielding a 3D dataset perz-stack containingI(Φ) of every image. The anglesΦ and am-
plitudesI for individual imagesn were stored in thex-, y-, andz-directions of the dataset,
respectively;Φ = 0◦ andΦ = 90◦ correspond to the horizontal and vertical axes of the
images, as well as to the circumferential and axial directions of the vessel, respectively.

5.2.6 Determination of anisotropy.

In order to perform meaningful distribution fitting, we firstdistinguish between anisotropic
and isotropic angular fiber distributions (the latter is notsubjected to subsequent distribu-
tion fitting). Towards this end, we first smoothed the amplitudes of the original 3D dataset
using moving average filters in thez- and then in thex-direction with a span range of
17◦ and 33◦, respectively. To ensure that our choice for both span ranges was robust we
performed a perturbation analysis. Note that a robust choice implies that the outcome re-
garding isotropy or anisotropy was not affected by small perturbations (∼ ±5◦) of either
span range. To check for isotropy of a given distribution we made use of the fact that the
cumulative distribution function (CDF)F(Φ) of an isotropic distribution is a straight line.
Therefore, we calculated the CDF of every (now smoothed) angular distribution in the 3D
dataset, according to

F =

x∑

Φi=−90◦
I(Φi), (5.2)

where−90◦ ≤ x ≤ 89◦, fitted it with a first-order polynomial and determined the corre-
spondingR2 value as a measure of the goodness-of-fit. If the resultingR2 value was above
a threshold of 0.998 then the distribution was considered isotropic, otherwise anisotropic.
We determined the appropriate threshold value by running a perturbation analysis for a
broad range of potential thresholds. The most suited threshold value was identified based
on where the results (isotropy or anisotropy) would correspond well to the fiber morphol-
ogy visible in the original images. An illustrative exampleis shown in Fig. 5.1.

5.2.7 Distribution fitting.

To fit the anisotropic distributions using maximum likelihood estimation (MLE) we first
needed to determine the number of major peaks (fiber families) for every distributionI(Φ)
in a 3D dataset and second, the approximate locationsΦ of those peaks used as starting
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Figure 5.1: Schematic of steps to distinguish between images showing an isotropic versus
anisotropic fiber distribution. Two cases, one classified as isotropic (top row) and another one
classified as anisotropic (bottom row) are shown. All images were acquired using second-harmonic
generation imaging. The distribution of relative amplitudes (gray bars, second column) was de-
termined through Fourier-based image analysis and subsequently smoothedusing a moving aver-
age filter (solid black curves). From the smoothed distribution the cumulative distribution function
F(Φ) was calculated (third column, black curves), fitted with a first-order polynomial (gray curves),
and the correspondingR2 value was determined. IfR2 was above a threshold level of 0.998 then
the distribution was considered to be isotropic, otherwise anisotropic.

parameters for subsequent MLE fitting. To that end, we first smoothed the amplitudes of
the original (unsmoothed) 3D dataset using moving average filters in thez- and then in the
x-direction with a span range of 7◦ for both directions.

Next we used a standard peak detection algorithm, based on the alternating signs of the
derivatives, to identify local maxima or minima in the smoothed angular distribution, yield-
ing the locations of the major peaks. Subsequently, amplitude offsets were removed by
subtracting the smallest amplitude value from everyI(Φ). Depending on the number of
peaksm (which was either one or two per image), each distribution was then fitted with
either one or a mixture of twoπ-periodicvon Misesdistributions [122, 202, 239], given
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by

ρ(Φ) =
m∑

i=1

exp{bi cos[2(Φ−µi)]}
I0(bi)

. (5.3)

The fitting parameters are the concentration parameterbi , determining the shape of thevon
Misesdistribution (increasedbi-values correspond to narrower (more anisotropic) distri-
butions), and the location parameterµi , describing the preferred (or principal) fiber orien-
tation. Normalization is not necessary sinceρ(Φ) was only used to determine the fitting
parameters [218];I0(bi) denotes the modified Bessel function of the first kind of order
zero, namely

I0(bi) =
1
π

π∫

0

exp(bi cosα)dα, (5.4)

with i = 1,2.

5.3 Results

The orientations of collagen fibers in az-stack are represented by the 3D distribution of
the corresponding amplitudes with 1◦ resolution. By fitting this distribution using MLE
andπ-periodicvon Misesdistributions (either one or a mixture of two in the case of two
fiber families), our method identifies specific regions of isotropy within the tissue and
characterizes anisotropic regions by determining both structural parametersb andµ.

5.3.1 Optical clearing and histology

Figure 5.2 illustrates the effect of optical clearing usinga solution of BABB; a segment of
a human abdominal aorta before and after clearing is shown inthe top row, left and right
panel, respectively. Note the translucent nature of the cleared vessel, also visible by the
lighter shadow under the same lighting conditions. To ensure that the clearing procedure
did not negatively affect the microscopic structure of collagen fibers we performed ad-
ditional investigations on histological sections. Representative picrosirius red (PSR) and
Elastica Van Gieson (EVG) stained cross-sections are shownin the bottom row of Fig. 3.1,
left and right panel, respectively. Both revealed that collagen (bright red under polarized
light) and elastin (black in the EVG stained section) are consistent with observations one
can expect from standard formalin fixed, paraffin embedded tissue samples.
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Figure 5.2: Effect of optical clearing using BABB. Top row: left and right panels show a segment
of a human abdominal aorta before and after optical clearing, respectively. Note the translucent
appearance of the cleared vessel, also visible by the lighter shadow under the same lighting con-
ditions. Bottom row: both cross-section images were obtained from optically cleared tissues and
stained subsequently with picrosirius red for visualizing collagen (left; collagen appears bright red
under dark-field polarized light) and Elastica Van Gieson as a general stain (right; elastic fibers
and nuclei appear black, collagen stains pink, muscle and cytoplasm stainslight brown/yellowish).
The appearances of both images are consistent with photographs of standard formalin fixed tissue
samples.

5.3.2 3D visualization

The left panel in Fig. 5.3 shows a volume-rendered radial projection (x-z plane) of an im-
age stack (z-stack), featuring collagen fibers throughout the thickness of the aortic wall.
In-plane projections (x-y plane) of regions from the intima, media, and adventitia arehigh-
lighted individually in the smaller panels I, II and III, respectively; the horizontal and
vertical sides of panels I-III correspond to the circumferential (x) and axial (y) axes of the
vessel. Note the different fiber morphologies between the three arterial layers: in the ad-
ventitia (panel I) the fibers were generally organized in thick fiber bundles, oriented mostly
diagonally (with high variations) between the major axes; in the media (panel II) the fibers
were organized closer to the circumferential direction of the vessel but still showed two
preferred fiber orientations; in the intima (panel III) we observed both, regions of preferred
fiber orientations as well as regions of increasingly isotropic fiber morphologies.
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Figure 5.3: Volume-rendering of optical sections through an entire aortic wall acquired using
second-harmonic generation imaging. The left panel shows a radial projection (circumferen-
tial/radial plane;x-z) highlighting fibrillar collagen throughout the thickness a human abdominal
aortic wall (age: 65yr, gender: f). The three smaller panels on the rightare in-plane projections
(circumferential/axial plane;x-y) from regions inside the adventitia (I), media (II), and intima (III),
indicated by the red boxes in the left panel. Note the marked differences in collagen fiber mor-
phology between the three arterial layers. Generally, the adventitia displayed characteristic fiber
bundles, often organized as two counter-rotating fiber families oriented mostly between the major
vessel axes; in the media the fiber bundles changed into one fiber family, organized in a layered
structure with alternating orientations closer to the circumferential direction. The intima of this
vessel was characterized by a mostly isotropic organization of collagen fibers, while intimas of
other vessels also displayed anisotropic fiber morphologies.

5.3.3 Continuous 3D fiber orientations

Figure 5.4, top panel, is a representation of the 3D collagenfiber orientations with a 1◦

resolution throughout the entire thickness of the aortic wall (obtained from thez-stack
shown in Fig. 3.2);Φ = 0◦ and 90◦ denote the circumferential and axial directions of
the vessel, respectively. The colors denote relative changes in amplitudes ranging from
dark blue (0%) to dark red (100%). Therefore, orientations of preferred (or principal)
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fiber directions (or fiber families) appear red while blue corresponds to orientations with
only few to no fibers present. The dashed lines indicate the transition regions between the
arterial layers. In the adventitia we observed highly aligned fiber orientations (note the
relatively large dark blue areas between red regions of preferred orientations) with often
two counter-rotating fiber families present, generally oriented between the major vessel
axes. The adventitia is followed by a marked transition layer (indicated by the striped box
on the left), characterized by a change in appearance of the collagen fibers. The thick
fiber bundles visible in the adventitia could not be observedanymore and the preferred
orientations of the fibers became axial (∼ 90◦). Subsequently comes the media which
displayed a layered structure of alternating preferentialfiber orientations (layers of single
fiber families with alternating orientations) closer to thecircumferential direction, located
aroundΦ ∼ ±20◦. Next, the intima of this vessel was characterized by an isotropic fiber
morphology which at regions closest to the lumen changed into preferred fiber orientations
in the axial direction.

We emphasize that we observed strong biological variabilities in fiber orientations among
the intimas of different aortas; while some showed isotropic as well as anisotropic re-
gions with preferential orientations in various directions (depending on the sample it could
be, e.g., two fiber families oriented axially and circumferentially), others displayed only
anisotropic or only isotropic morphologies (see Table 5.1). A representative example
which highlights these changes in morphology throughout the entire thickness of the wall
is given in the bottom panel of Fig. 3.3, where the relative amplitudes at the locations
Φ = +27◦ (dashed black curve) andΦ = −27◦ (gray curve) as a function of depthz are
plotted. In the adventitia the shapes of both amplitude curves tend to overlap, suggest-
ing that two fiber families lie within the same imaging plane (circumferential/axial plane;
x-y) which was confirmed by individual MPM images of the adventitia revealing the pres-
ence of two fiber families. In the media, on the other hand, thesimilar behavior of both
curves clearly changes into an alternating pattern, characteristic for a layered fiber family
structure with alternating orientations (Fig. 5.4, top).

5.3.4 Parameter determination for numerical modeling

A representative example of fitting the fiber orientations extracted from a single MPM
image (taken from the media) using MLE with oneπ-periodicvon Misesdistribution is
shown in Fig. 5.5 including correspondingR2 andP values as a measure for the goodness
of fit. From the fit we obtained the location parameterµ =−22.7◦ describing the principal
fiber orientation of the distribution as well as the concentration parameterb= 1.44 which
determines the shape of thevon Misesdistribution. Bothµ andb were calculated for every
image in thez-stack, yielding the continuous behavior of both parameters throughout the
thickness of the entire wall, as shown in Fig. 5.6. Note that regions with no data points
correspond to regions with isotropic fiber distributions.
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Figure 5.4: Representation of the 3D collagen fiber orientations throughout the entire thickness
of a human abdominal aortic wall (age: 65yr, gender: f). Top panel: theanglesΦ = 0◦ and 90◦

denote the circumferential and axial directions of the vessel, respectively, the colors correspond to
relative amplitudes ranging from dark blue (0%) to dark red (100%). Orientations of preferred fiber
directions appear red, while blue regions represent orientations with a lowfiber density. The striped
box on the left indicates the transition layer between the adventitia and the media;I = intima.
Bottom: changes of relative amplitudes as a function of depth at two representative locations.
The dashed black curve corresponds to amplitudes atΦ =+27◦, the gray curve atΦ =−27◦ (0◦ =
circumferential). A similar behavior of both curves in the adventitia turns into analternating pattern
in the media, indicating a change in the structural organization of collagen fibers between the two
layers; from two fiber families in the adventitia to one fiber family with alternating orientations in
the media.

The results in Fig. 5.6, top panel, highlight that in the adventitia often two counter rotating
fiber families were observed oriented at aroundΦ ∼ ±45◦, while in the media only one
fiber family with alternating orientations closer to the circumferential direction (Φ∼±20◦)
was present. In the transition layer between the adventitiaand the media a preferred axial
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intima intima anisotropic nr. of
nr. thickness (%) regions (%) fiber families
1 3.6 100 2
2 5.6 60.0 1
3 17.2 68.6 2
4 20.2 0 −
5 34.1 0 −

Table 5.1: Data from intimas of the five vessels showing high biological variabilities. Summarized
for each intima is the intima thickness (in %) compared with the entire wall, the percentage of
anisotropic regions within the intima and the observed number of fiber families.

fiber orientation was observed. The intima of this vessel consisted largely of isotropic
regions, which changed into one fiber family oriented in the axial direction closest to the
lumen. The concentration parameterb showed relatively small variations throughout the
media (Fig. 5.6, bottom) and was generally slightly higher in the adventitia (ba = 1.55±
0.89, mean± s.d.) compared to the media (bm = 1.33±0.42), indicating that the observed
collagen fiber distributions were more aligned (more anisotropic) in the adventitia. The
very high values forb at the beginning of the adventitia (b > 5) correspond to images
containing only a few highly aligned thick collagen fiber bundles, as can be seen in Fig. 5.3
(panel I), and were omitted in the calculation ofba. In the intima, close to the lumen, we
observed an increased fiber alignment (bi = 3.57±0.74).

5.4 Discussion

Based on established tools from different research fields we are introducing a new method,
which allows for a simple, fast and automated structural analysis of collagenous tissues
or whole organs that have been optically cleared and imaged using nonlinear microscopy.
Our method yields a 3D orientational distribution accurately representing the morphology
of fibrillar tissue structures, and it additionally extracts structural parameters that can be
utilized in numerical models for soft biological tissues. We used tissue samples from
human abdominal aortas to outline the method and in the course of this paper we presented
novel results pertaining to the structure of aortic walls.

To approximate thein vivo condition of the vessel as closely as possible we developed
a custom made device allowing us to mount and chemically fixate (using formalin) the
intact segment (tube) of the abdominal aorta as a whole, and subsequently apply a physi-
ologically axial pre-stretch (approximately 12% [148]) and simultaneously pressurize it at
constant systolic arterial pressure of 130mmHg. The influence and importance of pres-
surization and axial pre-stretches upon fiber morphology has been previously reported
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Figure 5.5: Angular distribution of relative amplitudes fitted with aπ-periodicvon Misesdistri-
bution. The distribution was extracted from a single MPM image taken from the media featuring
one fiber family (corresponding to the location at 634µm in Fig. 5.4, top). The anglesΦ = 0◦

and 90◦ denote the circumferential and axial directions of the vessel, respectively. From the fit we
extracted the location parameterµ describing the preferred (or principal) fiber orientation and the
concentration parameterb as a measure of the degree of fiber alignment aboutµ. An increase inb
corresponds to a narrower (more anisotropic) distribution.

[61, 137, 139, 204] and is not only a prerequisite for mimicking in vivostates of the vessel,
but also leads to (mostly) straightened collagen fibers necessary for a correct determination
of fiber angles. Furthermore, our new sample preparation method allows for future studies
of the influence of arterial blood pressure on collagen fiber orientations or investigations
of microstructural recruitment variables for collagen [242].

Optical clearing using BABB leads to an increase in MPM penetration depth from∼
120µm (in the uncleared sample) to more than 1mm, enabling us to image the entire
thickness of the vessel wall without physically damaging the tissue [233]. Histological in-
vestigations using standard tissue stains (PSR and VVG) confirmed that the microstructural
tissue components (collagen and elastin) were still intactafter optical clearing (Fig. 5.2). A
comparison of fiber distributions before and after clearingshowed that the microscopical
orientations were not affected by the clearing process.

Using second-harmonic generation imaging, we can show, forthe first time, a complete
3D visualization of collagen fibers throughout the entire wall thickness of a human ab-
dominal aorta (Fig. 5.3). Visually we observed some basic similarities between the five
vessels we investigated: the adventitias showed characteristic fiber bundles, often orga-
nized as two counter-rotating fiber families, mostly oriented between the major vessel axes
(Fig. 5.3, panel I); next came a transition layer leading to the media in which the marked
organization into fiber bundles disappeared; the medias generally displayed one fiber fam-
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Figure 5.6: Changes in preferred fiber orientations and fiber alignment throughout the entire thick-
ness of the aortic wall. Top: in the adventitia often two counter rotating principal fiber directions
were observed while the media was characterized by alternating principal directions, oriented closer
to the circumferential direction of the vessel. In the intima (I) only regions closest to the lumen
showed anisotropic fiber alignment in the axial direction (∼±90◦), oriented along the direction of
blood flow. Bottom: the concentration parameterb quantifies the degree of fiber alignment about
the preferred fiber orientationµ (Fig. 5.5), therefore, describing its degree of anisotropy. Increasing
b values correspond to a narrower (more aligned) distribution. Generally,in the adventitia increased
values ofb were found compared to the media. Note that values of approximatelyb> 4 typically
came from images containing a few highly aligned fiber bundles.

ily organized in a layered structure with two alternating preferential orientations; the ob-
served morphologies among these five intimas varied greatly, some displayed isotropic and
anisotropic regions with preferential fiber orientations while others appeared completely
isotropic or anisotropic. An overview is provided in Table 5.1. Due to the limited number
of samples and the observed variabilities general statements seem here inadequate. Future
studies on a larger number of vessels are required to obtain sufficient data for a meaningful,
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statistical, inter-subject analysis of the intimas.

For example, the intima of the vessel in Fig. 5.3 consisted ofisotropic orientations adjacent
to the media which became anisotropic close to the lumen, oriented along the direction
of the blood flow (top panels Figs. 5.4 and 5.6). These observations are consistent with
previously reported mean values for the three arterial layers [61], where two fiber families
were observed in the adventitia and media and several fiber families as well as isotropic
distributions were found in the intimas. Instead of having to rely on mean values for each
layer, our new method provides the required 3D spatial depthresolution to show in detail
how the fiber families are organized within each layer.

To extract the fiber orientations from images we employed Fourier power spectrum anal-
ysis in combination with wedge filtering [179, 180, 211, 239]. Firstly, it is the rotational
property, secondly the addition theorem and thirdly the shift theorem of the Fourier trans-
form that ensure that the fiber orientations visible in an image are correctly represented by
the distribution of relative amplitudes in Fourier space.

A statistical analysis of the cumulative distribution functions (CDF), calculated from am-
plitude distributions, was used as an objective measure to identify regions of isotropy and
anisotropy in the tissue. Note that anisotropic regions arecharacterized by a preferred
direction of fiber orientations versus isotropic regions which show arbitrary fiber orien-
tations. For distribution fitting of anisotropic regions weused either one or (in the case
of two preferred fiber orientations) a mixture of twovon Misesdistributions from which
we determinedµ, describing the principal fiber orientation andb, a measure for the fiber
alignment aboutµ (Fig. 5.5). Our choice for using avon Misesdistribution was based
on well-established modeling frameworks of arterial tissues [122, 202, 205, 206, 239], in
which b can be utilized to calculate dispersion parameters which, together withµ, can
be directly used in the numerical modeling or finite element analyses, even in commer-
cial codes such as Abaqus (SIMULIA, Providence, RI). The decision to perform distribu-
tion fitting through MLE instead of a simple least-squares method was motivated by its
independence of bin size and the potential pitfalls arisingfrom the normality-, constant
variance-, and independent-errors assumptions [223]. Using our method, we present for
the first time the (continuous) values of both modeling parametersµ andb throughout the
thickness of the human aortic wall (Fig. 5.6).

The 3D quantification of fiber orientations (Fig. 3.3, top) confirmed our visual impression
that the collagen fibers in the adventitia were oriented moreaxially and showed higher
anisotropy (note the dark blue regions between preferred orientations) compared to the me-
dia, where they were oriented closer to the circumferentialdirection and the fiber alignment
was less pronounced (note the light blue to turquoise regions indicating some presence of
fibers in all directions). By analyzing the behavior of relative amplitudes throughout the
entire thickness of the aortic wall, we were able to identifydepth-resolved changes in the
structural organization of the collagen fiber families (Fig. 3.3, bottom). For the first time
we present continuous quantitative data showing the presence of two counter rotating fiber
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families in the adventitia (lying within axial-circumferential planes), while only one fiber
family with alternating orientations between sequential axial-circumferential planes was
found in the media. The results for the location parameterµ in Fig. 3.5, top panel, further
highlighted the alternating nature of the preferred fiber orientations in the media, and the
more fluctuating orientations in the adventitia, which was found to be characteristic of all
five vessels, and corresponds well with previously reporteddifferences in the qualitative
mechanical stress-stretch response of abdominal aortas [204] and carotid arteries [58]. To
validate our data severalz-stacks from nearby positions were acquired and analyzed for
each sample. Statistical analysis showed that differencesin the neighboring regions of
the same sample were low and the reported morphologies were indeed representative for
each vessel. For example, statistical comparisons (t-tests) among fourz-stacks obtained
from different positions of the vessel shown in Fig. 5.2 yielded no significant differences
(p< 0.05) for the concentration parametersb throughout the media.

Compared to previous studies of collagen organization in human arteries [137, 139, 243],
our method is non-destructive, yields continuous data throughout the entire thickness of
soft biological tissues, therefore, allowing for investigations of specific locations inside
the tissue (e.g., transition regions between the three arterial layers). Due to the automated
nature of our method, it is not subject to limitations such ashuman measurement bias or
fair sampling (both pose a risk when, e.g., measuring collagen fiber angles using polarized
light [61]).

With an ultimate tensile strength in the range of 50-100MPa [26], collagen fibers are re-
sponsible for the strength and load resistance of the arterial wall. Therefore, understanding
their microscopic structure and changing morphologies throughout the three layers of the
wall is key in the analysis of mechanical quantities such as stress and strain, both of which
are used as a basis for numerical modeling of growth and remodeling processes, see, e.g.,
[127].
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