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ABSTRACT

The arterial wall consists of three major microstructurain@onents, collagen, elastin,
and smooth muscle cells; all of which play important rolegha cardiovascular func-
tion of health and disease. From a biomechanical persgecillagen with its high ten-
sile strength constitutes the most important componerttpwimg the arterial wall with
strength and load resistance. Changes in the mechanicatrpespof a healthy wall
play a role in pathological and degenerative processes asichcreased wall stiffness,
atherosclerosis, or enlargement of intracranial aneusysito that end we studied the
fundamental role of collagen in intramural healing throdlgé remodeling processes of
arterial or aneurysmal dissections in an apolipoprotemilE mouse model. A meaning-
ful quantification of morphological collagen data in hegltrteries is fundamental to a
better understanding of the underlying mechanical priesigoverning the biomechanical
response of the vessel wall. Furthermore, such data canllzedifor modeling of the
cardiovascular system and to increase our understanditigedise progression.

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

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

Finally, we hoped to move beyond a two-dimensional quaatifim of collagen structures
by trying to obtain image stacks throughout the entire théds of a human arterial wall.
The major experimental challenge to overcome was the lch@fslication of optical tech-
nigues to assess the orientation of collagen throughoubappately 800- 1500um of
non-transparent wall tissue. We succeeded by developirayel approach which com-
bines a new sample preparation method with optical tissesriclg and subsequent imag-
ing using second-harmonic generation microscopy. To exéirad quantify the morpholog-
ical collagen structures from image stacks we advanced Dum2ge analysis approach,
now Yyielding a 3D distribution of amplitudesqtesolution) representing the orientations
of the collagen fibers throughout the tissue. With that we @ identify isotropic re-
gions in the tissue where no preferred fiber orientation®bserved and quantify regions
of anisotropy by calculating structural parameters whigh directly be utilized in numer-
ical codes using fiber-reinforced constitutive laws.
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FOREWORD

Collagen is the most abundant protein in the body and the mmirtant structurally. It is
fundamental to the development, health, and injury refainany tissues and likewise it
Is involved in many disease processes. There have beeficaghiadvances over the past
few decades in the constitutive modeling of collagenoustssues, including the move
from purely phenomenological relations toward struclyralotivated relations. Amongst
these many advances, those by Professors Holzapfel anch@gale been particularly
important.

Essential to the formulation and implementation of streadty-motivated constitutive re-
lations for collagenous tissues is increased informatiothe type, mass fraction, orienta-
tion, cross-linking, and rates of turnover of the collagéhis PhD dissertation by Andreas
J. Schriefl is particularly timely and important for it praes novel, rigorous methods of
guantification of collagen orientation and evolution intbbuman arteries and a mouse
model of aortic aneurysm.

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

In summary, this dissertation represents an importantibomion to our understanding of
arterial collagen in health and disease, including agitwill serve as important motiva-
tion for new mechanobiological hypotheses and associageerienents and as an impor-
tant source of information for constitutive and computagilomodeling for many years to
come.

Jay D. Humphrey

Yale University
New Haven, CT, USA
December, 2012






1 INTRODUCTION AND MOTIVATION

1.1 Fibrillar Collagen

1.1.1 Synthesis and assembly

Collagen is a structural protein containing at least one dioinahe triple helical confor-
mation, constituted by three polypeptide chaiaschains). The central collagen domain
consists of repeating Gly-Xaa-Yaa triplets, a high conegiun of proline, alanine, and
lysine residues with non-collagenous domains at theiritexhends|[1, 2]. In humans, 28
different types of collagen have been detected to date hwddo be categorized according
to their structural properties|[3]:

* Fibrillar: Type I, lll, V

» Sheet-forming: Type IV, VIII

« Fibril-associated: Type XV, XVIII, XIX
 Microfibrillar: Type VI

While the major types in human vasculature are the classlwdlldr types | and 111 [4],
generally the arterial collagen content and distributeapecies-dependent [5].

Most collagens in the intima and media of vascular walls gnehresized by smooth mus-
cle cells and in the adventitia by fibroblasts [6]. The sesdgirocollagen molecules have
their non-collagenous domains removed by specific prosemadeaving the characteristic
collagen triple helices aggregate in quarter-staggereisfilRegarding their biomechan-
ical properties, the newly formed collagen fibrils initiathave no tensile strength (and
are still soluble). Only during the subsequent formatiobath inter- and intramolecular

covalent cross-links does their tensile strength progrelysincrease (and they become
increasingly insoluble) [7]. This final stage in the biodygis of fibrillar collagens is

mostly initiated by members of the lysyl oxidase family opper-dependent amine oxi-
dases!|[8, /9], which is another multifunctional enzyme imedl in collagen cross-linking

is tissue transglutaminase [10].

The driving factor in the self-assembling collagen fibrilrf@tion is entropy. The process
can be characterized by three phases: first, a lag phaseydunich collagen molecules
associate to form a metastable nuclei; second, a rapid rphdse during which more
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molecules accrete around the nuclei followed by growth inlflength and width and
third, a plateau region where no further growth is obserddl [

1.1.2 Hierarchical structure

The tensile properties of fibrillar collagen mostly serverbechanical roles in tissues (note
that the structural signaling roles of collagen are lesd wadlerstood). Its mechanical
properties are grounded in the structural organizatiohiwg collagen fibril with its char-
acteristic axial and lateral organization and topology 3. Structural details of the fibril
are complex but some key structural features can be obstraedre shared by almost all
fibrillar collagens. Foremost is its characteristic 67DBrspacing (oD-period) along the
axial orientation, visible as highly regular alternatingatron densities in projection re-
gions of electron micrographs [14]. These overlap and gaipme arise from the repeating
molecular stagger between five 300 nm-long collagen madscdlhe resulting 234-amino
acid pseudo-periodicity within the fibrillar collagen seqae is key to ideal electrostatic
pairings between adjacent triple helices and maximizesong¢act between hydrophobic
regions [15-19].

Fibril length and diameter vary greatly depending on an&ahtocation, and the reasons
for this wide distribution are not well understood. Estimgtan effective fibril length has
been proven difficult, as the following quote illustratelnalysis of groups of collagen fib-
rils within individual micrographs from mature tendon ggdment did not reveal any fibril
ends. Examination of consecutive overlaid micrographsfroature medial collateral
ligaments did not reveal any collagen fibril ends. In additievaluation of consecutive
overlaid micrographs from mature tendon did not reveal asilagen fibril ends. Com-
bined, 7275 fibrils were examined at high magnification (DD— 50,000x) over a total
combined tissue length of approximatelyl Jam without revealing an end in mature tis-
sue. These data show that unlike fetal tissues, virtuallgfahe collagen fibrils in mature
ligament and tendon are very long’ [20]. Fibril diameters lamown to increase with matu-
ration of the tissue [21], are also dependent on anatonticatibns, and reported thickness
values range from 50 to a few hundred nanometers (see [22E&m@nces therein).

Collagen fibers consist of a group of collagen fibrils boundetbgr by a matrix rich in
proteoglycans, which also contribute to the mechanicgdgnies of the fibers. Within the
fiber, fibrils are mostly (but not only) oriented longitudiiyarunning in various directions,
e.g., parallel, across each other, forming spirals, cpbgsor even spiral-type plaits [23].
This hierarchical organization, from collagen molecukeithers, continues, for example,
in tendons where several fibers are bound together to fommgpyifiber bundles which are
again bound together to form secondary fiber bundles andr8o[&E,(24].
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1.1.3 Mechanical properties

The hierarchical structure of collagen fibers, built of platdibrils which themselves are
aggregates of parallel collagen molecules, leads to irapbdonsequences regarding the
mechanical properties of the fiber. Firstly, the ultimatersgth of a single collagen fiber
is not affected by its subdivision into multiple, paralleréads|[25]. Secondly, the hier-
archical structure yields the so-called Cook-Gordon efféescribing the stopping of an
occasional crack at the surface of each fibril, thereforeingak harder for a crack to
propagate across an entire fiber. Thirdly, the flexibilitycoflagen fibers is significantly
increased because it is directly proportional to the filwiiiber and inversely proportional
to the fourth power of the radius [22,/25]. With an ultimatadiée strength in the range
of 50— 100MPa |[25], an excellent elastic resilience [27], and the $ize of the fibrils,
collagen fibers are uniquely suited to withstand high tensiiesses and simultaneously
endow the extracellular matrix with a high compliance.

A typical stress-strain curve of collagen (e.g., from a tajcshows a nonlinear behavior
which can be subdivided into three regions [28, 29]. An ahitioe’ region is observed
for small strains, where little force is needed for the esien of fibers due to the re-
moval of macroscopic crimps of the fibrils [30]. Next comes #o-called ‘heel’ region,
corresponding to a straightening of molecular kinks in thp @31], followed by a ‘lin-
ear’ region where molecular gliding within the fibrils takglsce until the rupture of the
structure|[32].

1.1.4 Optical properties

The birefringent properties of collagen have long been knewd were first described
by the Scottish naturalist and clergyman Sir David Brewsiet847 [33]. Birefringence
denotes the optical property of a material in which the iva index is dependent on the
polarization and propagation direction of light. Collaggpé | exhibitspositive, intrinsic
andform birefringencewith respect to the length of the fibrils [34], three termd tiegjuire

a more detailed definition: (i) positive birefringence me#mat in an elongated structure
(e.g., fibril) the light velocity is higher in a plane pardlte the length of the structure;
(i) intrinsic birefringence denotes the effect on the ity of light caused by different
chemical groups in a ordered configuration; (iii) form bimrefence arises when rod- or
plate-like structures are immersed in a medium with a dffiérrefractive index. The
intensely positive birefringence of collagen is causedh®y superimposed right-handed
superhelix of the left-handed helix consisting of the thpeé/peptide chains, yielding a
consequent alignment of the amino acid chains approximaiaallel to the molecular
axis |35, 36].

The birefringent properties can be intensified when treatgd certain stains. Most
marked changes were caused with Picrosirius red stain, idrdge increasing the pos-
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itive birefringence of collagen [837—39] (note: originahhs by the authors that collagen
type | and Il could be distinguished based on different poédion colors had to be re-
tracted later, because it turned out that the color changee im fact a due to different
fiber widths).

Besides possessing birefringent properties, collagerssahell-documented source of
tissue second-harmonic generation (SHG) [40—42] and awotescence [43—45]. Both
types of nonlinear light-matter interactions (SHG and ptmton excited autofluores-
cence) are utilized in the multiphoton microscopy (MPMheique [46+48] to yield high
contrast and optical sectioning capabilities. Importaiitis a completely non-destructive
method which does not require the addition of contrast ageandering it well suited for
the determination of collagen-based morphometric feat|4@,/50].

1.2 The Healthy Arterial Wall

Generally, arteries can be classified into three types basdteir properties and sizes,
namelyelastic arteries muscular arteriesandarterioles[51]. The group of elastic ar-

teries consists of the larger vessels closer to the hearednitits distinct elastic prop-

erties (hence their name). They include the ascendingatimand abdominal aorta, the
branches originating from the aortic arch, and the pulmpaatery. Their elastic prop-

erties are crucial for the smoothing of pulsating blood pues waves (systolic-diastolic)
originating from the heart, exposing them to high circurefeial elastic strain. The group
of muscular arteries is located closer to the periphery anllides the carotid, brachial,
iliac, and the coronary arteries. Their function includes tegulation of blood flow via

vasoconstriction or vasodilatation, mediated mainly bsirtismooth muscle cells. The
last group, the arterioles, are the smallest type of agennel part of the microcirculation,
leading to the capillaries where the exchange of oxygenemvahd other nutrients takes
place. Arterioles have a small lumen and a thick musculak, weking them the primary

site of peripheral resistance to blood flow which is againulaigd via vasoconstriction or
vasodilatation/ [52-55].

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

1.2.1 Tunica intima

The region from and including the endothelial surface aliheen to the luminal margin of
the media constitutes the tunica intima. The border to théiane formed by the internal
elastic lamina, which generally is considered to be parhefrhedial[57]. In newborns
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Composite reinforced by
collagen fibers arranged
in helical structures

Helically arranged fiber-
reinforced medial layers

Bundles of collagen fibrils
External elastic lamina
FElastic lamina

Elastic fibrils

Collagen fibrils

Smooth muscle cell
Internal elastic lamina
FEndothelial cell

Figure 1.1: Schematic of the arterial wall featuring the three concentricslagfetunica intima
tunica media and thetunica adventitiaand other major components of a healthy elastic artery
(Figure with permission froan]).

and very young arteries the intima is a single layer of ergl@hcells attached to a thin
collagenous basal lamina. At this healthy stage it has metstral importance to the vessel
wall but only becomes mechanically significant with agingd #re onset of arteriosclerosis
[@]. Its main purpose is to provide a non-clotting inteddetween the blood stream and
the vessel wall and simultaneously is a gateway for the pam®f nutrients from and to
the bloodstreanﬁ!LM].

1.2.2 Tunica media

The media is situated between the internal elastic lamima lforder to the intima) and
the external elastic lamina (the border to the adventigajucturally, it is comprised of a
complex three-dimensional network of collagen fiber busdégastin and smooth muscle
cells [52]. The three components are organized in a varyingher of medial lamellar
units [59]. Mechanically, at physiological vivo pressures the media is the most signif-
icant layer due to its more circumferentially oriented agén fibers@G]. Quantifying
the orientations of collagen fibers in arterial walls was th@n focus of this disserta-
tion, therefore, an extensive and detailed discussiorrdegathe structural organization
of collagen within the media can be found in subsequent elnspt
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1.2.3 Tunica adventitia

The adventitia consists of a network of mostly collagen ti/fiber bundles|[60], inter-
spersed with fibroblasts, fibrocytes, histological grouradrim, some elastic fibers, nerves,
and vasa vasorum providing the vessel with its blood suy $5]. Its thickness is de-
pendent on the type of artery and, therefore, on its anat@iracation. In human aortas,
the thick collagen fiber bundles are often organized as twaotsr-rotating fiber families,
mostly oriented between the major axes of the vessel [61]chdeically, the looser ad-
ventitia adds further structural integrity to the arternialll by forming a ‘jacket-like’ tube
at increased blood pressures|[56]. A detailed discussiaheinorphological features
and structural organization of collagen fibers in the adtiardan be found in subsequent
chapters.

1.2.4 Collagen and the biomechanical response of arterialalls

From a biomechanical perspective, the healthy arterial iwed deformable composite

structure, exhibiting a highly nonlinear stress-straspense with a characteristic (expo-
nential) stiffening at higher pressures|[56]. The reasothis nonlinear gradual stiffening

effect is the progressive recruitment of the embedded wallggen fibers, the main load-

carrying element in the arterial wall. Anisotropic behawid arterial segments was first
reported by|[62] on dog specimens, later it was the classiocak by Roach and Burton

[63] that identified the individual contributing tissue cpaments to the overall nonlinear
response of human arteries. At low pressures, stress isalnaependent of strain caus-
ing even small tension loadings to produce large extensiorsis region the mechanical

behavior is (mostly) governed by the elastic tissue comptmné&Vith increasing strains at
higher blood pressures the load is progressively carriecbbggen fibers, which are con-
tinuously straightened and become increasingly more atigeading to the characteristic
stiffening effect and the anisotropic mechanical behaj&6r/64].

The stress-strain regime of arterial walls can be dividéaltwo domains: the (visco)elastic
domain in which cyclic loading and unloading is associatét witial stress softening ef-
fects (in, e.g., typical uniaxial extension experiment)sing a pre-conditioning of the
tissue which subsequently behaves (perfectly) elasficaliviscoelastically/[58]. When
loading beyond the (visco)elastic regime we enter the stigldomain, in which the mate-
rial undergoes inelastic deformation (e.g., elastoptasid/or damage mechanisms) caus-
ing significant irreversible changes in the mechanical beng65]. Such deformations are
far beyond the range of physiological loading but often o@wring surgical treatments
such as percutaneous transluminal angioplasty [66, 67].

It should be mentioned that in addition to collagen and #lasiso smooth muscle cell
contraction/relaxation yields active forces which cdnite to the mechanical stability of
the vessel and influence the diameter and flow resistanceciefip in anatomical regions
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further removed from the heart where arteries become isgrgly muscular![68, 69].
While its contractile function is less well explored, effodre being undertaken to increase
our understanding of its role and contribution in arteriglamanics through computational
models [70=73].

The mechanical response of the vessels is not only depeondatifferent regions of the
same arteries, but variations in both the structural comiposand mechanical properties
have been reported for different species [74—76], diffee¢imic groups. [57], and are also
expected among different age groups of a single specieg {7,

1.3 Age Related Changes and Pathological Considerations

1.3.1 Adaptive intimal thickening

Non-pathological intimal thickening in the human aorta viiast reported in 1883 by
Thoma [79], describing it to be a universal feature in humderel development [80].
Similar intimal thickening was later reported by Wolkoffl[882] in 1923/24 for coronary
arteries of infants, children, adults, as well as in diffégr@nimal species.

Adaptive intimal thickening can be differentiated into twges: focal (eccentric) and
more extensive (diffuse). Eccentric thickening denotegsdalen and focal increase in the
intima thickness, often associated with orifices or artdstanches. Diffuse thickening
on the other hand is more spread-out, not specific to certaatoenical locations such
as orifices or branches and often shows a circumferentitgnpat Generally, both types
of intimal thickening can not easily be distinguished beseathey run into one another,
while sometimes they are clearly identifiable. In any casy tlepresent physiological
adaptations to changes of flow and/or wall tension that doobestruct the lumen [57].
Other terminologies for adaptive intimal thickening thatlude both types (eccentric and
diffuse) are: musculoelastic intimal lesian [83], mus@léstic intimal thickening [84],
musculoelastic layering [85] or fibromuscular intimal #teaing [86].

The reason for adaptive intimal thickening has been at&ibto a variety of physiological
stimuli. The intima constitutes a reactive tissue compomerthe luminal border of the
arterial wall which corresponds to hemodynamic alteratias well as altered mechanical
wall stresses. It adapts its thickness in an attempt to miairhormal’ conditions|[87,
88]. Evidence suggests that locations of eccentric andigifintimal thickening might
be an adaptive response to reduced wall shear stress. Othtdrehand, a smaller lumen
diameter caused by intimal thickening could lead to eleVdti@od flow velocity as an
attempt to restore normal baseline values [89].

From a biomechanical perspective, a thickened intima besomechanically increas-
ingly important [S6] and could strengthen the arterial viallesponse to increased tensile
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stresses in order to keep such values constant. As part ohe@deding process, the in-
tima will adapt locally to changes in mechanical stimuli,igthhelps explain the evenly
distributed, diffuse thickening observed in straight aalesegments versus the local and
eccentric thickening at arterial branches and bifurcatiomhere both shear and tensile
stresses are not uniformly distributed|[57].

1.3.2 Atherosclerosis

Atherosclerosis denotes a chronic disease of the arteaiflawnstituting the leading cause
of death and resulting in reduced life span worldwide. Theetigment of atheromatous
plaques in the intima of arterial walls is referred to as adfenesis. Our current under-
standing of atherogenesis in humans begins with an initiahge in the endothelial cell
monolayer, the inner lining of the intima and interface betw the blood stream and the
vessel wall|[57]. Instead of resisting white blood celleatning past them, the changed
endothelial cells express adhesion molecules leadinget@ttachment of leukocytes on
their surfaces. At the same time endothelial permeabilitgt the extracellular matrix
composition change, leading to an increased entry of ctest@dscontaining low-density
lipoproteins (LDL) into the vessel wall [90]. Intracelluleholesterol accumulation is pro-
moted via leukocyte adhesion as well as particle endocythsough monocyte-derived
macrophages. Leukocytes migrate to the intima, directedignggulated chemokines
(chemotactic movement). Once the numerous monocytes tearterial wall they be-
gin to differentiate into tissue macrophages. The macrggh@&mononuclear phagocytes)
engulf lipoproteins, turning them into lipid-laden foamllsg91,92]. Additionally, the
atheroma formation involves the recruitment of smooth reusells (SMCs) which are
part of the intima in human arteries (unlike in many animaldels such as, e.g., mice,
where SMCs migrate from the adventitia to the intima durirgide formation|[93]).

Intimal SMCs secrete extracellular matrix proteins suchneestitial collagen and elastin,
and form a fibrous cap covering the plaque consisting of @&ctidn of foam cells, lipids
and dead cells. Efferocytosis is a process describing #féaient clearing of dead cells,
leading to the formation of a necrotic core within the plagoataining cell debris and
extracellular lipids. Advanced plaques include choledterystals and microvessels and
can ultimately rupture, enabling tissue factors to comeointact with blood coagulation
components, triggering thrombus formation into the lumkthe vessel where it can lead
to flow-limiting stenoses [91, 92].

While advanced lesions may lead to symptoms for the patiestgoling lesions are gener-
ally clinically silent. The precursors of advanced lesioan be divided into several types,
as illustrated in Fid._1]2 [94, 95]:

1. Type | lesions contain increased macrophages and sxhiferacrophage derived)
foam cells, preferably at locations showing adaptive iatithickening.
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Figure 1.2: lllustration of an artery showing six types of progressivehgre lesions. Adapted from
the Wikimedia Commons fil&ndo dysfunction Athero.png

Type Il lesions consist of layers of foam cells and lipadlén smooth muscle cells
and include fatty streaks.

. Type lll lesions contain scattered groups of extracatllipid droplets and patrticles,

disrupting the coherent intimal SMCs.

. Type IV lesions, also known as atheromas, can be symptoduping and are char-

acterized by a larger, confluent, and more disruptive coexwhcellular lipid.

Type V lesions generally have a lipid core including thiakers of fibrous con-
nective tissue and/or fissures and hematomas. Some arly leadgfied (type Vb),
while others consist of fibrous connective tissue withditib no lipid or calcium
content (type Vc).

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

An arterial aneurysm denotes a focal expansion of the blesdel compared to the orig-
inal shape of the artery. While aneurysms can occur at diffdoeations (e.g., cerebral

aneurysm, thoracic aneurysm, etc.), this brief overviesu$es on the abdominal aortic
aneurysm (AAA) which is defined as a dilatation of the abd@ha&orta by at least 50% at
the height of the renal arteries [96]. AAAs are a common dedthireatening degenerative
disease [97], causing over 4500 deaths each year in thedJBitdes alone due to AAA

rupture [93].

Among others, the major risk factors associated with AAAdude smoking, age, sex
and ethnicity. Among these, smoking was reported to be nmblstential with a direct
relation between the number of years of smoking and AAA fdioma[99]. AAA risk
shows a dramatic increase for age groups above 60 and isebesnaoking also often
linked with pulmonary emphysema, coronary artery diseasd, advanced (occlusive)
atherosclerotic lesions [99-101]. It takes years for an AdArise, partially because the
gradual degeneration of the aortic wall is a complex proedssh includes destructive
remodeling of the connective tissue [102]. Four factorsehgen identified which are
believed to play a role during the pathological remodelinacpssi[103]:

1. Chronic inflammation, especially within the adventitiac@mpanied by neovascu-
larization and an upregulation of proinflammatory cytokine

2. Significant (local) upregulation and dysregulation otmxadegrading proteinases.

3. Continuous digestion of the major structural matrix pregespecifically collagen
and elastin, resulting in a weakening and widening of theelesall.

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

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

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

e Less than Hcm in diameters 0%
* 40cm to 49cm in diameter= 0.5% to 5%

* 5.0cmto 59cm in diameters 3% to 15%
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¢« 6.0cmto 69cm in diameters 10% to 20%
e 7.0cmto 79cm in diameters 20% to 40%
» 8.0cm in diameter or greates 30% to 50%

Besides its size, the rate of expansion of an AAA could alsaliadicator for the rupture
risk [L07]. An AAA expanding by more thar 1cm per year is considered to be in the
high risk group regarding AAA rupture [96]. Treatments afinrisk AAAs include regular
observations, medical therapy, surgery and endovasdelatirsy.

1.3.4 Genetic collagen diseases

Collagen has a very large and complex mutation spectrum vdaichead to a whole range
of clinical syndromes. For example, fragile bone structsi@ten due to anomalous or in-
sufficient collagen formation and the biomechanical proggiof collagen are affected by
variations in collagen fibril structure, deficient minezalion, and/or altered cellular pro-
cesses. Without a fundamental understanding of collagetiegis, secretion and assem-
bly, a correct and full comprehension of the pathologicaiditions arising from genetic
mutations (such as altered COL1A1 and COL1A2 genes) will rerddficult to accom-
plish [108]. Additionally, processes involved in the cglan assembly to macroscopic
hierarchical structures (collagen molecules to fibril t@fjketc.) and its cross-linking and
interactions with the extracellular matrix are still noliyuunderstood|[109].

Generally, pathologies based on collagen abnormalities te severe consequences be-
cause collagen constitutes one of the major structuraépr®of most human soft tissues
(e.g., a collagen type | defect can affect bone, skin, eyasjm, tendons, ligament, blood
vessels and ears). Collagen mutations have been reportaiitigres of fibrillar collagens
[110] and result in a broad spectrum of diseases includingogenesis imperfecta (Ol,
a condition leading to bone fragility and reduced bone massg) some forms of osteo-
porosis. Besides bone related pathologies, diseases imgdhe ‘Ol phenotype’ include
vascular complications, hearing abnormalities, traresttiskin, blue sclera, dentin abnor-
malities and hyperlaxity of ligaments and skin [111]. A lrgumber of pathogenic muta-
tions have been reported for the COL1A1 and COL1A2 genes, somhe detter known
associated diseases include Marfan syndrome [112], e rartery dissection [113], and
Caffey disease [114]. Additional better known ‘collageredises’ including the involved
collagen types are summarized in Tdbld 1.1 [108].
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Disease Collagen type Phenotype

Ol | Brittle bones, blue sclera, dentin defects, short stature
EDS I, 11, V, VII Joint laxity, bruising, vascular complications

SEDS, MEDS I, 1X, 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 diseaselsiding their associated
collagen type and phenotype. Ol: osteogenesis imperfecta, EDS: Hidatss Syndromes, SEDS:
spondyloepiphyseal dysplasia, MEDS: metaphyseal spondylodiespids: epidemylosis bulosa.

1.4 Collagen Structure in Constitutive and Numerical Modeling

The mechanics of biological systems have been studied siecantiquity by Aristotle,
but it was the combination of the rise of computers and thé eeork by Fung in the
1960’s and thereafter who coined the term biomechanics awmd birth to biomechani-
cal modeling|[115-119]. State of the art numerical modebhgoft biological tissues is
utilized for simulations of biological functions which Ipsl to improve our understanding
of, e.g., growth and remodeling processes or the developamehprogression of various
diseases such as AAAs. One day patient specific simulatiagist motentially help guide
clinicians in their treatment choices or even during swagicocedures.

1.4.1 Continuum mechanical framework

Numerical modeling of soft biological tissues is mostlyfpemed within the framework

of continuum mechanics. Within this framework the softuesss treated as a continuum
in which the behavior of individual particles is translatatb the overall behavior of the
continuum. The model does therefore not capture the ‘trbgsjgal state of the tissue
at an atomistic level, instead, in continuum mechanics atgoispace denotes a finite
volume around this point. This volume, on the one hand, has targe enough to include

a sufficient number of atoms or molecules necessary to yielkdtoscopic behaviors such
as material density or hydrostatic pressure. On the otheat lidnas to be small enough to
justify the analytical treatment of problems within thisifnework. In the case of arterial
mechanics this means théfA < 1, with & denoting the lengths of tissue components at
a microscopic scale (e.g., cells) aAddenoting 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 kindrog and stress measures is
provided, essential for understanding subsequent ssctinrconstitutive equations and
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structural models for arterial walls. Since neither biohweucal testing nor numerical
modeling is the main focus of this work, the overview is kepébbut will include appro-
priate references for further reading on this subject. Adsahd detailed foundation on
continuum mechanics is provided in the book by HolzapfeC]12

Kinematics
We define a continuum bod® = {F} consisting of a discrete set of particl&}. The
Euclidean space in which the body is located has an ofigirom which it is spanned by
the orthonormal basis vectogswith i = {1,2,3}. At any given time the body occupies a
regionQ(t), at an initial timetp = 0 the body occupies the initial (reference) regi@gito),
where the body is in its undeformed configuration. The pasitf a particleP set in the
reference regio)g at timetg is described by the position vectd(P,tp). At a timet > tg
the bodyB may have transformed from its reference configuratiyity) to its current
configurationQ(t), therefore, also changing the positions of its partiéles The defor-
mationy : Qg — R3 transforms the position of a particle from the referencefigonation
X(Ptg) € Qo to its new position in the current configuratia(Pt) = x(X,tp), yielding
the deformation gradient x.t)
ox(X,t

F(X,t) = X (1.2)
used to describe motions of the bo#ly To describe a potential change in volume of the
body between configurations we u3e- dv/dV, with dv and d/ denoting infinitesimal
volume elements in the reference and current configuragti@spectively. The Jacobian
determinantl = detF(X,t) > O (the determinant of the deformation gradient) can also be
used to obtain volume changes.

To transform a vectokM between configurations, the deformation gradient can lieadi
according tom = FM, with M denoting a vector with lengtiM | = 1 in the reference
configuration andn denoting the transformed vector in the current configuratidhe
(usual) change in vector length betwedrand|m| is given by the stretch ratid.

A polar decomposition df shows that such a deformation includes rotating and siregch
of a vector, and the deformation gradent can then be writen a

F=RU=VR, (1.2)

with R denoting the rotation tensor akbdandv denoting the right and left stretch tensors,
respectively. The unique and orthogonal terRdras the propertieR'R = | (I denotes
the second-order identity tensor) and et 1. Both unique and positive definite stretch
tensordJ andv are symmetric, the squares of the tensors are given by

C=F'F=U? (1.3)
denoted as the right Cauchy-Green tensor and by
b=FF" =V? (1.4)
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the left Cauchy-Green tensor. Using the right Cauchy-GreesoteC yields the Green-

Lagrange strain tensor
1

E=S(C-1), (1.5)
as a measure for the strain in the reference configur&iprsimilarly we can describe the
strain in the current configuratidd through the Euler-Almansi strain-tensor given by

e= %a —b™Y), (1.6)

in which the left Cauchy-Green tendois utilized.

Stress measures

Let us consider an infinitesimal spatial surface elemsmt @ with its orientation defined
by the outward normal (to the surface) unit veatorAn infinitesimal force acting on the
surface element may be denotddahd the Cauchy traction vectodescribing 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 suréat®nt with a the normal
vectorn by the unique symmetric second-order stress tensordieldcording to

t=on. (1.8)

Using Nanson'’s formular yields
P=JoF T, (1.9)

whereP denotes the first Piola-Kirchhoff stress tensor (also knetha engineering stress
tensor). Generall? is not symmetric, but it does fullfill the relatidPF" = FTP. Another
popular measure for stress is the symmetric second PiotiKoff stress tensor

S=F1P=JF1loF T, (1.10)

obtained using the Piola transformation.

In addition to considerations regarding kinematics anekstrbalance laws have been for-
mulated which serve as basic axioms in continuums mechahieEsmost important laws
relevant for this work state that: (i) mass in a closed systamto be conserved and can,
therefore, neither be created nor destroyed; (ii) changéaear momentum of a region
Q have to be equal to external forces acting upnpr(iii) changes in angular momentum
of a regionQ have to be equal to external moments acting u@orfor 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 attarsstic stress-strain response of
arterial walls is considered to fall into this categorykrntwe can describe the biomechan-
ical response using a scalar-valued Helmholtz free-engstggin-energy density) function
W(F). The idea behind the usage of a strain-energy function ferial walls is such, that
the work required to deform the tissue is stored reversiblgetormation energy in the tis-
sue and that only in a (stress-free, undeformed) referemageiration the stored energy
becomes zero.

Before a strain-energy function can be utilized it has to lfuidgveral requirements. For
one, the strain-energy must be positive for all deformatiae.

WF)>0 for F#£I, (1.11)

and zero for the special case of
WF=1)=0, (1.12)

where the deformation gradient is equal the identity ten$his can be interpreted as no
energy being stored in the undeformed material. Next, tta@nsenergy function must go
towards+eo for infinite expansion or compression of a body, i.e.

detF — + = W(F) — oo, (1.13)

detF 540 =  W(F)— +o, (1.14)

ensuring that the body volume can never vanish or infinitgjya@ded. Finally, material
objectivity requires the following relations to be fulfitle

YF)=WYU)=W¥Y(C)=YE). (1.15)

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

oW (F)

P=""+"/
oF ~’

(1.16)
describing the relation between the deformation of a matégiven byF), and the stress
in the material given by the first Piola-Kirchhoff stressderP. Considering requirement
(X.15) on the strain-energy function, the constitutivesdrrelation can also be written in
terms of the right Cauchy-Green tensbor the Green-Lagrange strain teng&oaccording

to
L (@) _ _O0¥(E)
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1.4.3 Two fiber family structural model

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

LP(CaMaM/) - quSO(C) +anniso<C»M7M/>7 (118)

whereW,sc, andWjpisoare associated with the non-collagenous ground-matrixfaeém-
bedded collagen fiber families, respectively, wiGilelenotes the right Cauchy-Green ten-
sor and bottM andM’ are direction vectors in the reference configuration cpoeding

to the principle directions of each collagen fiber familip{a that|M | = \M/\ =1). For

the isotropic contributiot;s, it has been shown that the (classical) neo-Hookean model
is a satisfactory descriptor of the ground-matrix [121]jetlhcan be written as

c

LIJiso(ll) = 2

(1.—3), (1.19)
wherec > 0 denotes a stress-like material parameter landtr(C) is the first invariant
of the right Cauchy-Green tensor. For the anisotropic coution W,niso Caused by the
progressive recruitment of collagen fibers we use an exp@hdanction according to
Holzapfel et al.|[56], given by

Wanisdl4, l6) = 2k—;2 Z {exp[ka(li — 1)2] ~1}, (1.20)
i=4,6

with the stress-like material parametgr> 0 and a dimensionless paramker> 0. The
two invariantd4 andlg are given by

l4,=C:A; and le=C: Ao, (1.22)

whereA1 andA, are second-order structural tensors, determined by tisetgmoduct of
the preferred (or principal) orientations of both colladider families, represented by
andM’, i.e.

Al=McaM and A,=M'@M’. (1.22)

To identify the individual components of the direction \@stM’ andM we use a cylindri-
cal polar coordinate system with the basis veckxsEg, Ez corresponding to the radial,
circumferential and longitudinal directions of the aréétube, respectively. The direction
vectors then take on the form

0 0
[M] = | cos¢ and [M']=| —sing |, (1.23)
sing cosg
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with ¢ denoting the angles between the principal directions oftif collagen fiber
families, symmetrically arranged as two counter-rotatietjces around the major vessel
axes.

Finally, by combining equation§ (1.19) and (1.20) we cartemtfie free-energy function
W(l1,l14,16) in the form

Y=2(1-3) +2k—k12 > {explke(li—1)% -1}, (1.24)

2 .
i=4,6

according to the constitutive model by Holzapfel etial. [36)r modeling a young healthy
human artery it is appropriate to treat the arterial wall a&@layer thick-walled tube,
because a young intima is mechanically not significant (@gsiScance increases with age
due to adaptive intimal thickening). In this case the stemergy function according to
equation[(1.24) can be specified by using layer-specific mahigarameters, ki, k, and
stuctural parametes for the media and adventitia.

1.4.4 Structural model including dispersion

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

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

annISO(I1>I47|6 Z {exp kZ _1 } }7 (125)
2= 4.6

with
I =kl + (1—3k)l; with i =4,6, (1.26)

whereky, ko andly, lg are the same parameters as in equafion {(1.20). The dispgaio
rameter ranges from = 1/3, corresponding to an isotropic fiber distribution,xte- 0,
where it approaches thgirac delta function (ideal fiber alignment). In its integral fokn
can be written as

-bll—\

T
/p sm ©do, (2.27)
0
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1/3

Dispersion parameter x
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Concentration parameter b
Figure 1.3: Behavior of the dispersion parametexs a function of the experimentally obtainable
structural parametds. At b = 0 the dispersion parameter= 1/3, corresponding to an isotropic
fiber distribution; withb — «, k becomes th®irac delta function representing ideal fiber align-
ment.

with p(©®) denoting a density function representing the dispersedhlition of the colla-
gen fibers in the reference configuration, and the Eulerigied < [0, r1]. In this model
p(©) was assumed to beraperiodicvon Misedistribution given by

_ .| b expb(coq20) +1)]
p(O) _4\/; erfi(v/2D) , (1.28)

with the concentration parameteand imaginary error function
2 X
erfi(x) = —ierf(ix),  erf(x) = ﬁ/exp(—tz)dt. (1.29)
0

From equation[(1.28) it becomes clear that the concentrat@mameteb determines the
shape of the density function(®) (and, therefore, als&); for example, with higheb-
valuesp(®) becomes increasingly narrower (more aligned). Figure Ilu8tiations the
influence ofb on k. Sinceb is a structurally-based scalar value it can be experimigntal
obtained by simply fitting a given angular fiber distributi@ee subsequent sections).

One drawback of this model is the assumption of a rotatigrsginmetric density function
to represent the dispersed collagen fibers. It has been stableshed (and will become
evident during subsequent chapters of this work) that iredtimgartery the collagen fibers
are almost completely aligned in-plane of the arterial wahis in-plane arrangement is
less pronounced in diseased arteries where increased-plare deviations are observed,
but even then the distribution of collagen fibers is far froemly rotationally symmetric.
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Therefore, even though the above discussed dispersioninaad®ed on a density func-
tion according to equation (1.28), is the best option abglat the time, it is not a good
representation of true fiber morphologies and leaves roonmiprovement. There exists
an experimentally motivated need for the development ofwcttrally-based dispersion
model, capable of reflecting dispersed collagen fiber catets obtained through experi-
mental investigations.

1.5 Organization of the PhD Thesis

The PhD thesis is a compilation of four scientific papersygieg on the structural organi-
zation and role of fibrillar collagen in human arterial wallsuring the course of this thesis,
several new experimental and numerical tools for the gfieation of collagen fiber distri-

butions have been developed: experimental advancemestsstihg laboratory protocols,
development and building of novel sample preparation egaig, implementation of new
tissue clearing procedures, and programming of Matlab ¢odextracting, fitting, and

characterizing collagen fiber morphologies from 2D imagesvall as 3D image stacks.
During a four month research assignment at Yale Universi8A, new insights into the

role of collagen remodeling in dissecting aortic aneurysrase discovered. All of these
advancements have been published in the following foun@lysapers:

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

In this study we used a well established experimental agproa obtain collagen
fiber angles from histological sections through polarizgdtimicroscopy in combi-
nation with a universal stage. We recorded ovel0OBD fiber angles from 11 human
non-atherosclerotic thoracic and abdominal aortas andvamnriliac arteries. Spe-
cial attention was given to the sample preparation methoappyying planar axial
and circumferential pre-stretches before tissue fixafldre study yielded mean data
for each of the three individual layers of the arterial wathich was quantified using
a dispersion model. Distinct fiber families were observedlivessels, usually two
in the medias and adventitias and sometimes a third or fonrthe intimas. The
fiber families were generally arranged symmetrically widspect to the cylinder
axes, and closer to the circumferential direction in the imadd to the axial direc-
tion in the adventitia. However, in the media of the commaacilartery only one
fiber family in the circumferential direction was observdsesides collagen fiber
angles we additionally recorded layer-specific thicknests dor each vessel. For
the aortas and the common iliac artery the mean total walkitgss was .B9 and
1.05mm, respectively.
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2. Remodeling of Intramural Thrombus and Collagen in an Angafusion ApoE-/-
Model of Dissecting Aortic Aneurysms
A.J. Schriefl, M.J. Collins, D.M. Pierce, G.A. Holzapfel and JHumphrey, Throm-
bosis Research, 130:€139-e146, 2012.

The study focuses on the role of collagen and intramuralntbies remodeling in
dissecting aortic aneurysms. The investigated histoddgimss-sections were ob-
tained from five lesions from angiotensin-Il (Ang-Il) intes, apolipoprotein-E null
(ApoE—/—) mice, a commonly used animal model to generate dissectntra
aneurysms. The mostly histological investigations resuib new observations re-
lated to collagen remodeling. In both, the adventitia ad asethe intramural throm-
bus, remarkable remodeling was observed in regions wedraggd from the flowing
blood. Thrombotic material was replaced by collagenowsiés constituting a fa-
vorable wound healing type response. Such gained insightl gmtentially have a
broader impact, e.g., in the use of endografts to treat@areurysms or for flow-
diverting stents used to treat intracranial aneurysmsalljirregardless of the spe-
cific mechanisms responsible for the pathogenesis, we stegha possible scenario
explaining the initiation and progression of the lesiosuténg in a dissecting aortic
aneurysm in the Ang-ll mouse model after only 28 days of ineaut with Ang-I1.

3. Quantitative Assessment of Collagen Fiber Orientationsnf2D Images of Soft
Biological Tissues
A.J. Schriefl, A.J. Reinisch, S. Sankaran, D.M. Pierce and @#zapfel, Journal
of the Royal Society Interface, 9:3081-3093, 2012.

In this study a new method was developed for the quantificatfocollagen fiber

orientations and associated dispersions at differentlescales, which can be uti-
lized in numerical modeling of soft biological tissues.teed of measuring individ-
ual collagen fiber angles by hand from stained histologieatisns using polarized
light and a universal stage (as it was done traditionallyg, facused on extract-
ing the fiber angles fully automated from 2D images usingoteriimage analysis
techniques. Specifically our new method combines 2D Fagiétolransformation,

Fourier power spectrum analysis and wedge filtering to ekirgative amplitude
distributions representing the fiber orientations in thgioal image. Furthermore,
we showed how progressive regions of interest splittingosantilized to obtain use-
ful orientation information among different length-s@lel'he amplitude distribu-
tions were fitted using maximum likelihood estimation and-periodicvon Mises

distribution (either one or a mixture of twwon Misesdistributions in the case of
one or two fiber families, respectively). Regarding matepaiameters for numer-
ical modeling we focused on three key parameters: first, thigedsion parameter
K, a well established measure of anisotropy; second, théidmcparametey, de-

scribing the preferred (or principal) direction of a fibemii#gy; third, the weighted



1.5 Organization of the PhD Thesis 21

error entropyE,, as a measure of changes in the entire fiber distribution#f-at d
ferent length-scales (which also has implications for nucaé modeling, e.g., on
determining appropriate mesh densities).

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

In this study we introduce a new approach for imaging andyaired the entire thick-
ness of the intact human aortic wall. To this end we devel@psalvel sample prepa-
ration method, allowing us to chemically fixate (using folimgan intact segment
of the aortic tube as a whole, that has been axially preesteetand simultaneously
pressurized based amvivo values. To enhance the laser penetration range for sub-
sequent nonlinear optical imaging, the fixed vessel segmasbptically cleared us-
ing a solution of benzyl alcohol to benzyl benzoate, inareathe penetration depth
almost tenfold fron~ 120um to ~ 1.2mm. Image stacks throughout the thickness
of the cleared wall were made by detecting the second-hacgameration signal
originating from the collagen fibers. To extract and quantife 3D morphologi-
cal data from image stacks in a simple, fast and automatéuofasve combined
Fourier-based image analysis for characterizing collagrganization with maxi-
mum likelihood estimation for distribution fitting of 3D4entational data sets. For
the first time we were able to visualize collagen structuhegeughout the thick-
ness of the aortic wall and extract the corresponding 3Diligton of amplitudes
(21° resolution) representing the orientations of the collafjegrs. Furthermore we
identified isotropic regions in the tissue where no prefkfiber orientations are
observed and quantified regions of anisotropy by calcudatio structural parame-
ters: (i) u, describing the principal fiber orientation and @i)describing the degree
of fiber alignment about:. Both, u andb, can directly be utilized in numerical
modeling codes using fiber-reinforced constitutive laws.

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

* A.J Schriefl, D.M. Pierce, P. Regitnig and G.A. HolzapfEkperimental determi-
nation of the distributed collagen fiber orientations in theman descending aorta
and common iliac artery82nd Annual Meeting of the International Association of
Applied Mathematics and Mechanics (GAMM), Graz, Austrigrih18—-22, 2011.

* G. Zeindlinger, A.J. Schriefl, P. Regitnig, D.M. Pierce anéG-olzapfel: A sample
preparation method for the measurement of distributedagelh fiber orientations
in human soft tissues82nd Annual Meeting of the International Association of
Applied Mathematics and Mechanics (GAMM), Graz, Austrigrih18-22, 2011.
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D.M Pierce, H. Weisbecker, A.J. Schriefl, B.R. Villa, E.J. GEaw\guilera and G.A.
Holzapfel: Modeling aortic tissue and intraluminal thrombus: expesmal and
numerical results.2nd International Conference on Material Modelling and 12th
European Mechanics of Materials Conference, Paris, Franagp)st 31-September
2,2011.

A.J. Schriefl, G. Zeindlinger, D.M. Pierce and G.A. HolzglpExperimental quan-
tification of the layer-specific distribution of collagendiborientations in human
descending aorta and common iliac arteridsint Workshop on New Technologies
for Computer/Robot Assisted Surgery, Graz, Austria, July1B12011.

G.A. Holzapfel, A.J. Schriefl, A.J. Reinisch, D.M. Pierce,Murtada, M. Bol and
J. Stalhand:Advances in the modeling of soft collagenous tissues: tleeofodis-
tributed collagen fiber orientations and active tone in aigs. [IUTAM-Symposium
on Computer Models in Biomechanics: from Nano to Macro, StahfdSA, Au-
gust 29-September 2, 2011.

A.J. Schriefl, P. Regitnig, D.M. Pierce and G.A. Holzaptedyer-specific distributed
collagen fiber orientations in human arteries, from thoaabrta to common iliac
artery. ASME 2011 Summer Bioengineering Conference, Farmington, ,\J8Ae

22-25, 2011.

G. Sommer, G. Zeindlinger, A. Katzensteiner, A.J. SchrigflAinddhofer, A. Sax-
ena and G.A. HolzapfelPassive mechanical response and residual deformations
of ovine esophagus: impact on esophagus tissue engineedifiguropean Solid
Mechanics Conference, Graz, Austria, July 9-13, 2012.

A.J. Reinisch, A.J. Schriefl and G.A. Holzapf&odeling of dispersed fibers in con-
tinua. 8" European Solid Mechanics Conference, Graz, Austria, Jul 92012.

A.J. Schriefl, G.A. Holzapfel and J.D. Humphregoles of thrombus and collagen
remodeling in intramural dissecting aortic aneurysr8%.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 comlmnawith a uni-
versal stage is used to determine the layer-specific diséibcollagen fiber orientations
in 11 human non-atherosclerotic thoracic and abdominagda@nd common iliac arteries
(63.0+15.3 yr, meant- SD). A dispersion model is used to quantify over@J0 recorded
fiber angles from tissue samples. The study resulted imdidtiber families, fiber direc-
tions, dispersion and thickness data for each layer andeafiels investigated. Two fiber
families were present for the intima, media and adventitithe aortas, with often a third
and sometimes a fourth family in the intima in the respecixi@l and circumferential di-
rections. In all aortas, the two families were almost syrmioaily arranged with respect to
the cylinder axis, closer to the axial direction in the aditen closer to the circumferen-
tial direction in the media and in between in the intima. Tame trend was found for the
intima and adventitia of the common iliac arteries; howgtregre was only one preferred
fiber alignment present in the media. In all locations anéigayhe observed fiber orienta-
tions were always in the tangential plane of the walls, witradial components and very
small dispersion through the wall thickness. A wider ranfjmglane fiber orientations
was present in the intima than in the media and adventitia. riban total wall thickness
for the aortas and the common iliac artery wa39land 105 mm, respectively. For the
aortas a slight thickening of the intima and a thinning of tedia in increasingly distal
regions was observed. A clear intimal thickening was priedestal to the branching of
the celiac arteries. All data, except for the media of thermomiliac arteries, showed two
prominent collagen fiber families for all layers so that tilmer family models seem most
appropriate.

2.1 Introduction

Alterations of the underlying mechanical principles of tiealthy arterial wall (for ex-
ample, changes in the wall constituents) are believed te Iraplications upon arterial
disease and degeneration [123]. Available evidence stgygasmal thickening is due to
specific mechanical stresses|[57], atherosclerosis magléed to increased arterial wall
stiffness|[69], aortic disease may be linked to differenoeise tissue organization and con-
tent in the proximal and distal regions of the aorta [124} anlargement of intracranial
aneurysms may result from growth and rearrangement ofgetlaue to stress (increasing
the risk of rupture with a related mortality rate of 35-50%2%]. Aging processes such

23
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as stiffening of the vessel wall [77, 126, 127] are relatedrtancrease of collagen content
relative to elastin [128, 129], fibrosis and continuous d#pms of amorphous substances
for the elastin, and increased cross-linking of collagdimfavhich lead to reduced mo-
bility of the arterial wall constituents [130]. Additiorigl for the human abdominal aorta,
sex-dependent differences in the degrees of stiffening baen reported [77], and gener-
ally the interaction of the structural vessel wall compdsemnth the different constituents
of the extracellular matrix is believed to be a key factor merstanding diseases; see, for
example,|[130].

The (passive) mechanical behavior of arterial walls is hyailetermined by elastin and
collagen in the media and adventitia [131]. These two ctuesits are embedded in an ex-
tracellular, non-fibrous, glycosaminoglycan-rich maf{i29], forming a complex three-
dimensional (3D) network including smooth muscle cellsZ[[L3The structural subdivi-
sion of the collagen fiber into fibrils and micro-fibrils sifoantly increases its flexibility
(which is directly proportional to the number of subunitalaeduces the risk of rupture
because cracks cannot easily propagate across a multigle J&£, 25,/133]. With an
ultimate tensile strength in the range of 50—-100 MPa [26§, tihe collagen fibers that give
the arterial wall its strength and ability to resist load$us, with regard to strength and
load resistance, collagen fibers are mechanically the mgsbritant tissue constituents
[22,156, 134]. Together with proteoglycans, it is the elastith its nearly perfect elastic
properties which is responsible for the resilience of thérmdl35]. Elastin is load-
bearing at low and high strains, with a less significant gbation at higher strains due to
the increased bearing of load through collagen.

In humans there are 28 known different types of collagen;dvewn the collagen fibers
investigated in this study are limited to the major typesspr¢ in arterial walls, namely
the classical fibrillar collagen of typésandlll [4]. Collagen typesV, V, andVI are also
present in human arteries (among others), but these agtesbihly about (—10% of the
total arterial collagen. While the significance of collagdyefiorientation and dispersion
on the mechanical properties of arterial walls has been-egtiblished (see, for exam-
ple, |56, 122| 136]), and data of collagen organization in&id 3D for human vessels
have been published, see, for example, [125, 137-140}eldrstructural data are avail-
able to date regarding collagen orientation in the humataaod common iliac artery. In
young and healthy arteries, the intima consists of a siraylerlof endothelial cells with
no structural importance to the wall. It becomes mechalyisignificant with aging and
the associated onset of arteriosclerasis [58]. In the mélkacollagen fiber arrangement
in human cerebral arteries is circumferential [141]. Far #uventitia of human coro-
nary arteries (fixed at distending pressure), a single gifetential order of collagen has
been reported in [137], while for cerebral arteries a wideyeaof orientations are present
[139].

Itis known that variations exist in both the structural casiion and the mechanical prop-
erties of arteries from different species, as well as ireddht regions of the same arteries,
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and that they both influence the mechanical response of $sel&[74-76]. Differences
were observed in intimal and internal muscular layers beivgifferent ethnic groups [57],
and are also expected (in all likelihood) among differer¢ ggoups of a single species
[77,78]. In the human aorta the elastin-to-collagen radiordases in progressively distal
regions making the aorta most flexible at proximal regiorg3.[&uch differences in mor-
phology among arteries may change the influence of presadrevall shear stresses upon
the vessels [142, 143]. Hence, experimental data on thagailarrangement from human
tissue samples of specific blood vessels are indispensafaeilitate better understanding
of disease progression and improve modeling of the cardomar system.

The approach taken in this study differs from related redean cerebral arteries [136,
138] and intracranial aneurysms [125, 140], where invatibgs into the collagen fiber
orientations were performed. We use the well-establishetthod of picrosirius-polariza-
tion [38,/144], in combination with a universal stage, santio the method pioneered and
described ini[145], to study samples from healthy, non+a®erotic, human aortas and
common iliac arteries for the first time. The birefringerdtigre of the collagen fibers is
utilized for the measurement of the collagen fiber orieateti Picrosirius red was used
as a birefringence enhancement stain for collagen [38].litatiee and quantitative data
with respect to the fiber alignments were obtained usingrizeld light microscopy! [36].
To approximate thén vivo strain state of the blood vessel, all of the samples invat&)
were pre-stretched biaxially with a specially designedufigt followed by chemical fixa-
tion in formalin while distended [57]. This process resdlie improved fiber orientation
coherence [63, 74, 139]. The measurements were perfornmeglaiZeiss universal stage
attached to a Zeiss polarizing microscope (Carl Zeiss IMT @Bmbienna, Austria)|[140],
enabling the measurement of two Euler angles and thus fellnidg the local orienta-
tion of the mostly straightened fibers in the 3D space. Thesorea data were fitted with
the von Miseddistribution allowing the determination of the orientatidensity function
characterizing the 3D distribution of collagen fiber oradidns in the (unloaded) reference
configuration|[122].

The quantitative structural information obtained throtigis study will not only improve
our understanding of the biomechanical behavior of attevals, but will also have a
broader impact on the modeling of the cardiovascular syspeaviding fundamental pa-
rameters for mathematical models which are becoming madelwuused, 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 aortasdimg) the common iliac arteries
(all are elastic-type vessel walls) were harvested witdit@urs from death (68+ 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 ltypesions or higher, or other
pathologies|[146]. For the present study, the use of autopdgrial from human subjects
was approved by the Ethics Committee of Medical UniversitgZGr

Seven square samples were removed from each axially cughatsspecific locations la-
beled as T1, T2, T3, Al, A2, A3, and ClI (see Hig.]2.1). The ladgel and A refer to the
descending thoracic region T1-T3 and the abdominal regibrA8 of the aorta, respec-
tively, while CI refers to the common iliac artery. Anatomamtimarks like the branching
of the celiac arteries were used to ensure consistent, tedggeasample locations. Sam-
ples from different vessels were always taken from the saverslocations and measured
15x 15 mm. Two corners of each sample were removed to mark thensfezential direc-
tion of the vessel. Four black markers were placed at theecefitach sample, separated
by a distance of approximately@®@mm in each coordinate direction, for tracking with the
video extensometer. A coordinate system was applied taefesence geometry, where
X is the circumferential directiorl the axial direction, and indicates the direction of
the sample thickness. This geometry is referred to as theadet configuration, while
in the deformed configuration the axes are labeled with lovese characterx,f,2) to
unambiguously distinguish between them.

To approximate then vivo stress/strain state of the vessel wall and to ensure (mostly
straightened collagen fibers, a biaxial stretch was applidda specially-designed fixture.
The consideration of a biaxial pre-stretch is an important pf the sample preparation
method because a pre-stretch has a substantial influenbe onganization of the layered
microscopic structure of collagen and muscle fibers![148]mInimize boundary effects
during the sample stretching, a suture-based grippingadetias chosen with three hooks,
serving as suture attachments for each edge of the sammehiide hooks spanned about
10 mm, and the area between the four markers was approxjntate® mm in the (planar
un-stretched and unloaded) reference configuration.

Before stretching the sample, the distance between the rsarkéheX- andY-directions,
and the sample thickness (tlZedirection), were measured using a video extensome-
ter, yielding the geometries of the unloaded configuratiohthe specimens. Using a
displacement-controlled protocol, a strain of 22% in tlrewnferential direction and 12%

in the axial direction was then applied with a custom madefextOur value for the axial
strain is based on the lower boundiofvivo values reported in [148], and for the circum-
ferential strain we used a similar value as described in][1E8ure[2.2 shows a tissue
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T2 T

A2 A

Figure 2.1: Seven locations T1, T2, T3, Al, A2, A3 and CI along the a@nma the common iliac
arteries from which samples were extracted. T and A denote the desgdimoliacic and abdominal
part of the aorta, and CI the common iliac arteries.

sample mounted in the fixture before stretching it biaxiallpplying a controlled stretch
was essential during tissue preparation since it not orgyagmates thén vivoconditions
of the vessel wall but also straightens the collagen fibexgtiag in an increasingly coher-
ent orientation necessary to perform accurate angularureagnts|[63, 139, 150]. The
stretched sample and fixture were then put into a bath of 4%dmtehyde for chemical
fixation. After approximately 10 hours in the formaldehyaeH) the sample was removed
from the stretching fixture and sewn into a specially-destbaluminum frame to maintain
the stretched state while the sample was dehydrated, anddeled in paraffin wax. At
the beginning of the embedding process the specimen wasdlipfo the first hot paraffin
bath while still mounted in the fixture to counteract shrinkdue to the rapid temperature
change of about 4C. The sample was then removed from the aluminum frame fdnduart
processing.

The resulting paraffin block (with the embedded tissue sajnpas cut into two halves,
one was used to obtain in-plane sectiorsy (plane) and the other to obtain transverse
sections X-z plane). A series of planar sections was made according tdotlmving
protocol: (i) begin sectioning from the luminal side (inans sectioned first), (i) make
six subsequent sections aifh, (iii) leave a gap of 10im before starting with the next
series of six sections. This was repeated throughout theeeambedded sample as many
times as possible. The preferred section thicknessuoh 8vas determined in a pilot study
on pig aortas during which we tested section thicknesseaggrirom 2-12um (in 2pum
steps). We found that histological sections with a thickngslow 7um were sometimes
very fragile and often contained cracks and/or tears, vdatdions with a thickness above
8 um often displayed a 3D topography which made it difficult tous or achieve proper
extinctions.
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® ®

Figure 2.2: Tissue sample mounted in the test fixture under biaxial stretclptoxapate than
vivostrain state prior to chemical fixation in 4% formaldehyde while distended. tack markers
at the center of the sample are used for measuring the biaxial stretch vieceextbnsometer.

Every first section out of each series of six was then staingd picrosirius red, a well
known birefringent enhancement stain for collagen thasdu® change the optical axis
of the unstained fiberﬁBS]. Every second section was stairh hematoxylin and eosin
for standard histological analysis to detect atherostitefesions of typelV or higher
according tomG], to determine if the sample could be idetliin this study. All sections
were cut with aMicrom HM 335(Microm, Walldorf/Baden, Germany).

To ensure that the sample preparation process caused nefyeahthanges (for example,
a shrinking of the wall during the fixing in paraffin), we megesiithe wall thicknesses
of the stretched samples before paraffination and compaese twith the thicknesses
obtained from the microscopic images. In all cases the saméts were obtained within
the tolerance of the measurement procedures.

2.2.2 Method of measurement

A Zeiss three-axis universal rotary stage attached to tha stage of a Zeiss polarizing
microscope was used for the determination of the 3D digiohwf collagen fiber orien-
tations. Each microscope slide with the histological sectvas fixed between two glass
hemispheres, thus ensuring that the polarized light alwaters the glass perpendicularly
and minimizing light reflections in tilted positions. Therhispheres have an index of re-
fraction of 1516; additionally, to minimize internal reflections andraetions the inner
surfaces were coated with Glycerol (index of refractiod.47). The area of interest on
the tissue section was centered between the two glass Hemesto avoid distortions that
occured on the outer rim.
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Figure 2.3: Definition of the coordinate system and two Euler anglesxd 3 on a biaxially-
stretched tissue sample.

The universal stage allowed the tissue sections to be ttetirotated in angled planes
around its three axes. All rotational angles can be measufredan unambiguous defi-
nition of the orientation of a line (idealized straighteredlagen fiber) in 3D, two Euler
angles may be used. In our coordinate system the azimutbhd @drdenotes the in-plane
rotations (circumferential-axial plane) of the sample vehfe = 0° is then the circumfer-
ential direction. The elevation angfedenotes the out-of-plane rotations (circumferential-
radial plane) with3 = 0° denoting no radial component in the orientation of the fibee
Fig.[2.3.

To measure the collagen fiber directions, the polarizer hacghalyzer were preset at ex-
tinction so that only the birefringent components of theues were visible. It has long
been established that typend typelll collagen, the major types in arterial walls [151],
exhibit a positive intrinsic and form birefringence [36]n brder to determine the best
sample location for the angular measurements (for exartgkeyoid regions which were
damaged during the tissue preparation process), the ¢éstite section was first scanned
with a relatively low magnification (8x objective lens). The region of interest was then
centered and aligned to the in-plarie £ 0°) and circumferential@ = 0°) direction. A
10x objective lens was then used for all measurements. Thewhderotated in the az-
imuthal plane until the collagen fibers reached its darkesitjpn yielding the first Euler
angle¢, followed by tilting the slide in the elevation plane withidurther changing the az-
imuthal angle until the final darkest position was found|djigg the second Euler angte
Images were also taken of transversally cut tissue sampileshe polarizing microscope,
also allowing the elevation angi# to be measured directly from the images using stan-
dard software (Axiovision 40, Carl Zeiss IMT GmbH, Vienna,s\a). To determine the
layer-specific thicknesses of the arterial walls, imagesevi@ken from each transversely
cut tissue sample from all vessels. Using Axiovision 40 rapppnately 20 thickness mea-
surements for each of the intima, media and adventitia wer@pned from each image.
The average thicknesses for each of the three layers wameltby calculating the mean
value and the standard deviation of the 20 measurementsbtémdhe total wall thick-
ness the three mean values were added, the total stand@tiatewas calculated by using

SDt = \/Ziszl niz, wheren is the standard deviation of each layer.
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2.2.3 Data analysis

The collagen fiber directiong, 3 were measured in the deformed configuration to mimic
the in vivo stress/strain condition and to ensure (mostly) fiber dutaigng. In the un-
stressed state the fibers generally exhibit wavy patteftes) without a clear spatial direc-
tion which is difficult to measure. However, material modsdsisider the fiber directions
in the reference configuration [56, 122]. To ensure unanthiguifferentiation between
the two configurations, all axes, vectors and angles are reowtdd with lower case char-
acters for the deformed configuration and with upper caseactexs for the reference
configuration.

In the following we briefly introduce the required nonlinéamematics. ByQg we denote
the reference configuration of a sample, while the defoonati: Qo — R2 transforms
a material poiniX € Qg to a new positiorx = x(X) € Q in the deformed configuration
[120]. As a deformation we introduce the deformation gratisF (X) = dx(X)/dX. We
consider the artery wall to be incompressible, which yigtis conditionAxAyA; = 1 for
the three stretch ratiok,, Ay andA,. Hence, for the biaxial pre-stretch in thg y-plane,
when stretched along the fibers, the deformation gradie@mimatrix notation takes on the
form

[F] = diagAx, Ay, (Axdy) Y. (2.1)

It is worth remarking here that it is important to minimizeesin during biaxial stretching
because of the inability to impose and control shear stsesSleearing strains are usually
much smaller than the extensional strains [152]; we theeei@ated the shearing strains
as negligible. For more details on this issue seel[153].

All measured azimuthal and elevation angles from the defdrtissue samples are now
described as a unit vector with the Cartesian componestsosd cosg, y = cosd sing
and z = sind, yielding a spatial fiber vector field corresponding to theamged fiber
directions themselves in the deformed state. In the foligwwe simply use the inverse
deformation gradienE— for mapping back the vector field from the deformed to the
reference configuration. Due to this pull-back operatitve, ¢corresponding-, Y- and
Z-coordinates in the reference configuration (assuming lg@meous deformation) result
as

XY Z'=[FYxya" (2.2)

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

Z Y
O =arctan| —— |, ® =arctan| - ). 2.3
() () &

All angle data in the reference configuration from all vessetre then averaged, resulted
in mean values for the intima, media, and adventitia for tieations T1 to Cl. The angles
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were plotted with a 5resolution, generating the fiber density, say, of the measured
data (indicated by the index m) as a functior@and®.

Since we ultimately desire to use the measured data in atingxeonstitutive mode| [122],
we need to transform the Euler ang@sand® from our coordinate system (see Hig.]2.3)
to the coordinate system used in [122]. We denote the tremsf angles by and .
Thus,

P = arctan(tan@.i) ., O= arctan<ﬂ) . (2.4)

sin® cosd

In the new Cartesian coordinate system, the distributedgell fiber orientations Qo are
characterized by a density functipiiM (©, @)) with respect to the undeformed orientation
of an arbitrary unit vectoM. With (&;,€,,€3), an orthonormal Cartesian basis, and with
the two Euler angle® € [0, 1] and® € [0, 271, the unit vectoM takes on the form

M (O, @) = sin@ cosde, + sin@sin®&, + cosOEs. (2.5)

For simplicity, the distribution of the experimentally nse@ed collagen fiber family is
assumed to have rotational symmetry about a principal titreag, consistent with [122].
Representation of a single collagen fiber family, which doatsimclude dispersion, can
be accomplished using a structure tensor of the fagr® ag [S€]. By fiber family we
mean a group of fibers oriented along a single common directi@lignment with some
dispersion.

Without loss of generality, the preferred direction of th@twectorag is now taken to
have the same direction as the basis veetamaking the density functiop(M (©,®))
independent o, i.e. p(M (0, ®)) — p(©). This allows thegeneralizedstructure tensor,
which is an alternative measure of the fiber distribution @@atinuum sense, to be written
in the compact form [122]

H =kl + (1—3K)ag® ao, (2.6)

with the identity tensol and the dispersion (or structure) parameategiven by
l w
K = Z/p(é) sin®©do. (2.7)
0
To model the rotational symmetry about a preferred fiberctiva ap, a transversely

isotropic andt-periodicvon Misedlistribution is used according to [122], with the density
functionp(©) as

=, [ b expb(cos®+1)]
PO = 4\/; erfi(v/2b) 28)

whereb > 0 is the so-called concentration parameter associatedtethvon Misesdis-
tribution, and erfix) = —ierf(ix) denotes the imaginary error function [154]. Frdm{2.7)
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it is clear that the dispersion paramekedescribes theegree of dispersiom an integral
sense, ranging from = 1/3 (b = 0), describing an isotropic distribution of fibers in a
continuum sense, o = 0 (b — ), describing perfect alignment of the collagen fibers. In
the latter case the density functipii®) in (2.8) becomes thBirac delta function.

The method of least squares was applied to determine thefibést the fiber density
pm(©, @), by using ther-periodicvon Misedistribution as a function of the concentration
parameteb, the elevation angl® and the azimuthal angl®. To facilitate fitting, the
volumes enclosed by, and thevon Misesdistribution p were both normalized to
The optimized value of the least squares fit was then obtdigedinimizing the residual
sum of squares given by

RSS= Z[pm<éva})l _p(bv(é’ &),)]2, (2.9)
i=1

wheren denotes the number of observed angle pé@sﬁ))., binned on a 5 5° grid,
ranging from—90° to +90°, andRSSJenotes the squared distance between the (measured)
fiber densitypm (@, ®); of every angle and the corresponding denpith, (O, CD) ) of the

von Misedistribution. Although theon Miseddistribution is independent @b, we used

it to obtain the values fop(b, (©,®);) in (2.9). As a measure of the goodness-of-fit we
calculated the coefficient of determinatiBf as

_ 1 RSS_. YLilom(©.®)i—p(b (O, qn).)]
7SS S [Om(©, )i — Pm(©, D)2

(2.10)

Wherep_m(é,ab) denotes the overall mean of the measured fiber depgitior all angle
pairs(é, 513)i andT SSis the sum of the squared distances between every indivitdunality
value of the measured angle pairs and the overall mean filmsitgde Hence R? yields
values between 0 and 1; the better vlom Miseddistributionp fits the measured daja,
the closer the value d¥ is to unity.

2.3 Results

Approximately 50 fiber angles were measured for each higtodbtissue section. Depend-
ing on the width and quality of the samples we were usuallg &bbbtain 1-2 picrosirius
red stained planar sections from the intima, 2—3 from thesatiia and 3—4 from the
media from each sample. Given the number of samples (11 hadas including the
common iliac arteries), the total number of recorded fibgesfrom all tissue sections
was over 37000. Analysis of the layer-specific data from the samplesstigated for the
locations T to Cl allowed us to determine: the number of fibarili@s, the mean angular
data such as the azimuthal mean (Eulerian) adgleand the elevation mean (Eulerian)
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Location No. of fiber Azimuthal data®) Elevation dataY) Fitting data
families o, AD On AD K
T 24 337 2207 402 944 0052 Q60
Inima.~~~ A 24 33 53V 142 853 Q048 0S5
cl| 23 3392 2378 063 949 0055 Q18
T 2 ofrS 1230 166 789 0046 074
Media A 2 5303 1% 014 751 0039 082
Cl 1 ~011 1970 034 858 0060 063
T 2 ool 1530 099 947 0055 073
Adventitia A 2 002 1878 107 a45  os9 a64
cl 2 2330 IS 143 932 0054 Q69

Table 2.1: Layer-specific data from all 11 subjects of the descendingdicaorta T, the abdominal
aorta A, and the common iliac artery CI (compare also with[Eig. 2.1). Summanieaetuenber of
fiber families, mean angular data such as azimuthal mean dngbnd elevation mean ang&,
then corresponding angular deviation (AD), dispersion parametand minimizedR?-value.

angle®n, the corresponding angular deviation AD, the dispersiaapaterk, and the

minimizedR?-value as a measure of the goodness-of-fit. Because no sagmitidference

between the mean fiber directions was found among the losalia—T3 and A1-A3, we
summarized these data into the thoracic region T and thenaibdbregion A. All resulting

data are summarized in Talle]2.1.

Note that the listed mean fiber angles are obtained from theeatata using all subjects,
hence yielding the overall mean valu®g, and ®,. The dispersion parameter also
represents a mean value, however, it is obtained by fittiagrtbdel only to data relating
to two fiber families in the intima (omitting fiber orientatie in the circumferential and
axial directions) and to all data for the media and the adtt@aniAs can be seen from the
table, we found that the mean an@s, is close to O for all locationsand for all three
arterial layers. Consequently, the collagen fibers at adltioas of the investigated vessels
are located close to the tangential plane, i.e xtlgglane.

Overall, the arterial layers from all locations showed tveyydistinct counter rotating
fiber families, with a few exceptions, i.e. for the media of tommon iliac artery, and
the intima along the aortas and the iliac artery. Fiduré fhdexample, displays three
representative images from the intima, the media, and therditia at location T2, all
showing two distinct fiber families located in tikey plane. We observed that in the media
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Figure 2.4: Representative polarized light micrographs, using crqeslads, of picrosirius-red
stained sections of (a) the intima, (b) the media, and (c) the adventitia of trecihaorta. All

three images show two distinct collagen fiber families located inxth@lane of the arterial wall.
The horizontal and vertical sides of the image denote the circumferentabaal directions, re-
spectively.

and adventitia the two collagen fiber families are organineskparate layers (each layer
containing one preferred fiber direction), which is obsbledy the appearance of a kind
of ‘plywood’ structure when cutting through several of sl&yers. In the intima this orga-
nization in layers was less clear, the two fiber families ldigpd a ‘carpet-like’ structure,
as shown in Fid, 2]4(a).

Remarkably, in the media of the common iliac artery we obskevgery different result
from two distinct fiber families to only one, which is oriedt the circumferential direc-
tion. In the case of the intima we observed a higher fiber dsspe with a varying number
of fiber families, ranging from 2—4. The intimas of the thacaand abdominal aortas
showed up to four fiber families, while the intima of the commileac arteries showed up
to three. It is important to emphasize that not all intimasestigated had more than two
fiber families, but that two prominent fiber families, pladestween the major axes in the
x-y-plane, were always visible. Several intimas showed a théak in the axial direction
and a fourth peak oriented circumferentially. To visuattzevarying number of fiber fam-
ilies between the different locations, we provide an ovamof the azimuthal angle® of
the data from all samples in Fig. 2.5.

The analysis of the total wall thickness for the descendnayacic and abdominal aor-
tas and the common iliac arteries yielde@9+ 0.18 mm, 139+ 0.16 mm, and 105+
0.15 mm, respectively. No significant variations in the thiekses between the locations
T1-T3 and A1-A3 were observed. While the descending thouicabdominal walls
have the same thickness, we found a decrease of about 25%efarall of the common
iliac artery. Layer-specific changes in the thickness alin@gdescending aorta, from T1
to A3 are shown in Fig._216. Due to the much thinner wall of tbenmon iliac artery we
decided not to include these data in Figl 2.6, because itduuaNe distorted trends in the
linear regression. Although not statistically significahe overall wall thickness appeared
to remain almost constari®{ = 0.17), while a slight thickening of the intim&{ = 0.26)
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Figure 2.5: Layer-specific overview of the totality of the azimuthal anglesith respect to the
reference configuration{ = 0° is circumferential) from all subjects as a function of the location
along the aortas and the common iliac arteries. Xkaxis denotesp € [-90°,90°], the Y-axis
denotes the density of the measured angles for the descending thoréit, dloe abdominal aorta
A, and the common iliac arteries CI.

and a thinning of the medid&f = 0.75) in increasingly distal regions were observed. No
significant variations were found for the adventitRf & 0.27).

Because the thickness of the arterial intima is not uniform uadaptive intimal thick-
ening [151], and the absolute thickness values might beeatishg, we also provide in-
tima/media and intima/media/adventitia ratios in Tab Zhe listed values in Table 2.2
were calculated from the averaged mean thickness data alsupjects, therefore, yield-
ing mean values for the thickness ratios. In Eigl 2.7 wetilats the total wall thickness for
the thoracic and abdominal aortas as a function of age fdliirthieed number of subjects
available (the positive slope of the linear regressionatigtcally not significantR? = 0).
An analysis of sex-related thickness variations for thaltetll also showed no significant
results.
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Figure 2.6: Layer-specific thickness data from locations T1 to A3 agugtd Fig.[2.1. To avoid
distortions in the linear regression, data from the much thinner common iliagearigere not
included.

2.4 Discussion

The importance of collagen fiber angles on the mechanica\behof arterial walls has
been well-studied and established in the literature, sgee¥ample,|[56, 122, 140, 155].
Because of strong legal and institutional restrictionsy éinlited structural data on many
human tissues are currently available. To our knowledgs,ighthe first experimental
investigation on the structure of collagen fibers in humateaand common iliac arteries
with non-atherosclerotic intimal thickening. We were atdequantify the layer-specific
distribution of collagen fiber orientations along the asrdad the common iliac arteries
for the first time, providing essential data on the strudtcoaposition of the vessel walls.
This study has demonstrated the strong variation and depeedof the distribution of

collagen fiber orientations on the specific tissue locatrahespecially on the wall layer.
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Location /M (%) I/M/A (%)

T1 21/79 12/57/31
T2 20/80 13/61/26
T3 20/80 10/52/38
Al 27173 14/52/34
A2 41/59 20/48/32
A3 29/71 14/49/37
Cl 33/67 14/44/42

Table 2.2: Intima/media and intima/media/adventitia arterial wall thickness ratios (fior9t)e
descending thoracic T1-T3, the abdominal aortas A1-A3, and the commomitexies Cl. All
values were obtained from the averaged mean thickness data usingeditsub

2.4.1 Fiber angle measurements

In our experiments we measured over, (0 fiber angles from non-atherosclerotic de-
scending thoracic and abdominal aortas and from commanadligries, providing a large
body of data relative to previous studies on different s&#[136, 139]. The results of
our analysis show two clear fiber families for the intima, meghd adventitia in both the
thoracic and abdominal aortas, with often a third and samestia fourth family of fibers
present in the intima in the axial and circumferential diets. For the investigated hu-
man aortas the two families are almost symmetrically aredmwith respect to the cylinder
axis and are closer to the axial direction in the adventiiaser to the circumferential di-
rection in the media and in between in the intima, as showrabielZ.1 and Fid. 215. The
same trend was found for the intima and adventitia of the comifiac arteries; however,
there was only one fiber family present in the media of the comitiac arteries. The
differences of the mean fiber angles among different layktiseothoracic and abdominal
aortas (more circumferential for the media and more axialtie adventitia) were ex-
pected to a certain degree. These differences correlatewitielthe mechanical response
demonstrated in uniaxial tension tests on human iliac iagewhere a higher stiffness
for the adventitia tested axially and the media tested oifeventially has been reported
[58,/76]. However, it is important to note that the biaxialdaing of the collagen fibers in
the descending aortic media is not a universal quality anedesgfic arteries, as our results
for the fiber distribution of the media in the common iliaceaytshow, where a unimodal
distribution was observed (see Tablel 2.1 and[Fig. 2.5).

In human brain arteries a highly aligned medial collagerha ¢ircumferential direction
has been documented [136, 139]. This result correlateswitbllour findings for the me-
dia in the common iliac arteries, but differs significantly the media in the thoracic and
abdominal aortas. The differences are not unexpected dtheetdifferent functions of
the human aorta which is exposed to high circumferentiatielatrain and a smoothing
of blood pressure (systolic-diastolic) is important, wesr®rain arteries which are of the
muscular type. Two helically-arranged fiber families (wdifferent 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 digtes$o absorb pulsating pressure
waves originating from the heart, and also form a net-likacttire to prevent the vessel
wall from overstretching at increased blood pressures. delyidistributed collagen fiber
orientation about a mean axial direction was reported ferdtiventitia in the brain arter-
ies [136]. A mean helical orientation of 530° is circumferential) was documented in
[139], but the presence of two fiber families was not repori&dphysiological {n vivo)
pressures the media is the mechanically most significaet haith its more circumferen-
tially oriented fibers in a healthy artery. The less stiff awltitia, however, adds additional
structural integrity to the wall by forming a ‘jacket-lik&ibe at elevated pressures|[56].

In the intimal layer we consistently observed two fiber fa@si] while often a third and
sometimes a fourth (additional) fiber family was found in theal and circumferential
directions, respectively. Our finding of two prominent bally organized fiber families
in the intima (symmetrically arranged with respect to thinclfical axis) was also docu-
mented for the subendothelium of human brain arteries i6][1As depicted in Fig._2]5,
there is generally a much wider range of fiber orientatioes@nt in the intima than in the
media and adventitia. We did not find any significant correfabetween the additional
(third/fourth) fiber families and age or sex for our limitedmber of 11 subjects.

2.4.2 Statistics

We fitted the dispersion in prominent fiber families with aatainally symmetrigr-periodic
von Misedlistribution, as suggested in [122]. The listed dispersiatax in Table 2.1 are
mean values of both main fiber families (see Eigl 2.5), exizegthe media of the common
iliac artery where only one fiber family was detected. A thirdfourth fiber cluster in
the intima was not included in the analysis. The dispersamameterk is lower in the
media when compared to the adventitia, in the regions T anthA.result is also visible
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in Fig.[2.5, where the peaks in the adventitia plots are #lighider than the peaks in the
media plots.

The R?-values show that the symmetnon Misesdistribution is certainly not an ideal
statistical distribution for the obtained experimentaladawWhile other non-symmetrical
distributions might be more suited to fit our data, we wantbpbasize that the rotationally
symmetricvon Miseswas specifically chosen because it allows for the calculatiba
single dispersion parameter(as introduced in [122]) yielding a quantitative value for
the anisotropy within the framework of a two-fiber family raaal model, which has been
implemented in various finite element analysis programb as ABAQUS (Simulia Corp.,
RI, United States) and FEAP (University of California at BeekeICA, United States).

Although the study [157] documents some salient structyuahtities in regard to arterial
morphology, the present work highlights the fact that theggantities are highly layer-
specific. We made na priori assumptions regarding the number of fiber families; we
measured distributions as a function of direction. Fronsétgata then we concluded mean
fiber directions, fiber families and corresponding disersi By pre-stretching the arterial
samples we have attempted to properly account foirttvevo condition. For the specific
choice of circumferential and axial tissue pre-stretc¥42ihd 12%, respectively) we were
guided by the work 01 [148] and [149]. The 22% circumferelrgisain is not matched to a
known transmural pressure. While we believe that our date&septation of overall mean
values is well suited for illustrating the layer-specifjaitf our findings (see Table 2.1), we
want to emphasize that one must always be respectful of thabidy among different
subjects, for example, in the present study a specific meamudzal angle can vary up
to 8 among individual subjects. Although our reported angukarations capture such
variabilities statistically, we would like to accentuateat one needs to recognize such
biological variations rather than seeking universal hgitin biological, physiological, or
anatomical function.

2.4.3 Wall thickness measurements

We performed detailed thickness measurements, whichteglsnla mean total wall thick-
ness for the descending aorta 033+ 0.18 mm, 139+ 0.16 mm for the abdominal aorta,
and 105+ 0.15mm for the common iliac arteries. These values correlai with the
thicknesses documented in [158] for the non-atherosateadidominal aortas, while in
a multiethnic study of atherosclerosis the observed awrdlt thicknesses were signifi-
cantly higher, in the range of 21-232 + 0.06 mm, [159]. A similar result was shown for
aortas with second- or third-degree atherosclerosis, evimareased wall thickness was
documented [160].

Our layer-specific analysis of the thoracic and abdominalagsodemonstrated a slight
thickening of the intima and a thinning of the media in inciegly distal regions, while
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the overall tissue thickness remained constant. Based alelqwes from the American
Heart Associations’ Council on Arteriosclerosis [151], waculated the intima/media
ratio as a method to determine normal intima thickness, amdesults of B—-0.7 (see
Table[2.2) are well within the range of normal human arteriggerestingly, while the
intima/media ratio remains almost constant for the tharaoita, a clear intimal thicken-
ing can be observed distal to location Al, starting at thedinang of the celiac arteries
where constant blood flow is disturbed. This regional olestéwm also correlates well with
the preferred locations for diffuse intimal thickeningween the orifice of the inferior
mesenteric artery and the bifurcation of the common iliderags [151].

Despite the limited number of subjects and their relatiaayanced age (63+ 15.3 yr)
we found that wall thickening depends (slightly) on age,tasasn in Fig.[2.7. While the
overall trend is consistent with documented data |[159, 1%@]would expect a stronger
dependence of tissue thickness with age if younger subjedts 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 humamiartgalls, with implications
for the physiological performance of arteries with noneatisclerotic intimal thickening.
Significant differences in the mechanical behavior in bodllaand circumferential direc-
tions have been established in the literature [76], but tigetlying principle of such an
anisotropic behavior has yet to be fully understood. Whilasauthors already hypothe-
sized that fiber angles might be responsible for the mechbméhavior|[58], our structural
data have the potential to provide a foundation for undedstey these experimental ob-
servations.

The different responses of arteries (for example, aortsugecerebral artery) are governed
by the structure of the wall. Since the collagen fibers aresthecturally most important
constituent of the wall, and the significant influence of fidepersion on the mechani-
cal properties has been established [155], our layer&peizta on the number of fiber
families and the fiber angles (including their dispersiomatitute a step forward in the
biomechanical understanding of the functions of humari@asdlls and the walls of com-
mon iliac arteries.

Our expected observation of differences in fiber arrangeéinetween the intima, media
and adventitia explains the previously reported mechaaied functional differences of
the three arterial layers [56,/58]. One of our key resultsashovariation of fiber distri-
bution of the media among elastic arteries (descendingcanddia versus common iliac
media). This affirms that structural vessel compositiomoaibe assumed to be the same
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even within a single species, much less among differentiepé¢c4]. Therefore, experi-
mental data from human tissues like those presented hdrbegibme increasingly indis-
pensable for identification of pathological progressioms enaterial modeling of arteries.
In the future, studies of the influences of cardiovasculseases such as atherosclerosis
on the collagen fiber distribution in arterial tissue (congakto healthy tissue) would be a
natural extension of the work presented here.

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

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

Another limitation of this study is that it does not allow theeasurement of fiber angles
continuously throughout the entire wall (in the radial dtien, see Fid. 213), and we want
to emphasize that our results are mean values for each |IBgeause of the small vari-
ations in mean fiber directions among our investigated sesnf@ee 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 sifycent stiffness and
strength and similarly plays important roles in many disga®cesses. For example, be-
cause of the marked loss of elastic fibers and functional gmualls in aortic aneurysms,
collagen plays a particularly important role in contrajjitne dilatation of these lesions and
governing their rupture potential. Recent findings suggesiér that collagen remodeling
may also be fundamental to the intramural healing of alterianeurysmal dissections. To
explore this possibility further, we identified and cortethregions of intramural thrombus
and newly synthesized fibrillar collagen in a well-estai#d mouse model of dissecting
aortic aneurysms. Our findings suggest that intramurahtbres that is isolated from free-
flowing blood creates a permissive environment for the sgithof fibrillar collagen that,
albeit initially less dense and organized, could proteat tegion of the dissected wall
from subsequent expansion of the dissection or rupture. eMar, alpha-smooth muscle
actin positive cells appeared to be responsible for the yn@ndduced collagen, which
co-localized with significant production of glycosamingzans.

3.1 Introduction

Thoracic aortic aneurysms (TAAs) and abdominal aortic ysus (AAAS) are respon-
sible for significant morbidity and mortality, with youngerdividuals « 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 differenicestiology and natural his-
tory, fundamental mechanisms are shared by these two slas$esions, including loss
of elastin, apoptosis of smooth muscle, and remodeling bagen [161, 162]. There
is a continuing need, however, for an increased understgrafithe biochemomechani-
cal conditions that lead to dilatation, dissection, andutg[107,)163, 164]. Motivated
largely by the difficulty of collecting sufficient longitudal information on lesion mor-
phology, histology, cell biology, and biomechanical pndjgs in humans, various animal
models have been developed to study aortic aneurysms 6&f])[10f the different mod-

els, continuous subcutaneous infusion of angiotensiAdhigell) in the apolipoprotein-E

null (ApoE—/—) mouse has emerged as the most commonly used method to tgetisra
secting aortic aneurysms (e.g., [166=175]). Via these aaayrsimilar studies, it appears
that these lesions initiate following an accumulation ofcnogphages within the media,
which produce cytokines and proteases that lead to degvaddtssection, and dilatation

43
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of the wall. Hence, although these lesions occur primarilyhie suprarenal abdominal
aorta, they exhibit some features (e.g., dissection amdrnmiral thrombus) that are more
common to TAAs than to AAAs in humans. Regardless of locabratfor the purposes

herein, lesions arising from the infusion of Ang-1l in ApeE— mice provide an excellent

model of a dissecting aortic aneurysm, including develagméan intramural thrombus

and possible subsequent healing of the dissected wall.

Notwithstanding the availability of significant informati on the histology and cell bi-
ology associated with the Ang-ll mouse model of dissectinguaysms (cf. [176] and
references therein), little attention has been directeditds the turnover of fibrillar colla-
gens and possible roles played therein by intramural calunninal thrombus. Because of
the marked loss of elastic fibers and functional smooth neusalls within the aneurysmal
wall, fibrillar collagens play particularly important meatical roles in controlling the rate
of enlargement and governing the rupture-potential [10vjparticular, given that collagen
is very stiff when straight (with an elastic modulus on thdesrof 1 GPa), vascular dis-
tensibility depends largely on the degree of undulatiorhefdollagen fibers as well as on
their density, fiber diameter, interactions with other nxgtroteins and glycoproteins, and
cross-linking [177]. In this paper, we examine for the firstd the waviness and density
of fibrillar collagens at different locations within seriaoss-sections along the length of
dissecting aortic aneurysms that developed due to a 28rflasion of Ang-Il, with par-
ticular attention to the replacement of intramural throsuth fibrillar collagen during
this period.

3.2 Methods

3.2.1 Animal model

All animal protocols were approved by the Texas A&M Univeyrsinstitutional Ani-
mal Care and Use Committee. Following other reports (e.9§])18-week old male
ApoE—/— mice were anesthetized with isoflurane and implanted sahewously in the
mid-scapular region with an Alzet mini-osmotic pump (Dur€orp., CA). These pumps
delivered Ang-Il continuously at 1000 pkig/min. Following 28 days of treatment with
Ang-1l, while maintained on a normal diet, the mice were eunibed with an overdose
of sodium pentobarbital. The suprarenal aorta was theatswlvia a mid-line incision
and photographed, large branches were ligated with 7-Qailéd the vessel was excised
en-bloc. Following biomechanical testing [178], the vésseere 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 develsmgtficant aneurysmsx(1.5
fold increase in outer diameter) were cut into distal andkipnal halves, embedded in
paraffin (both halves in one block), and sectioned at five onisr Serial cross-sections
were obtained for each half of the specimen at three axiatimes separated by 880 mi-
crons, hence yielding 6 sets of axially located cross-sestper lesion. Supplemental
Fig.1 gives an overview of the many resulting cross-sestion each vessel and thus il-
lustrates the sectioning protocol. Sections were themextiawith Verhoeff Van Gieson
(VVG) to highlight elastin, picrosirius red (PSR) to higHiigfibrillar collagens, Alcian
blue to highlight glycosaminoglycans (GAGs), and Movagnfachrome to identify fib-
rin, elastin, collagen, and glycosaminoglycans withinragke section. Additional sec-
tionswere immunostained far-smooth muscle actim(SMA). All images were acquired
with an Olympus BX51TF microscope using an Olympus DP70 carrecombination
with Olympus CellSens Dimension4ll software. In the case of the PSR-stained sec-
tions, images were acquired using appropriate polarizmg®and dark-field imaging; all
other images were acquired using bright-field imaging. Migation was typically set at
10x or 20x.

3.2.3 Image analysis

As a measure of collagen waviness, we computed the ‘enttdpyom dark-field PSR-
stained images collected from multiple locations withirtleaross-section. Straighter
(more organized) fibers yield lower values of entropy whereareasingly wavy (more
disorganized) fibers yield higher values of entropy. Towthid end, each original dark-
field image was first converted to an 8-bit— 255) grayscale image that was then par-
titioned into five smaller images at each location to defindtipla computational sub-
domains for each calculation of waviness (figl] 3.1a). Eathdomain was then divided
into mx m pixel regions of interest (ROI), thus yieldimgROls at each location of interest
(cf. Fig.[3.1b). The collagen fiber organization within e&@I| was then represented by
a distribution functionf (x,y), where(x,y) defines each poinp in a 2-D real space. This
distribution function was then transformed to the Fourgace using a 2-D fast Fourier
transformation, which yieldeff( f (x,y)) = F(u,v), where(u, V) is the associated point in
Fourier space. The zero-frequency components were thiadto the center and, finally,
the 2-D power spectrurR of the Fourier transform (FT) was obtained by multiplying th
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 waartlobtained by fitting a line
through the center of the power spectrum in a least squase $&A9]. The orientation of
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Figure 3.1: Schematic of steps to compute entridpgs a measure of collagen waviness or disor-
der. (a) An original dark-field image of a portion of the PSR-stained ritieeis shown with five
associated sub-domains defined for separate computations. (b) Eadbreain was divided into
m x m pixel regions of interest (ROIs) as shown by the light grid lines in thisesgmtative sam-
ple. (c) The overall fiber orientatiom was determined for each ROI and plotted as a normalized
histogram to yield the probability mass functipras defined in the text.

the line yields the angle as a measure of the overall fiber orientation for each ROI. All
angles were then plotted as a histogram to yield a probghbiléss functiorp(a;), which
was normalized t§_' ; p(aj) = 1 (Fig.[3:1c). Finally, the entropyl was calculated from
the probability mass function to yield a scalar measure ofimess of the collagen fibers,
that is,

H=—>p(ai)log, p(ai), (3-2)
i=1

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

To quantify the local density (or, ‘concentration’) of thbrfllar collagen, we determined
the area fraction of collagen present at multiple locatioiithin each dark-field image.
This quantification was performed on the same five computatisub-domains per loca-
tion that were used to quantify waviness (cf. [Fig] 3.1a) sTHaincentration was determined
by calculating the ratio of colored pixels (representing lirefringent collagen fibers) to
the black background for each domain. We emphasize thatethe ‘toncentration’ is
used loosely as a synonym for area fraction within a 2-D image, therefore, should
not be confused with the biochemical term concentration fasexample, dry weight
of collagen. All image analyses were performed using custodes written in Matlab



3.3 Results 47

(MathWorks Inc., MA, USA). For isolating colors and applginolor thresholds, we used
ImageJ (U.S. National Institutes of Health, MD, USA).

3.3 Results

Consistent with prior reports (e.g., [166]), AAAs excisedrr the five mice following 28
days of continuous infusion of Ang-1l tended to involve mosthe suprarenal aorta and
to be on the order of.2mm in maximum unloaded outer diameter. In comparison, the
normal unloaded outer diameter is on the order.81dm [181]. Hence, Ang-Il resulted in
a mean Z/5-fold localized increase in diameter, consistent withtdrm aneurysm, which
means ‘widening’ and is generally considered pathologibefdiameter increases by51
fold or more. Upon gross examination in a pilot study, howetree true lumen appeared
to be preserved throughout much of the lesion, thus mosteo§thss dilatation resulted
from an intramural accumulation of thrombus or extracalluhatrix material (Fig._312).
There also existed a large parallel intramural cavity (pnegbly a false lumen) in some
regions, which merged with the true lumen in the center oféki®n to form a much larger
‘merged’ lumen.

Also consistent with the gross observations (cf. 3seJjal histological sections re-
vealed three distinctive formations in each of the five lesigFig.[3.Ba—c). Formation
(a) consistently appeared within the region of maximumtdilan, which was typically
near the center of the lesion; it was characterized by a regtmedia, that is, completely
severed elastic fibers and smooth muscle at a single circantfal location within the
media. This rupture allowed a large cavity, presumably sefimen, to merge with the
true lumen. This merged lumen is illustrated well in the V¢tined cross-section shown
as Fig[3.Ba wherein the wavy elastic fibers appear blacklamtto arrows point to the
site of medial rupture. Formation (b) typically existedsg#do and just distal and proximal
to the site of the merged lumen; it was characterized by actiiimen and parallel cavity
that were separated by what appeared to be remodeled nfatyix3(3b). Note that the
true lumen in these regions was circumscribed by an intadiare®nsisting of concentric
elastic lamellae as expected of a normal aortic wall (cf1[L8Formation (c) was found
the farthest from the site of the merged lumen, again bottaldend proximal, and was
characterized by an intact true lumen and an intramurahibrss that typically consisted
of fibrin (Fig.[3.3c) but in some cases GAGs and fibrillar cgéla (Figs[34 and 3.5).
Again, the true lumen was circumscribed by an apparentlynabmedia. It should be
noted that black fragments visible on the outer perimeteallicross-sections in Fi¢. 3.3
are remnant India ink, which was used in mechanical testsateareported elsewhere
[178]. Furthermore, the symbols T and % in Figl 3.3 denotatlons where the waviness
and concentration of fibrillar collagen were calculatedd@scribed below.



48 3 Collagen and Thrombus Remodeling in Dissecting Aortic Apsins

Figure 3.2: Photograph of a representative suprarenal aorticyamedhat resulted following 28
days of a subcutaneous infusion of Ang-Il in the ApoE-mouse; the maximum diameter is
~ 2.2mm. Shown, too, are reduced magnification photographs of croserseobtained from
regions indicated by the dashed lines:lumen, T-thrombus, G-cavity, and ML—merged lumen
(i.e., probable merging of the true lumen L with a false lumen / cavity). As noteceitett, the
thrombus contained different constituents depending on its position within shanlas well as
its distance from the region of maximal dilatation. Note that the black in the prayibgrof the
cross-sections is India ink from a prior mechanical test.

Staining with Movat's pentachrome and PSR revealed mangatias distributions of fib-
rillar collagen, fibrin, and GAGs (Figs._ 3.4 ahd13.5). Rectikrefore, that collagen ap-
pears brownish/gray in sections stained with Movat's pemame while fibrin appears
pink/red, GAGs light blue, and elastic fibers black. In casty type I, or thick, collagen
fibers appear bright red/orange whereas type lll, or thilklagen fibers appear less bright
and more green/yellow in sections stained with PSR and \dews@ng polarized light. The
large pink region in the Movat's stain in F[g. 8.4 revealedatensive asymmetric accumu-
lation of fibrin, with little fibrillar collagen as confirmedyiihe lack of bright birefringence
in the associated PSR image. Yet, at some locations neaxpa@ding adventitia, brown-
ish/light blue colors suggested the presence of small peckeGAGs (e.g., white asterisk
in Fig.[3.4a) and collagen fibers (white arrows in Figl 3.4d)ich may mark regions where
the thrombus was beginning to remodel towards a collagetssise. Such a deposition
of GAGs and fibrillar collagen may have reflected a wound healype response, perhaps
mediated by myofibroblasts consistent with the co-locdlia&MA staining (Fig[3.4c)
and known ability of this cell type to deposit significant amis of collagen EBB].
Regardless, Fif. 3.5 shows nearly sequential sections #ratlacated farther yet from the
center of the lesion and stained with PSR (a), Movat'’s pémtane (b), or Alcian blue (c),
with thresholding used to highlight fibrin in the Movat'sistand GAGs in the Alcian blue
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Figure 3.3: Representative Verhoeff Van Gieson (VVG)-stainedsesestions that reveal the three
distinct formations that were observed in each of the five dissecting wsresistudied. Note: the
wavy elastic fibers within the aortic media appeared black; in contrast, thie fofagppments along
the outermost perimeter are due to India ink that was used in mechanical sstsehreported
elsewhere. Formation (a): merged lumen (ML), with arrows indicating locatidrese the media
ruptured, thus allowing the true lumen and outer cavity (false lumen) to comneniearmation
(b): intact lumen (L) and cavity (C) separated by remodeled tissue; thity apresumably a false
lumen. Formation (c): intact lumen (L) and intramural thrombus (T). The sysrband F denote
locations used for subsequent analysis of the waviness and coticentriibrillar collagen.

stain. These sections contained more collagen [Fig. 3rEa}@respondingly more GAGs
(Fig.[3.8c¢) and less fibrin (Fig._3.5b) within the intramur@djion presumably occupied by
thrombus at some time. Indeed, the collagen and GAGs temded-ocalize in regions
devoid of fibrin, hence implying a replacement process.

Given that it should take some time for fibrin to break down &dsynthetic cells to
invade the thrombus and produce significant amounts ofgelliaFigs[ 34 and 3.5 may
suggest different relative ‘ages’ for the thrombus, thatimes since that portion of the
thrombus was either formed from or in contact with the floniigod. Thus, one might
speculate that the youngest thrombus existed closest etiter of the lesion where the
merged lumen could have continued to provide flowing bloadniftion (a), Figl_3i3a),
and hence fibrinogen and platelets, whereas the oldestrefithe same thrombus existed
farthest from the merged lumen and hence the flowing blood gdssibility is supported
by findings in Fig[:3.6, which show higher magnification ima@@0x ) of thrombus from
progressively greater distances (left to right) from theeptaicavity (i.e., locations sepa-
rated axially by 880 microns within the same thrombus thaéen in Figl._3}4). Note again
that the spatio-temporal decrease in fibrin (pink) corragied with the increase in GAGs
(blue) and collagen (birefringent in the darkfield image)orkbver, the sequence of pi-
crosirius red stained images (b,d,f) revealed both an @serén collagen concentration and
fiber thickness (brighter red) with remodeling, or agingthad thrombus. The ‘holes’ in
the birefrigent images likely corresponded to locationsyoithetic cells, although possibly
caniculi (cf. @]).
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Figure 3.4: Movat’'s Pentachrome (a), dark-field picrosirius red (td, alpha-smooth muscle (c)
stained images of nearby aneurysmal cross-sections. Note that the’dvkrain shows elastic
fibers as black, fibrin as pink/red, GAGs as light blue, and collagencagish/gray; the darkfield
picrosirius stain shows collagen type | or thicker fibers as bright redgerand collagen type I
or thinner fibers as less bright and more green/yellow; the alpha smoothenstreén shows both
smooth muscle cells and myofibroblasts as brown. Hence, pink regions ievégl thrombotic
material (fibrin) that had not remodeled, which was confirmed by the ladikwifar collagen in
the associated regions within (b). In contrast, regions wherein the piskepéaced by brownish /
light blue colors in (a) indicated regions wherein the fibrin may have startedrtodel, presumably
via the deposition of GAGs (white asterisk in a) and fibrillar collagen (e.giztwial white arrow
in b) by co-localized invadingt SMApositive cells, which may well have been myofibroblasts.

During our examinations of sections stained with PSR, we atdéiwed changes in colla-
gen organization and appearance within the adventitia velenparing regions close to
the true lumen (e.g., denoted by 1 in Hig.]3.3) with those aethy from the lumen (e.g.,
denoted by % in Fig._3l3). Because of the tremendous asynuietrease in diameter,
collagen well away from the lumen must necessarily have datea (that is, collagen can
only extend on the order of 10% once straight, yet some pwtid the adventitia farthest
from the lumen must have elongated on the order of 150 to 20%githe 28-day period
of study). Fig[3.l7 shows two darkfield images that highligifiresentative differences in
collagen organization between locations T and F. Quantfigéerences in collagen wavi-
ness and concentration, relative to near normal valueshaen in Fig[3.B at these two
locations for all three formations (a: merged lumen, b: larpkis cavity, ¢: lumen plus
intramural thrombus in Fid.3.3). Specifically, comparisdretween locations f and 1 in
the adventitia are given by dark gray bars for the three ftioma in Fig[3.3 (i.e., a ¢
here). In contrast, comparisons between collagen withienzodeled intramural throm-
bus and adventitial location T are given by the light grayshimar ¢). Zero denotes a
waviness or concentration equivalent to that in the adirantearest the lumen (location
1), which was assumed to be the closest to normal within tieissesection. This analysis
suggested that the remodeled collagen fibers at locatiorrg always less wavy than the
more normal collagen fibers at location T, which is reflectgdhe decrease in entropy
(formations a-c;). Conversely, remodeled collagen fibers within the intraahthrom-
bus were significantly more disorganized/wavy than normsak#lected by the increased
entropy (bar g). No significant differences were found in collagen wavsasongst the
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Figure 3.5: Representative images from nearby cross-sections thelagated distant from the
center of the lesion. Isolated constituents were highlighted by polarizing digttiresholding:
(a) dark-field polarized light image of a picrosirius-stained section shfilimillar collagen, (b)
thresholded image of pink thrombus revealed by a Movat's Pentachromedst@ition, and (c)
thresholded image of a bluish deposition of glycosaminoglycans (GAGsalexy by a separate
Alcian blue stained section. Notice the lack of collagen in areas of fibrinthidmbus, but the
colocalization of fibrillar collagen and GAGs in the remodeled regions. Notes dingle con-
stituents in panels b and ¢ were extracted from the original images usingthodsholding in
ImageJd.

three thrombi shown in Fig. 3.6, however (i.e., the piciasistained images in panels (b),
(d), and (f)). These objective quantitative findings werpested based on visual assess-
ments, as, for example, when comparing collagen organizati Fig.[3.Ta (more normal
adventitia) with Figl.36b, d, and f (remodeled intramuhaibibus).

Results for the concentration of collagen (FigJ 3.8b) resga significant decrease in the
remodeled adventitia compared to the normal adventitian@ons a-c;). This find-
ing was also consistent with our visual impression from iggguch as that in Fig. 3.7,
wherein collagen appeared more densely packed at locatmmpared with location
t. The lowest concentration of collagen fibers was found exrdmodeled intramural
thrombus, bar £ but the specific value of the concentration depended on thetfoca-
tion within the thrombus and the remodeling time. For exanpie mean relative dif-
ference (relative to near normal collagen; cf. Fig] 3.7a@) esrresponding standard errors
of the mean for collagen concentration of the young, olded aldest thrombus were
—56.8+6.2%, —31.7+ 2.6%, and 141+ 0.9%, respectively. This progressive increase in
collagen concentration appeared to be consistent withaeasing thrombus age / remod-
eling time (cf. Fig[3.6).

3.4 Discussion

Angiotensin-Il is a potent vasopressor having pleiotraatvity. For example, systemic
increases of Ang-Il in the bloodstream can cause vasocoinstr throughout the arterial
tree, and thus increased systemic blood pressure; cofweisel increases of Ang-Il
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Figure 3.6: Close-up60x ) images of three regions of intramural thrombus stained with either Mo-
vat's Pentachrome (top panels) or picrosirius red (bottom panels)IsRahand (b) show thrombus
that was closest to the center of the lesion, which likely represented thadgst’ thrombus, that

is, replenished due to its proximity to the flowing blood. Panels (c) and (dj@rethe same lesion
but ~ 880 microns farther from the center, and thus likely represent a slightly ticenbus. 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 sefig® @icrosirius-stained
images (b,d,f) highlights changes in collagen structure and organizationtifrat originally laid
down around cells or canaliculi (circular structures) in the youngedbi@dogically most active)
thrombus (b), to more fibrillar collagen structures in (d), and finally to highlgadeled thrombus

in (f). The increase in collagen concentration was consistent with theaseof fibrin, which ap-
peared pink/red in the Movat’s stain. Recall that this dramatic remodeling taok prithin about
three weeks.

within the arterial wall can lead to the increased produrctid diverse chemokines, cy-
tokines, and proteases, which can cause significant lecatemodeling of the wall. Al-
though hypertension is a risk factor for human aortic angmgy and dissectionsL__L;l|68]
showed that Ang-Il results in dissecting suprarenal a@amieurysms in mice independent
of blood pressure. Rather, it appears to be the macrophadestizer inflammatory cells
that are recruited to the media and adventitia of the supaheorta that play key roles in
the initiation and development of these AA@%] while exttharge arteries are spared

]. Indeed, this concept of a localized macrophage ntedipathogenesis is consis-
tent with the stimulation of monocyte chemoattractant girof. by Ang-li @], which
facilitates the recruitment of monocytes / macrophagebdaortic wall.

Although aortic lesions resulting from subcutaneous iimiu®f Ang-Il in the mouse are
typically suggested to model certain aspects of abdomorétaaneurysms, AAAs seldom
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Figure 3.7: Representative dark-field images of sections stained wittspiusored to highlight
collagen fibers in the adventitia at location t (presumed nearly normal @itlvéust behind the
lumen) and location % (clearly remodeled collagen, well opposite the site 8oth. locations are
defined in Fig[3.8.

dissect in humans. In contrast, the present findings arastenswith the early report by
[173] that Ang-Il induced aneurysms in the mouse arise falg an aortic dissection. For
this reason, this animal model may be a better model of sopextsof TAAS, which often
dissect and are similarly not well understood biomechdiyi¢a61, [188]. Nevertheless,
a detailed study of histological and mechanical chareatiesi of this mouse model will
increase our general understanding of the initiation aogggation of dissecting arteries
and aneurysms. Towards this end, of course, there is a neediddional longitudinal
data, particularly at early time points when the lesionangs.

Consistent with prior reports (ct. [1/76]), we found that theséction at 28 days presented
as three prototypically different formations along thesglirection (cf. Figd. 3]2 arid 3.3):
a central region wherein medial elastic lamellae fragnectampletely and the true lu-
men merged with a false lumen; regions distal and proxim#ieacentral region wherein
the media remained intact but there existed a large intrahcavity (false lumen) without
thrombus; and regions more distal and proximal to the cergggon wherein the media
remained intact but the intramural cavity was filled withheit thrombus or remodeled
thrombus consisting largely of GAGs and collagen. Littlpattention has been directed
toward the potential remodeling of the intramural thrombNete, therefore, that clinical
observations in patients having a dissecting TAA suggedtdhpatent false lumen may
be a potential risk factor for continued aortic enlargenard a poor long-term outcome,
but a partially thrombosed false lumen may be of even greatecern|[189, 190], per-
haps due to increased plasmin activity (cf. [191]) sincsipia can activate latent matrix
metalloproteinases [192]. In contrast, a fully thrombofadsge lumen may be protective,
serving as a first step in ‘aortic wall healing and remodetifigr repair’ [193]. The present
observations support the hypothesis that a thrombus e&bfadbm flowing blood may al-
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Figure 3.8: Mean relative differences (relative to near normal coltagerFig.[3.6b) and corre-
sponding standard errors of the mean (SEM) for (a) collagen wavaresgb) collagen concen-
tration for the three distinct cross-sectional formations present withinidseating aneurysms.
Formation (a) from Fid._3]3 with a merged lumen (ML); formation (b) from Ei@ ®ith an iso-
lated lumen and cavity (L and C); formationsand ¢ from Fig.[3.3 with a lumen and intramural
thrombus (L and T) for regions that were either not remodelgddicremodeled (g as indicated
by collagen deposition. The dark gray bars (formationrscg) denote comparisons between loca-
tions ¥ and T in adventitial regions. The light gray bars (formatimenote comparisons between
collagen in a remodeled intramural thrombus (T) and adventitial collagenattdact. Zero thus
denotes the waviness and concentration of collagen within the nearly nadwvetitia behind the
lumen (location ). All formations and locations are defined in[Eig. 3.3.

low invading cells to replace the degrading fibrin with filailcollagens (cf. [194-196]),
which could potentially strengthen the wall and protecton possible further dissection
or rupture, at least within that region. Indeed, this hypsthis consistent with the tacit as-
sumption underlying the treatment of intracranial saacafeurysms with clot-promoting
coils or flow-diverting stents. In this case, it is hoped thatintra-saccular thrombosis
will form and become isolated from the bloodstream (e.@ rerendothelialization at the
orifice of the lesion), thus allowing subsequent conversiaiie thrombus to collagenous
tissue by invading myofibroblasts [197]. What appears to bed,Miherefore, is that the
intramural or intraluminal clot be isolated from flowing bl which of course can oth-
erwise serve as a replenishing source of platelets, lesdscifbrinogen (and thus fibrin),
plasminogen (and thus plasmin), and so forth.

Whereas an endograft can isolate an intraluminal thrombtisman AAA from the flow-
ing blood, such a thrombus remains in contact with the blveds under ‘normal’ con-
ditions. In contrast, much of the intramural thrombus wittiie false lumen of a dissected
artery or aneurysm could naturally become isolated fromfitheing blood even if the
‘ends’ of the thrombus are never so isolated. In this caseén #ise case of the coiled
intracranial aneurysm (cf._[197]), it is possible that sdihving synthetic capability can
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invade and remodel the thrombus provided that there is girffioxygenation and modest
levels of competing cells and biomolecules that arise frbentilood-thrombus interface
(cf. [198,1199]). Our findings support this possibility. REceo, that we foundx SMA-
positive cells within both the media, where smooth musclks @e to be expected, and
co-localized with regions experiencing new collagen and3Gkeposition (cf. Figl_314).
It is well known that myofibroblasts exhibit heightened $aiic capability, that they are
fundamental to connective tissue remodeling in many tssumel organs, and thatSMA

is the most commonly used marker for this cell type [183]. &tmer, there now appears
to be many possible sources of myofibroblasts, includingeatitial fibroblasts and resi-
dent progenitor cells, bone marrow derived fibrocytes, gmouuscle cells, and even (via
endothelial to- mesenchymal transistions) endotheliié ¢&82]. Although we neither
attempted to confirm that th@SMA-positive cells were indeed myofibroblasts nor tried
to identify cell source, our observations were consistdtit aradially inward invasion of
myofibroblasts from the adventitia into the thrombus (c§.[B.4), similar to that reported
by [197] in a very different model of remodeling of thrombus ollagen deposition.
This complex issue clearly merits further study, howevartipularly given the increasing
interest in adventitial cells in vascular remodeling [200]

The present findings also do not provide any further inforomabn possible reasons why
a partially thrombosed dissection may be more susceptibfarther dissection or rup-
ture. There was no indication of local adverse remodelingiture of the wall / remnant
adventitia in regions containing fibrin-rich thrombus (e upplemental Fig.2). Indeed,
it appears that if the aortic wall ruptures in this mouse nhoitléends to do so early in
the development of the dissection (generally 20 days following the initiation of Ang-
[l infusion; [166]), perhaps during the period when all orshof the thrombus is newly
formed. We focused herein on later development, 28 days#oilg the initiation of Ang-
II, to capture different stages of thrombus developmenhiwisingle lesions. There is
a need nonetheless to explore earlier time points furtletiqoularly given the observa-
tion by [173] that ‘Macrophage accumulation was partidylavident at the edges of the
thrombi, both in regions of disrupted and intact media.’ fEhis similarly motivation to
quantify possible temporal changes in blood-borne bioerarkr factors involved in the
clotting process.

Finally, we suggest one possible scenario (Eig. 3.9) thatrisistent with our histological
observations, that is, the existence of three distinct &ions (cf. Figd. 312 arid 3.3) in each
of our five vessels and the different stages of thrombus retimagitherein. Fig, 319a shows
the possible initiation of an intramural delamination (dunrepart, to the medial accumu-
lation of macrophages; [176]), followed by a possible pggin of this delamination
in Fig.[3.9b (due to wall stresses exceeding local intereléan strength) that ultimately
leads to dissection along the medial-adventitial border asubsequent localized trans-
mural tear that establishes communication with the lumetnainural pressures caused by
the blood could then contribute to the propagation of a disse and initiate associated
growth and remodeling processes within the remainingnmtral constituents [201], lead-
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Figure 3.9: A postulated (a) intramural initiation of a localized delamination within theiaref
the suprarenal aorta in an Apez— mouse infused with angiotension-1I that (b) could propagate
and lead to both a dissection along the medial-adventitial plane and an intimal-resadljalith
subsequent communication with the blood stream that could allow a false lumeteta exially
(c). Moreover, consistent with Figs. 8.2 dndl3.3, panels df show tyjpe®ss-sections that could
arise due to the false lumen filling with thrombus on the more distal and proximet&spvith
those regions farthest from the flowing blood experiencing a repladeaidibrin with newly
deposited fibrillar collagen (and GAGS). It is possible, of course, thatrtitial dissection could
propagate within the media (not found in this study), along the medial-advebtitidér, or within
the adventitia, particularly if it had previously remodeled into more looselyrizgd collagen
fibers (as often observed herein).

ing to the observed dramatic increase in vessel circuméerand formation of an intra-
mural thrombus. Regardless of the specific mechanisms refg@ior the pathogenesis,
Fig.[39c illustrates a longitudinal section as a possibénario for an advanced, 28-day
dissecting aneurysm (cf. Fig8.3 n [167]). Paiel3 3.Bshow how the longitudinal sec-
tion of Fig.[3.9c might appear in typical histological cresstions, which match the three
formations we observed in all five lesions (cf. Figs] 3.2[ai®).3Additionally, relative dif-
ferences in the age of the thrombus (i.e., time since it wasmact with flowing blood)
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can be explained using this scenario. The youngest regitimecfhrombus would occur
near the center of the aneurysm, where it is exposed to tloel lsiweam via the ruptured
intimal-medial layer. The oldest regions of thrombus wdnddfarthest from the center of
the lesion and not directly exposed to blood; this wouldvalifoore time, and perhaps a
more permissive environment, for synthetic cells to invileintramural thrombus and to
start the remodeling process (cf. Figs.l 3.4 3.6).

In summary, we have presented new observations relatedlsgen remodeling within

dissecting aneurysms that arise in the most commonly eragdlaoyouse model of aortic
aneurysms. The rapidly expanding adventitia clearly ugpokes remarkable remodeling,
but so too the intramural thrombus in regions well separfited the flowing blood. Given

that replacement of thrombus by collagenous tissue magsept a favorable wound heal-
ing response, additional effort should be directed towardewstanding and promoting
such remodeling in arterial dissections. Insight gainaddalso have a broader impact,
as, for example, in providing new insight relative to the asendografts (and so-called
endoleak) to treat aortic aneurysms or flow-diverting stémtreat 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 exteactnd quantifi-
cation of material parameters characterizing collagerr fibentations from 2D images.
Morphological collagen data among different length scalese obtained by combining
the established methods of Fourier power spectrum analysge filtering, and progres-
sive regions of interest splitting. Our proposed methoddgielata from which we can
determine parameters for computational modeling of saofoigical tissues using fiber re-
inforced constitutive models and gauge the length-scatest appropriate for obtaining a
physically meaningful measure of fiber orientations, whectepresentative of the true tis-
sue morphology of the 2D image. Specifically, we focus onghlparameters quantifying
different aspects of the collagen morphology: first, usiraximum likelihood estimation
we extract location parameters which accurately deternmaeangle of the principal di-
rections of the fiber reinforcement (i.e. the preferred fitieections); second, by using a
dispersion model we obtain dispersion parameters quardifyre collagen fiber disper-
sion about these principal directions; third, we calcuthteweighted error entropy as a
measure of changes in the entire fiber distributions atraiffelength-scales, as opposed
to their average behavior. With fully automated imaginditeques, such as multiphoton
microscopy, becoming increasingly popular (which oftezigyiarge numbers of images to
analyze), our method provides an ideal tool for quickly asting mechanically relevant
tissue parameters, which have implications for computationodeling (for example, on
the mesh density) and can also be utilized for the inhomagemodeling of tissues.

4.1 Introduction

The mechanical behavior of the arterial wall is mainly gonst by the organization and
composition of the three major microstructural componeraiagen, elastin, and smooth
muscle cells|[56, 63, 202]. The influence of these compormnthe cardiovascular func-
tion in health and disease has been the subject of extereseanch([57, 69, 123, 125—
127,130]. While elastin is load-bearing at low and (to a senadktent) high strains, it is
collagen which endows the arterial wall with strength aratlleesistance, thus making it
the most relevant mechanical tissue constituent|[22,134,/203]. Research indicates,
that changes in the mechanical properties of the healteyiartvall play a role in arterial

disease and degeneration [123]. For example, increagthistg of the vessel wall with

age may (among other factors) be related to an increasexdafatollagen to elastin as

59
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well as increased collagen cross-linking![77,/126]. Highvall stiffness may also be a
contributing factor for atherosclerosis [69]. Furthermarhanges to the mechanical envi-
ronment can lead to growth and rearrangement of collagenhnd@n cause enlargement
of intracranial aneurysms, with an associated elevatetlreipisk and mortality rate of
35-50% [125]. Collagen remodeling is also believed to plagla m the healing of dis-
secting aortic aneurysms |61]. Therefore, evaluating anditaring morphological data
on collagen within the arterial wall is essential to faeilé a better understanding of the
underlying mechanical principles governing the behavidhe vessel wall. Additionally,
such data can be used to improve modeling of the cardiowassy$tem and increase our
understanding of disease progression.

Many problems related to the mechanical function of arsecen be studied in the frame-
work of finite element (FE) analysis. FE-based constituthalels for arterial tissues are
available, even in commercial codes such as Abaqus (SIMUBLAvidence, RI), and nu-
merical modeling is a well-accepted means by which to gasight into the functional
relationships between structural and mechanical praggewithin arterial tissues, as well
as studying tissue- and organ-level deformations or sseld$63]. Collagen fibers gener-
ally display wavy patterns in the unstressed arterial walhen strain is applied it leads
to a progressive recruitment of collagen fibers, which alilggmselves in preferred (prin-
cipal) directions, causing the characteristic nonlineackhanical response of arterial tis-
sues. Higher strains effect the orientations of collagesr$i204] resulting in an improved
fiber orientation coherence and smaller dispersions of mtieeefiber families|[63, 139].
Anisotropic, fiber-reinforced material laws have been tigved for modeling such tissues
[56,1202], and some of these models also include a measune &iber dispersion, see, for
example,|[58, 122, 205, 206].

To visualize collagen one can make use of either stainedlbgtal sections (common
stains: picrosirius red, hematoxylin and eosin, Masseithriome, Movat’s pentachrome),
or different microscopy techniques: for example, polatia@croscopy|[36, 139]; electron
microscopy ([179] and references therein); fluorescenagascopy [207]; multiphoton
microscopy (MPM)|[46, 49, 50, 208], featuring enhanced patien depth in soft biolog-
ical tissues, good optical sectioning, and good resolutioth, fluorescence microscopy
and MPM, utilize collagen as a source of second harmonicrgéna (SHG)|[48, 209, 210]
and autofluorescence [43--45], which allows for direct oletéwn without staining. For a
brief overview of structural quantification of collagen fibén arterial walls see [55].

To assess morphological collagen data from two-dimens{@Rg images in a simple, fast
and automated fashion, we use a Fourier-based image anafysioach in combination
with wedge filtering and progressive regions of interest I&@plitting. Fourier power
spectrum analysis and wedge filtering are both well estadddigechniques for character-
izing collagen organization based on the autocorrelatioimtensity fluctuations within
a given imagel[179, 180, 211-215]. ROI splitting is a tool éatracting morphological
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data from sub-images, allowing us to assess changes of st@lachong varying length-
scales.

Our approach differs from afore mentioned works, in that @6 on extracting relevant
biomechanical material parameters which can be used l§iractumerical modeling. We
aim to provide an automated method to span the work of an empaetalist focused on
obtaining high quality images from soft tissues, and a cdatmnal modeling of such
tissues using material parameters extracted from 2D im&yeeifically, we demonstrate
the following: first, the accurate determination of the pijral directions of fiber reinforce-
ment (i.e. the preferred fiber directions), second the dfigation of the fiber dispersion
about this principal direction, third the gauging of apprafe length-scales for charac-
terizing important features of the tissue morphology (Whias implications on the FE
mesh density of the geometrical model), and finally a consparof the entire fiber distri-
butions (instead of averaged measures) among differegtiestales using higher-order
statistics.

4.2 Methods and Materials

4.2.1 Images

To validate and demonstrate our methods in a controllethgetire generated two binary
test images, as shown in Fig. 4.1. Both test images are $3Hl1 pixels in size and
contain 100 straight white lines, randomly distributed kattno two lines touch each
other. The lengths of the lines vary according to a Gaussgtnhaition with a standard
deviation of 35% of the mean length. In panel (a) all linesaigned parallel at 25(0°
and 90 correspond to the horizontal and vertical axes of the imaggpectively). In panel
(b) 30% of the lines have been randomly rotated to yield a €andistribution with a
mean of 48 and a standard deviation of LOAll random numbers were generated using
MATLAB (MathWorks Inc., MA, USA).

Figurel4.2 gives an overview of three microscopy images veselior our studies. Panel
(a) shows a grayscale version of a representative micrbgoéja picrosirius red (PSR)
stained in-plane tissue section of the human intima (imagge 4936x 1936 pixels) The
use of autopsy material from human subjects for this study agproved by the Ethics
Committee of Medical University Graz (#: 21-288 ex 09/10). dieained the image via
polarized microscopy through the course of a differentaegestudy; details regarding the
tissue preparation and histological procedures can bedfgufl]. The image features
two almost symmetrically arranged collagen fiber familiedhwespect to the main cylin-
der axes, indicated by the white dashed lines in panel (ag. clicumferential and axial
directions of the vessel correspond tcad 90, respectively. Figure 4.2(b) shows a MPM
image of one collagen fiber family taken from an in-plane isecof the human media
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Figure 4.1: Two binary test images, each 1511511 pixels, containing 100 randomly distributed
straight lines with varying lengths according to a Gaussian distribution &).3In panel (a) all
lines are oriented at 250° is circumferential); in panel (b) 30% of the lines have been randomly
rotated to match a Gaussian distribution with a mean 6fatl a standard deviation of 2.0

(image size: 123% 1237 pixels). The SHG signal of collagen was detected ustgra
mercially available coherent anti-Stokes Raman scatté@ARS) and SHG microscope
system based on a Leica SP5 (Leica Microsystems, Inc.). @Viealis equipped with a pi-
cosecond solid state laser-based light source (picoEtheX®E, Germany; HighQ Laser,
Austria) with integrated optical parametric oscillatorRO). The SHG signal of collagen
was generated by tuning the OPO to 830 nm. Backscattered Sith@l svas collected in
epi-mode using a non descanned detector (Epi-NDD) and a BP1465ilter. Imaging
was performed using a Leica HCX PL APO CS.@& 0.25 oil objective. Figuré 4]2(c)
shows a SHG image of collagen fibers from a transversal segtiohicken cartilage (im-
age size: 1443 1443 pixels). For details regarding tissue preparationiaradjing see
[215].

4.2.2 Fourier transformation and wedge filtering

To obtain material parameters for applications in compatal modeling, our first task is
to extract quantitative data regarding collagen fiber d¢atons from 2D images. Toward
this end, we represent the original grayscale image by alaision functionf (x,y), where
(x,y) defines a point in the real 2D image. Using a 2D Fast Fouriensfaamation (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 distiouities at the boundaries of
the original image, we first apply a window using a raisedm@s$unction which reduces
the grayscale values to 0 at the image periphery (seé Eip)}. 3\fter FFT, we perform
a coordinate shift, transforming the lowest spatial fremyeto the origin, from where
it increases as we move towards the image edges. The Fouwaesform (FT) is then
multiplied with its complex conjugate*, yielding the power spectrui®, namely

P(u,v) = F(u,v)-F*(u,v). (4.1)
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Figure 4.2: Representative experimental images: panel (a) displayspéamim section of a human
intima of the thoracic aorta (image size: 1938936 pixels), showing two collagen fiber fami-
lies almost symmetrically arranged with respect to the major cylinder axes (iedibg the white
dashed lines,Cand 90 correspond to the circumferential and axial direction of the vessekcesp
tively); panel (b) shows an in-plane section of the human media (imagels23&x 1237 pixels)
featuring one collagen fiber family; panel (c) shows collagen fibers iarsuersal section of the
chicken cartilage (image size: 1443443 pixels). The grayscale image in panel (a) was obtained
using polarized light and picrosirius red staining. Images in panels (bjcneere obtained using
second harmonic generation microscopes.

Figurd 4.8(b) displays the Fourier power spectrum showh avlbgarithmic intensity scale
of the windowed image of Fi§. 4.3(a). Note the’3ift of the axes owing to the Fourier
transformation. Frequency components of the collagendiakmg different orientations
are represented as changes in amplitu@®,), along a specific angl®. The two fiber
families are visible as two white elongated clouds orietttetiveen the major axes.

The collagen fibers are now discriminated by spatial frequeand orientation. We use
wedge-shaped orientation filters to extract the fiber arghelstheir corresponding ampli-
tudes from the power spectru@ll]. The amplitud@s) are obtained by summation of
everyP(u,v) within individual wedges (1wedge width), yielding a discrete distribution
of relative amplitudes as a function of the andle For these angles to correlate with the
real image, we shift them back by 9G@s shown in Fid._413(c). For subsequent fitting, we
smooth the relative amplitudes using a moving average filigr 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, gayp), we use arr-periodicvon Mises
distribution similar to@@Z], given by

B(®) = exp[bc;jigg;— M)l 7 (4.2)
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Figure 4.3: Panel (a) shows the windowed grayscale image of the intimhpas $n Fig.[4.2a.
Panel (b) displays the Fourier power spectrum of (a), visualized witlyaritbhmic intensity scale
and the lowest frequency at the origin. Panel (c) displays the disargtegaa distribution of relative
amplitudesl (®) of the windowed grayscale image, obtained throughwédge filtering of the
power spectrum shown in (b). Panel (d) shows the effect of smoothm@mplitudes using a
moving average filter with a span range 6f 5The frequency components in (a) of the collagen
fibers along different orientations are represented in (b) as chamgasplitude along a specific
angle®. Two fiber families are visible in (b) as two white elongated clouds orienteddsstthe
major axes. Note the 9Ghift of the axes from (a) to (b) owing to the Fourier transformation. All
angles in (c) are shifted back by 9t 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-dimeaision Miseddistributions
p(®) for five different concentration parameters. o= 0, p(P) = 1 is a uniform distribution
(representing an isotropic fiber distribution) while for> « the distribution becomes a Dirac delta
function at angleu (here centered at zero). Each distribution is normalized. tBanel (b) shows
the unit vectoiM defined by the anglé in a two-dimensional Cartesian coordinate system with
the basis vectorg; ande,.

where® denotes the angld, € [0, «] the concentration parameter determining the shape
of the distribution, andu € [—71/2,11/2) the location parameter describing the mean (or
principal) fiber orientation (see Fig._4.4(a)). Both paraanetp and i) are determined
during the fitting procesdg(b) in (4.2) is the modified Bessel function of the first kind of
order zero and the function of ordeis defined by

T

In(b) = %/exp[bcos(a)]cos(na)da. (4.3)

0

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

/2

> / p(®)dd — 1, (4.4)
—1/2

which yields the density function

~ expbcog2(®—p))]
B lo(b)

p(®) (4.5)



66 4 Quantitative Assessment of Collagen Fiber Orientatiom$ 2D Images

Note that the location parametgrbecomes zero in the model since theaxis of the
coordinate system and the mean fiber direction are made twidei (see Fig._414(b)).
From eq.[(4.6) we can compute the dispersion parameter

/2

K= 711 / p(D) sir?(d) dp = % (1— %) , (4.6)
—1/2

with k € [0,1/2]. For an isotropic fiber distributior = 1/2 (b = 0), in the case of com-
plete fiber alignment, i.e. no dispersian;— 0 (b — ), as illustrated in Fid. 414(a).

We obtained an analytical solution far using the trigonometric identity stx = (1 —
cosX)/2, yielding the result shown i (4.6). Singg®) is r-periodic, (4.8) also holds
for the integration limit§—r/2, 11/2]. Note thatk is half of the circular variance [217].
The dispersion measurecan be used to construct a symmetric structure tedsehich
describes the fiber distribution in a continuum mechani@hework. Note that this ap-
proach assumes a planar, symmetric fiber distribution aonlysappropriate for modeling
thin lamellar structures or a subset of 3D problems undea#isamption 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 likelod estimation (MLE).
The fundamental properties of the FT (see discussion) allw generate the fiber angle
data set (required for MLE) from the amplitude distributiéor this purpose, we treat the
distribution of relative amplitudes as a histogram, whieegrtumber of fiber angles equates
to the value of the corresponding amplitude. For instamoen fa relative amplitude value

of 20% at 0 we generate 20 angles witA.0rhis approach ensures that the created angular
data set can reproduce the original amplitude distribudimeh provides us with a sufficient
number of angles for the MLE.

As can be seen in Fi§._4.3(d), the distribution is composetivoffiber families, with a
summation of the amplitudes at the overlapping region. &loee, we use a mixture of
two von Misedistributions, given by

2
Prix(P) = p1(P) +p2(P) =

i=1

explbi cog2(P — pi))]
lo(bi) '

4.7)

Thus, four parameters are fitted, namely the concentratoanpeters; andb, and the
location parameterg; and u, of the two distinct distributions. Note that the mixture of
the twovon Misedistributions in[(4.l7) does not need to be normalized toy a constant
factor, since itis only used in the fitting process for deterng 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 orientationsfédrdnt length-scales, we di-
vide the original image continuously into ever smaller smbges, denoted as regions-
of-interest (ROIs). With each subsequent dividing stefhe number of ROIs grows ex-
ponentially byn?, as illustrated fon = 1-4 in Fig.[4.5(a). Every ROl is windowed (see
above) and the Fourier power spectrum is calculated acuptdi(4.1). We then fit a line
through the center of the power spectrum in a least squanse $£79], from which the
overall fiber anglep is determined for each ROI (Fig._4.5(b)). Note tigatould also be
determined by means of wedge filtering, but since we are omdyeésted in one parameter
for each ROI (instead of the entire angular distribution mipéitudes for each ROI) it is
computationally (much) more efficient to fit a line througke ffower spectrum. This yields
n? anglesg within the original image for each dividing stepillustrated in Fig[45(c) as
a histogram fom = 30 (0° and 90 correspond to the horizontal and vertical direction of
the image, respectively). From this angular distribution determine two measures de-
scribing the average behavior of the calculated fiber catéris: the mean anglg,, and
the median angl@ 4, We provide both measures in the illustrative example-30) in
Fig.[4.5(c). Normalizing the histogram @r‘ill (¢i) = 1 yields the computed probability
mass function (PMFpc(¢ ), which we use in the subsequent analysis. Using pgitand

P many We aim to determine an appropriate rangerfowhere the resulting distribution of
n? fiber anglesp; (i = 1,n?) reflects the inhomogeneous morphology of the collagen fibers
in the image. We achieved this goal by determining a rangeewpig and@ 4, display
(relatively) stable behavior among subsequent partit{ois$.

To test if the calculated distributions from dividing imagato ROIs reflect the inhomo-
geneity of the morphology, we plot statistical measuressecdifferent subdivisions (i.e.
differentn’s) of images. In this context, the weighted error entropthis most relevant
statistical measure [210, 220]. Error entropy has been umséte context of stochastic
learning as a reliable metric, and has the ability to captwb&rary statistics [221]. The
error entropyE is defined as

/2
E(n) = 711 > pal(¢i,n)log,[pa($i, n)l, (4.8)
i=—m/2
where
Pd(¢i) = abgpc(di) — pa(@i)]. (4.9)

While pg quantifies the difference between the computeg and actual p;) PMF, the
error entropyE (n) quantifies the uncertainty in the difference between the distribu-
tions.

Hence, when the two distributions are identical, the errdrapy is zero. However, this
assumes that both distributiopg and p; are centered around the same value (a difference
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Figure 4.5: Schematic of the steps to determine collagen fiber distributionsraiadang length-
scales (increasing dividing steps The original image (panel (a),= 1) is continuously divided
into an increasing number of regions-of-interest (ROIs), yieldih@®Ols at each step, as illus-
trated forn = 1-4 in (a). For every ROI, the Fourier power spectrum is calculated; fwhich the
overall fiber angleb of this ROI is determined by fitting a line through the center of the power spec-
trumin a least squares sense, as shown in (b). Panel (c) is a reptesehistogram of all angles for
n = 30, yielding the angular distribution (900 angles) of the original image fragriZ&2(b) at this
length-scale (Dcorresponds to the horizontal direction of the image). Normalizing the hatogr
by Zi”ill (¢i) = 1 yields the computed probability mass function (PMk&)¢). To describe the
average behavior of this distribution, the mean aggleand the median angig,,, are determined.

distribution which is Dirac delta at a different mean valwes hess error entropy than a
difference distribution which is centered around the atirneean). To prevent this occur-
rence, we weight the error entropy with difference in medoes The weighted error
entropy is given by

Ew(n) = absitp, () — p, ()] [+ E(m)], (4.10)

wherek is a weighing constant angdy, and up, are the mean values of the given distri-
butions. In order to determine the weighted error entrolpg, dactual PMF [§, in equa-
tion (4.9)) must be computed if it is not known. For the firsottest images (Figs 4.1(a)
and (b)), pa is the input PMF (the normalized angular distribution of lines). Because
Pa is usually unknown for experimental images (for examplgsEL2(b) and 4]2(c)), we
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choose a specific PMF to @, where the gradient of absolute entropy of the PMF stabi-
lizes and reaches a plateau. To ensure that the chmgsmobust, we perform a perturba-
tion analysis. Iin yields the ROI size when the gradient of absolute entropyilstas, we
also choose theoretical distributions correspondingte 3) and(n+ 3). A robust choice
would imply that our results (the plots of weighted errorrepy E,,) do not change for
such small perturbations in the chosen theoretical PRF

4.3 Results

We have developed automated methods to extract collagemfieatations and associated
dispersions at different length-scales from 2D images¢civiban then be used in compu-
tational modeling. To this end, we focused on three key patars: first, the dispersion
parametek, which is a well established and used measure of anisotd?#, 202, 206];
second, the fiber anglgg,, and¢ 4, as a measure for the average orientation of a given
fiber distribution; third, the weighted error entropy;, which analyzes and compares en-
tire fiber distributions rather than the averaged fiber aatons, which is, therefore, useful
when average measures are not sufficient. Furthermoregtievior of the average fiber
angles and weighted error entropy at different lengthescallows us to determine an ap-
propriate range of ROI sizes, which will yield fiber distrilmns representing the tissue
morphology from the image, which has implications for comagional modeling (for ex-
ample, on the mesh density). Our method is based on transigram image to Fourier
space where the power spectrum is calculated, from whichllbge mentioned parame-
ters can be extracted (see Higs 4.3[and 4.5).

4.3.1 Distribution fitting

To obtain the dispersion parameterwe fit a given angular distribution using MLE. As
an illustrative example we choose the (more challengingg @d an image featuring two
(rather than one) collagen fiber families (Hig.l4.2(a)). Tewult of fitting a mixture of two
von Miseddistributions (equatiorf (4.7)) is shown in Fig. 4.6. Thdrfgtparameters are
by =2.503 up = —39.6° andb, = 2.149 u, = 39.4° for the two distributions, respectively
(b denotes the concentration parameter anthe location parameter). Using_(4.6) and
the shape parametédng andb,, the dispersion parametexs = 0.1173 andk, = 0.1396
were calculated. To quantify the goodness of the fit, we usdtrarsory? test (yielding

a p-value) and the coefficient of determinati®i. For the fit in Fig[4.5 we obtained
p = 0.8535 andR? = 0.935.
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Figure 4.6: Angular distribution of the collagen fibers in Hig. 4.2(&) ¢6rresponds to the cir-
cumferential direction of the vessel). The two distinct peaks correspmtite two collagen fiber
families, almost symmetrically arranged around the circumferential directigiblevin Fig[4.2(a).
The fit was performed using maximum likelihood estimation and two superimpasedises
distributions with four fitting parameters: one concentration and location péeafoe each fiber
family (b = 2.503 u; = —39.6°, by, = 2.149 u, = 39.4°). The dispersion parameters for each
family arek; = 0.1173 k» = 0.1396.

4.3.2 Varying length-scale analysis

Figure[4.7(a) shows the behavior of the average fiber afglesnd ¢ 4, with increasing

n € [0,75 (decreasing ROI size) for the first test image from Eigl 4.1(aitially, both
measures Yyield the correct angle of’2B accordance with the actual input PMBa),
which is a Dirac delta distribution located at°2Gee Fig[4l1(a)). The mean angle starts
to deviate from the correct angle around= 13 (left arrow in Fig[4.]7(a)) marking the
upper cut-off point fo,,,, while the median angle shows a more stable behavior ygldin
the appropriate anglet0.5°) until the upper cut-off point fop 4, aroundn = 36 (right
arrow).

For the weighted error entrog¥y ) 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. Nuie

if instead of the Dirac delta distribution we chogsg based on the results of the pertur-
bation analysis (not plotted), where the gradient of alisautropy stabilizes (rather than
the known Dirac delta distribution), it results in the thetizal distribution, verifying our
scheme for computing the unknown actual PMFs for imagesfofissues. The weighted
error entropy is quite stable until around= 13. While the reliable estimate for the me-
dian holds untih = 36 (upper cut-off point fol 4, in (a)), the entire PMF only shows a
relatively stable behavior for a third of that range (unt# 13), similar tog,,.

The results in Fid.418(a) fap ,, and¢ 4, Of the second test image, which includes some
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Figure 4.7: Results for the first test image (figl4.1(a)): panel (a) shoe mean anglé,,, and
the median angl@ 4, for increasing dividing steps, and panel (b) shows the weighted error
entropyEy. Both measureg,,, and@ 4, in (a) yield the correct angle of 2%until aroundn = 12,
confirming the capability of this method for extracting accurate angular dedasadifferent length-
scales. The mean angfe, starts to loose accuracy around= 13 (upper cut-off point foig ),
while the median angle is more stal§le0.5°) up ton = 36 (upper cut-off point fo,,4,). The
weighted error entropy in panel (b), is relatively stable until aronrgl13, corresponding to only
minor changes in the probability mass functions (PMFs) across these lstajds.

dispersion (see Fig._4.1(b)), show a very different behawith respect to the first test
image. Initially the mean anglg,,, yields increased values around®30wing to the fact
that 30% of the fiber angles are distributed with a mean 6§ 4Bd starts to drift off at
n=17. Overall, the values fop,, fluctuate with increasing, and a stable behavior is
never observed. The median anglg,, on the other hand only fluctuates in the beginning
of the analysisr{ = 1-10), and stabilizes at a lower cut-off point of about 11 (see
arrow); 9 ,,qn IS then stable up to= 24 (-0.5°) before it starts to drift away. The weighted
error entropy in Fig_418(b) indicates that after an initredrease the PMFs do not change
much untiln = 14, after whichg, (n) shows a steeper increase.
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Figure 4.8: Results for the second test image which includes dispersiod{#{l)): panel (a)
shows the mean angig,, and the median angig,,q, for increasing dividing steps, and panel (b)
shows the weighted error entrofy,. In (a) the mean angl@,, fluctuates and does not stabilize
owing to the dispersion, and is, therefore, not suited for identifying gear appropriate ROI
sizes. On the other hand, the median aglg,, initially fluctuates but stabilizes aroumo= 11,
yielding a lower cut-off point (left arrow)9 4, is then stable up ta = 24 (upper cut-off point)
before it starts to drift away. In the stable rangégf,, from n = 11 ton = 24, then? angles from

all ROIs yield an angular distribution representing the orientation of lines imfhe image. The
weighted error entropk,, 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 anglpame! (a), and the weighted
error entropy in panel (b) of a SHG image featuring collagbars in an in-plane section
of the human media (shown in F[g. 4.2(b)).

Both 9, and 9,4, have a lower cut-off point at = 3. After n = 19, 9§, drifts away
sharply, while@, 4, displays a (relatively) stable range until the upper chitpmint at
approximatelyn = 40. The weighted error entropy curve features two regimgs: \(ery
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Figure 4.9: Results for the second harmonic generation image of collagesifidthe human media
(Fig.[4.2(b)): panel (a) shows the mean anfgleand the median angig,,q, for increasing dividing
stepsn, and panel (b) shows the weighted error entrBRy In (a) we observe a lower cut-off point
for both anglesp,,, and¢,,,4, atn = 3. While ¢, starts to drift away aften = 19, the median angle
P nqn displays a (relatively) stable behavior over a widerange until abouh = 40, followed by

a small angular drift at decreasing ROI sizes. The weighted errorgrie in panel (b) displays
small changes of the probability mass functions (PMFs) up=tdl8. The entropy increase beyond
that point coincides to the length-scale where the stable regiapifan (a) starts to break down.

stable region untih = 18, and (ii) a monotonic, almost linear increase hencefdrttis is
similar to the drift in the curve fo$ ,,, while the drift is less steep @, 4.

The results from the analysis of the SHG image featuringagelh fibers of the chicken
cartilage (shown in Fid._412(c)) are displayed in Fig. 4.Bath, ¢, and @4, in panel
(a) have a lower cut-off point at= 4, followed by a stable domain until the upper cut-off
point atn = 25. In the stable domaii,,, yields values approximately igher compared
to § g The weighted error entropy in Fig._4]110(b) has a trend sintid Fig.[4.9(b),
with a stable regime followed by an almost linearly incragsturve. In the beginning of
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Figure 4.10: Results for the second harmonic generation image of colldoges §if chicken car-
tilage (Fig.[4.2(c)): panel (a) shows the mean angjeand the median angig,q,, for increasing
dividing stepsn, and panel (b) shows the weighted error entr&py In (a) we observe a lower
cut-off point for both angle®,,, and ¢4, at n = 4, below which both measures yield unstable
values owing to artifacts and different collagen fiber orientations at thimpter of the cartilage.
Both measures show a stable behavior up+4025 (upper cut-off point), though the values fy,
are approximately 6higher compared t¢ 4. The behavior of the weighted error entray 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 abeu2l.

Fig.[4.10(b), up to around= 6, E,, reveals changes in the PMF owing to afore mentioned
artifacts. This is not the case f&, in Fig.[4.9(b), because the analyzed image (shown
in Fig.[4.2(b)) does not contain regions with very differdiber 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 imagadysis method to extract
and quantify material parameters characterizing colldden orientations from 2D im-
ages. Our method combines Fourier power spectrum analgdisvadge filtering (two
well-established image analysis tools for morphologiebdextraction, see, for example,
[179,/180; 211]). Additionally, we show how ROIs (sub-imapgean be utilized to obtain
useful orientation information among different lengtiales.

We aim to extract data from which we can (i) determine mateasameters for computa-
tional modeling of soft biological tissues using fiber reirded constitutive models and, (ii)
gauge which length-scales are most appropriate to capssteetmorphology, which can
also have implications for computational modeling (formyde, mesh density). Specifi-
cally, we focus on three key parameters: first, we computalig@ersion parametey, a
measure of anisotropy [122, 202, 206]. Mainyjs based on a three-dimensional (3D),
rotationally symmetriocvon Misesdistribution. Since we deal with 2D images, we make
use of the 2D equivalent as discussed in [202]. Second, wedmte two measures for the
average orientation of a given distributiéf,,,, ¢ ,q,) and show tha 4, is the more ap-
propriate measure to use if the collagen fibers are dispehsdiade presence of fiber fami-
lies the average orientation corresponds to the prefeorgarihcipal) fiber direction of one
fiber family [61], and hence can be used as a parameter foimcmmh mechanics-based
constitutive models (see, for example,|[56, /107, 120, 12@] 2nd references therein).
Third, we calculate the weighted error entrdpy as a measure of changes in the entire
fiber distributions at different length-scales, as oppdedteir average behavior.

4.4.1 Analysis validation

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

Generally, the dimensions of any original image used for analysis should be much
larger than the structures of interest shown in the imageuircase collagen fibers) to en-
sure that they can still be contained within ROIs at increglgi smaller length scales. To
validate the functionality of our method we created two testges shown in Figs 4.1(a)
and (b). The purpose of the first test image (panel (a)) is tdywthe capability of the
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method to extract correct angular data among various lesctes. The distribution of all
lines in the first test image corresponds to a Dirac deltatfonat 25. Both average mea-
sures(9,,, #,qn) Yield the correct angles of 25n the range oh = 1-12 (see Fid._4]17(a)).
As expected@,,q, iS more stable at increasingly smaller ROI sizes (incregs)nthan

[

To investigate which of the two average measures is moreogppgte if the fibers are dis-
persed, we modified the first test image to include some digpermresulting in the second
test image shown in Fig. 4.1(b). From the results in Eig.&).8(becomes evident that the
mean average measupe, does not stabilize. It is, therefore, not suited for ideitif a
range of ROI sizes that would yield angular distributionschirare representative for the
orientations of the lines (simulated fibers). On the otherdh#he behavior of the median
average measuig,,q, sShows three interesting characteristics: (i) it yieldswadocut-off
point, which represents a maximum ROI size above which teesaye angleg 4, of the
entire distributions fluctuate highly achanges; (ii) it yields an upper cut-off point, which
marks a minimum ROI size below which the angular values sbaditift away; and (iii) it
identifies a stable range of ROI sizes between both cut-offtpoSuch stable ranges can
only be observed if the underlying distributions (from whig,,, 4, is determined) reflect
the orientations of the features in the image. If, for exan@lROI size is too large, details
within individual ROIs are smeared out and information & ldn the other hand, if a ROI
size is too small the information within individual ROIs israpromised by, for example,
image artifacts, resolution limits or edge effects.

4.4.2 Distribution fitting

We use MLE to fit a mixture of twaon Misesdistributions to the angular distribution
obtained from the image in Fig._4.2(a), featuring two catladiber families in the human
intima of the thoracic aorta [61]. The results of this fittiage shown in Fig._4]/6, and as
a measure of the goodness-of-fit we determinedptiamd R? values. Since the Pearson
Xx?-test depends on the size of the data set (i.e. the numbemnefated angles), we also
calculate the coefficient of determinati®®f. SinceR? is computed by comparing the
original distribution with the estimated PDF, it does nopéled on the number of angles
and is, therefore, an additional measure for the goodnieshadependent ofp. We also
emphasize tha®? is not optimized during the fitting procedure.

We would like to note that although it is quite common to fit aveuto a histogram using
the least squares method, there are some drawbacks to haap that should be kept
in mind. For one, least squares fitting depends on the binaditee histogram. Another
potential pitfall arises from theormality assumptionwhich states that the errors are nor-
mally distributed with mean zero. Since bin counts in a lgston are non-negative this
assumption does not hold. Also thenstant variance assumpti@nd theindependent-
errors assumptiomre 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 orienta on the mechanical behavior
of arterial walls has been well established, see, for exaniph, 61, 140, 202]. To account
for the effect of strain on changes in the fiber orientatiomsd #he angular distributions,
to approximate thén vivo strain state of arteries as well as to ensure more straigtiten
fibers necessary for angular measurements, the investigataples were usually either
pressurized or pre-stretched biaxially beforehand [13%--139]. Our approach allows for
a fast and automated determination of the angular distobditom 2D images. By fitting

a given distribution (in our example a distribution of twodilfamilies, see Figls 4.2(a)
and4.B) with a mixture of tweon Misedistributions, we can compute the principal fiber
orientationsus, U2, and the corresponding dispersion parameterg,, one for each fiber
family (see Fig[4.16).

Note that this approach assumes a planar, symmetric fiqgerdisn for each fiber family
individually. Such 2D data can be directly applied to meat@nmodeling of thin lamel-
lar tissue structures on the basis of membrane or thin diediry, for example, cerebral
arteries, using appropriate constitutive models (seeXample,|[122, 202] for further dis-
cussion). However, many arteries behave as thick-walléddrcal tubes, for example,
the human aorta, and hence 3D modeling approaches areg@gunrthis case, for a subset
of fully 3D problems, one can make use of the (mainly) in-planrangement of the col-
lagen fibers in arterial walls. For example, in the case ohtln@an descending aorta and
common iliac arteries, the collagen fibers lie in the planéeftissue (angular deviation
~ 1+9°) [61]. The assumption of in-plane arranged collagen fikeer®t necessarily appro-
priate for other soft tissues. For example, in the articatatilage the fibers display very
different orientations depending on the specific zone. értéimgential zone they lie within
the transversal plane, a variety of orientations are oleskefor the middle zone, while in
the deep zone the fiber arrangement is perpendicular toghsviersal plane [224]. To en-
sure that our analysis yields correct material parameatavst of the collagen fibers should
lie within the sectioning (imaging) plane in order to avor@jections to this plane, which
would lead to deviations in length and (possibly) anglemfthe true morphological state.
Therefore, in the case of an in-plane arrangement of theageti fibers the 2D collagen
fiber data obtained through our method may also be used for@izhmg (using the 2k
parameter according to equatién (4.6)) under the assumetistrictly in-plane organized
collagen fibers (neglecting the out-of-plane deviationa @mplification of the problem
with regards to computational modeling, motivated by expental observations [61]).
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4.4.4 Varying length-scale analysis

We developed an analysis method which continuously sptitsreage into increasingly
smaller ROIs to obtain a physically meaningful measure efrfdrientations across length-
scales. In most applications, mean and median measureseswfiien we are interested
in the average behavior of fiber families. Using two test issagie have shown that the
median anglé,,,q, is the more appropriate measure to use for this purpose.

To demonstrate the applicability and usefulness of our otetin microscopy images of
soft tissues containing collagen fibers, we ran our anatysiSHG images of the human
media and the chicken cartilage (see Higs 4.2(b) and (q)eotisely). Results for both
images, as shown in Figs 4.9(a) dnd #.10(a), reveal a stabtgerof ROI sizes, located
between the lower and upper cut-off point, whérg,, shows only small fluctuations
(+£3°). The advantage of the length-scale analysis can be seeig.id.EQ(a), where a
ROI size in the range af = 1-4 leads to highly fluctuating values f¢r,y,, followed by

a wide rangg(n = 5-25) of stable behavior beforg 4, slowly drifts away. Using our
method, a finite element analyst can, for example, deteramnappropriate mesh density
(based on a ROI size wheg, 4, shows stable behavior) which also captures the relevant
tissue structure. For example, the cartilage tissue irfdEB{c) features very different fiber
orientations at the perimeter compared to the center ofghed. If a ROI size is too large,
this specific tissue inhomogeneity will be lost. Only if th®Rsize is small enough, can
such spatial changes in orientation be resolved. Analyfdiseocartilage tissue shown in
Fig.[4.10(a) tells us, that a mesh density correspondingR@ksize between = 5-25 is
appropriate to capture important structural features eirtage.

However, if average measures are not sufficient (for exangplantification of the risk of
a pathological condition such as an abdominal aortic asa225]), and to depict how
higher-order statistical measures vary across differahtes forn, we compare weighted
error entropies across different valuesThere are different measures which can be used
to compute the distance between two distributions!|[226}-228 example, the Kullback-
Leibler divergence [229] is a measure of distance betweendistributions, but it is not
symmetric and is only defined for two distributions whosegenf non-zero values is the
same (which is not the case in our examples). Mutual infaonags another example,
quantifies how much the knowledge of one variable revealsitadowother variable. How-
ever, correlation information between the two variablessieded, and such information is
not available in our case. The weighted error entriBpys an appropriate measure for our
purpose. It compares entire fiber distributions (rathen tine averaged behavior) and re-
veals, how much of the tail information is lost when averalgeldavior is considered. For
the microscopy images in our study, the weighted error pgtstiows that the entire fiber
distributions start to change with increasindpefore a change i 4, can be observed
(cf. panels (a) and (b) in both Figs #.9 dnd 4.10). Therefdrene is interested in the
behavior of the entire fiber distributions, a studyEf helps to identify ranges af where
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calculated fiber distributions are similar, and at whiclglirscale they start to differ.

The usefulness of both parameters,, andEy, is illustrated in the results for the second
test image (Figl_4l1(b)) in Fig._4.8. For example, if one i®iiasted in determining an
appropriate ROI size capturing local changes in tissue hwggy, then a corresponding
ROI size ranging frorm = 11-20 is suitable, since in this rangg,,, Shows a (relatively)
stable behavior. On the other hand, if the behavior of theeeRMF is of interest, then
the result forgy, tells us that we are loosing information starting aroand 14, which is
insight that can not be gained from average measures.

Another valuable aspect of our methods pertains inhomageneomputational model-
ing of tissues. For this purpose the location-specific stina¢ parameters (fiber angie
obtained for every ROI can be incorporated element-wise anFE mesh. Such patient-
specific data allows for a more precise modeling of the caediocular system and could
help improve our understanding of the interaction betweslagen fiber morphology and
arterial wall mechanics.

Limitations. The method we present extracts morphological data from 2dyes and is,
therefore, not able to capture true 3D fiber orientationsdispersions. As it is the case
with other methods which aim to quantify fiber angles, it igerpquisite for the collagen
fibers to be (mostly) straightened (see [61] and referertmein). Such data can be used
for modeling within the framework of membrane or thin shakary, but are limited to
a subset of 3D physical problems and soft biological tisfgee discussion). To fit the
fiber distribution we use MLE which requires a sufficient nenbf fiber angles. Our
method does not measure fiber angles directly, but extiaets from Fourier power spec-
tra. While this automated approach for extracting orieateti information from images
is well established, we want to emphasize that the resuitieg angle distributions do not
represent accurate fiber angle counts. The choice for therwpp lower cut-off points
to determine a (relatively) stable dividing rangerénge), with the aim of obtaining phys-
ically meaningful fiber orientations which reflect the tissmorphology, must be made
manually. Depending on the input image this choice can elitkevery evident or in the
case of slow drifts with increasingvalues 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 atwhaated morpho-
logical analysis of 3D image stackasgtacks) featuring fibrillar structures from optically-
cleared soft biological tissues. Five non-atherosclerti¢isue samples from human ab-
dominal aortas were used to outline the multi-purpose nuetlogy, applicable to vari-
ous tissue types. It yields a 3D orientational distributajrrelative amplitudes, repre-
senting the original collagen fiber morphology, identifiegions of isotropy where no
preferred fiber orientations are observed, and determinestigral parameters through-
out anisotropic regions for the analysis and numerical rogl®f biomechanical quanti-
ties such as stress and strain. Our method combines opsisaétclearing with second-
harmonic generation imaging, Fourier-based image arglgad maximum likelihood es-
timation for distribution fitting. With a new sample preptoa method for arteries, we
present for the first time a continuous 3D distribution ofagén fibers throughout the en-
tire thickness of the aortic wall, revealing novel struatiand organizational insights into
the three arterial layers.

5.1 Introduction

The importance of fibrillar collagen in arterial tissue hasd been known [22, 63]. It is
not only mechanically the most important tissue constitigh, 56], but research indi-
cates that it also plays an important role in arterial disesasd degeneration [69, 126] as
well as in the healing of dissecting aortic aneurysms [93jiclv makes the evaluation of
morphological collagen data within arterial walls essa@rfor an improved understanding
of vascular health and mechanics. The architecture of teearwall, however, represents
a major experimental challenge: first, its thickness up th4 mm [61] of non-transparent
material limits the application of optical techniques teess the orientation of fibrillar
collagen; second, the specific detection of collagen in lineet layers of the aortic wall
typically requires labeling techniques such as the use tib@gties that are not feasible
in thick tissues; third, since the orientation of the filaiilicollagen in the arterial wall
responds to the internal blood pressure, any preparatiantefial wall samples for sub-
sequent analysis requires preservatiomofivo conditions to obtain reliable information
about the orientation of fibrillar collagen.

81
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The use of optical clearing for enhanced visualization ofghological structures in whole
organs or thick tissue structures has seen a renewed indétate. Often, optical clearing
is based on refractive index matching of various scattéeegs, collagen) and the ground
matrix of soft tissue (e.g., interstitial fluid), by replagi water in the tissue with a fluid
of a similar index of refraction as that of the proteins [22B82]. Measurements based
on spectroscopy techniques, polarization or optical caies microscopy as well as non-
linear imaging techniques such as two-photon fluorescemd¢es@cond-harmonic genera-
tion yield more valuable, otherwise virtually inaccessibiformation when performed on
cleared (versus uncleared) soft biological tissue![233]ltidhoton microscopy (MPM) is
especially suited for three-dimensional (3D) visualizat|46--48] due to its optical sec-
tioning capability using sequential automated slicirgtacks)|[234]. In combination with
optically cleared tissue there is no more need for manuahglito obtain images of whole
organs or thick tissue structures and furthermore leavesissue whole for traditional
histological investigations.

At the same time, numerical modeling based on continuum arecal frameworks has
developed into a powerful tool for hypothesis testing andfieation of theoretical frame-
works against experimental and clinical observations; seg, [155, 163, 224, 235-237].
Despite the broad range of tissues studied through compughanalyses (e.g., arteries,
cartilage, heart, cornea, etc.), numerical models sharedmmonality of requiring phys-
iologically determined material and/or structural partarethat can usually be obtained
from biomechanical experiments [238], clinical data |[180¢an be extracted from images
[239].

Such an analysis, however, requires the integration obuartasks from different disci-

plines such as tissue preparation and imaging techniqoegye analysis as well as nu-
merical modeling. In this study, we aim to overcome theseétditions by developing a

novel, simple, fast and automated method consisting in aanmgpwell-established tech-

niques and expertise from different fields for the purposextfacting and quantifying 3D

morphological data from optically cleared whole tissues.

Specifically, we combine tissue clearing using a solutiohefzyl alcohol to benzyl ben-
zoate (BABB) [240/) 241] with second-harmonic generation ($k@aging of fibrillar
collagen [49] 50], Fourier-based image analysis for chiareng collagen organization
[179,/180, 211], and maximum likelihood estimation (MLE) €bstribution fitting of 3D-
orientational data sets [216]. Firstly, our method yielus 8D distribution of amplitudes
(1° resolution) representing the orientations of fibrillarlagen extracted from astack;
secondly it identifies isotropic regions in the tissue wher@referred fiber orientations are
observed; thirdly it identifies regions of anisotropy cledegsized by two structural param-
eters: one describing the preferred (or principal) origomeof the fibers (denoted), and
the other describing the degree of fiber alignment (or camaton) about that preferred
orientation (denote®). Both structural parameters can be utilized directly in etioal
modeling codes using fiber-reinforced constitutive lawés [B22, 155].
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In general, our method is suited to analyze images conta(stnaightened) fibrillar struc-
tures independent of the type of tissue or material. In tlugwe use non-atherosclerotic
human abdominal aortic tissue samples to explain our appraxad additionally introduce
a new sample preparation method which allows for the fixatibwhole blood vessels
approximatingin vivo geometries (by considering axial pre-stretches iandvo blood
pressures [61, 139]). Using our method we are able to prdeefie first time a con-
tinuous 3D distribution (1resolution) of collagen fiber orientations throughout thére
thickness of the human abdominal aortic wall with a thiclenesapproximately 1 mm.

5.2 Material and Methods

5.2.1 Tissue preparation and fixation

Five human abdominal aortas without atherosclerotic chamg type 1V or higher [146]
(age in years and gender (fit 53m, 64m, 65f, 65f, 77m) were harvested within 24 h of
death. The use of autopsy material from human subjects fisthdy was approved by
the Ethics Committee of Medical University of Graz (#: 21-28809/10). All samples
were cleaned from the surrounding tissue, and anatomiarlarids (such as branching
of the common iliac arteries) were used to ensure consistenple locations for all five
vessels. To reconstruct the vivo stress/strain state of the abdominal aortas, we devel-
oped a custom made device which enabled us to mount the exbeint tube, stretch it
axially and simultaneously pressurize it. The axial stretas controlled through a video
extensometer, the pressure was automatically monitorédeypt constant through a high
precision pressure reducer (control rang€-8000+ 0.1kPa). The mounting device was
encased in a pneumatic glass basin filled with 4% paraforehglie (PFA), where the
pre-stretched and pressurized vessel was kept for 12 h fiocient fixation. All vessels
were pre-stretched 12% in the axial direction based on therlbound ofn vivovalues re-
ported, [148], and pressurized at the average systoligarpeessure (SAP) of 130 mmHg.
After chemical fixation the newly stiff vessel was removeahirthe mounting device for
subsequent optical clearing.

5.2.2 Optical clearing

The vessels were rinsed with phosphate buffered saline (PBS;4) to wash off excess
PFA, and dehydrated using a graded ethanol series with &gzhasting 45 min, according
to the following protocol: 50%, 70%, twice at 95%, and twit&@0%. For optical clearing
we used a solution of 1:2 benzyl alcohol to benzyl benzoateB@8. Each vessel was
initially submerged into a solution of 1.1 ethanol:BABB foh defore submerging them
into a 100% BABB solution where they remained to clear for astel2 h before imaging.
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All steps involved in the tissue preparation, fixation anticg clearing were performed
at room temperature.

5.2.3 Histology

Cleared aortic specimens were embedded in paraffin and sedtat five microns. The
resulting cross-sections were then stained with pictasired (PSR) to highlight fibrillar
collagen and Elastica Van Gieson (EVG) to highlight elasiki images were acquired
with a Nikon 80i microscope in combination with Nikon NISeBhents F software. Mag-
nification was set to 609. 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 vea®pmed using an imaging
setup consisting of a picosecond laser source and an opacametric oscillator (OPO;
picoEmerald; APE, Germany; HighQ Laser, Austria) integganto a Leica SP5 confocal
microscope (Leica Microsystems, Inc., Austria). To ind&¢#G of collagen the OPO was
tuned to 880nm. Detection of backscattered second-hamsagmal was achieved using
a BP 465170 emission filter and with a non-descanned detector (NDDgpi-mode.
Image acquisition was performed using a Leica HCX IRAPO LxZ595 water objective
with a working distance of Zmm for deep tissue imaging;stacks (3D image stacks)
of the cleared aorta specimens were acquired usi®2>00.62 x 1 um sampling X-y-2).
Image processing af-stacks (3D Gaussian filtering) and subsequent volumeerargl
was performed using Amira visualization software (Visagading, Inc.).

5.2.5 Fiber orientation assessment.

To extract collagen fiber orientations from 2D images we @sEdurier-based image anal-
ysis method in combination with wedge filtering [239]. Todsrthis end, we applied a
window using a raised cosine function to reduce the gragsadles to O at the image pe-
riphery, which could otherwise cause frequency-domaiect$fin subsequent steps. Next
we applied a Fast Fourier Transformation (FFT) to the wineldwrayscale image, rep-
resented by a distribution functioh wheref(x,y) denotes its value at poirik,y). The
Fourier transform of is a function denoteB = F(f), where its value at poirfu,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 thegrospectrun® 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 freqpyeand orientation. To extract
them from the power spectrum we used wedge-shaped ormmfdters [211]. By means

of summation of every(u,v) within individual 1° wedges, we obtained a discrete distri-
bution of relative amplitudes(®) (in %) as a function of the corresponding fiber angle
@. Finally, the angular distribution was shifted back by 80 adjust for the shift owing

to the Fourier transformation. This procedure was perfarfoeall nimages in a-stack,
yielding a 3D dataset perstack containind(®) of every image. The angleB and am-
plitudesl for individual images were stored in the-, y-, andz-directions of the dataset,
respectively;® = 0° and® = 90° correspond to the horizontal and vertical axes of the
images, as well as to the circumferential and axial direstiof the vessel, respectively.

5.2.6 Determination of anisotropy.

In order to perform meaningful distribution fitting, we fidistinguish between anisotropic
and isotropic angular fiber distributions (the latter is sabjected to subsequent distribu-
tion fitting). Towards this end, we first smoothed the amgksiof the original 3D dataset
using moving average filters in tre and then in thex-direction with a span range of
17° and 33, respectively. To ensure that our choice for both span mges robust we
performed a perturbation analysis. Note that a robust ehoiplies that the outcome re-
garding isotropy or anisotropy was not affected by smaltybations & +5°) of either
span range. To check for isotropy of a given distribution waelmuse of the fact that the
cumulative distribution function (CDHj (®) of an isotropic distribution is a straight line.
Therefore, we calculated the CDF of every (now smoothed) langlistribution in the 3D
dataset, according to

F= ) I(®) (5.2)
®=—90°

where—90° < x < 89, fitted it with a first-order polynomial and determined theree
spondingR? value as a measure of the goodness-of-fit. If the resuRfngalue was above
a threshold of ®98 then the distribution was considered isotropic, otissanisotropic.
We determined the appropriate threshold value by runningraugbation analysis for a
broad range of potential thresholds. The most suited tbidsfalue was identified based
on where the results (isotropy or anisotropy) would coroespwell to the fiber morphol-
ogy visible in the original images. An illustrative examgeshown in FigL5.]1.

5.2.7 Distribution fitting.

To fit the anisotropic distributions using maximum likeldtestimation (MLE) we first
needed to determine the number of major peaks (fiber falibegvery distribution ()
in a 3D dataset and second, the approximate locativo$ those peaks used as starting



86 5 3D Quantification of Fibrillar Structures in Optically Cted Tissues

—_
o
o

R?=0.9995
< isotropic
()
©
2
5 g
g g
(0]
=
©
(0]
o
9 -45 0 45 %o0 -45 0 45 90
Fiber angle @ (deg) Fiber angle @ (deg)
100 1 ‘ : :
R?=0.8944
= anisotropic
X
()
©
2 —~
s )
€ o
©
[0
=
©
[0
o
% -45 0 45 0 %o -45 0 45 20
Fiber angle @ (deg) Fiber angle @ (deg)

Figure 5.1: Schematic of steps to distinguish between images showing an isoteypus
anisotropic fiber distribution. Two cases, one classified as isotropic @wp and another one
classified as anisotropic (bottom row) are shown. All images were achusiag second-harmonic
generation imaging. The distribution of relative amplitudes (gray barsndecolumn) was de-
termined through Fourier-based image analysis and subsequently smasihg@ moving aver-
age filter (solid black curves). From the smoothed distribution the cumuldstribdition function
F (®) was calculated (third column, black curves), fitted with a first-order patyab(gray curves),
and the corresponding’ value was determined. R? was above a threshold level 0f9®8 then
the distribution was considered to be isotropic, otherwise anisotropic.

parameters for subsequent MLE fitting. To that end, we firgiatited the amplitudes of
the original (unsmoothed) 3D dataset using moving aver#gesfin thez- and then in the
x-direction with a span range of Tor both directions.

Next we used a standard peak detection algorithm, basedeoaltdrnating signs of the
derivatives, to identify local maxima or minima in the smued angular distribution, yield-
ing the locations of the major peaks. Subsequently, angdinffsets were removed by
subtracting the smallest amplitude value from ev€®). Depending on the number of
peaksm (which was either one or two per image), each distributios tieen fitted with

either one or a mixture of twar-periodicvon Miseddistributions [E]ZEZ__Z?Q], given
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by
m

(@)= exp{b Ctlniii()cb — K} (5.3)

The fitting parameters are the concentration paranbgtdetermining the shape of thhen
Misesdistribution (increaseth-values correspond to narrower (more anisotropic) distri-
butions), and the location parameter describing the preferred (or principal) fiber orien-
tation. Normalization is not necessary sirp@pP) was only used to determine the fitting
parameters [218]lo(bj) denotes the modified Bessel function of the first kind of order
zero, namely

i=1

lo(b) = %/exp(bi cosa )da, (5.4)
0

withi = 1,2.

5.3 Results

The orientations of collagen fibers inzestack are represented by the 3D distribution of
the corresponding amplitudes with fiesolution. By fitting this distribution using MLE
and rr-periodicvon Misedistributions (either one or a mixture of two in the case af tw
fiber families), our method identifies specific regions oftiepy within the tissue and
characterizes anisotropic regions by determining botictsiral parametersandu.

5.3.1 Optical clearing and histology

Figurel5.2 illustrates the effect of optical clearing usingplution of BABB; a segment of
a human abdominal aorta before and after clearing is showeitop row, left and right
panel, respectively. Note the translucent nature of tharetévessel, also visible by the
lighter shadow under the same lighting conditions. To emgluat the clearing procedure
did not negatively affect the microscopic structure of ag#n fibers we performed ad-
ditional investigations on histological sections. Repn¢gtive picrosirius red (PSR) and
Elastica Van Gieson (EVG) stained cross-sections are shotke bottom row of Fig. 311,
left and right panel, respectively. Both revealed that gata(bright red under polarized
light) and elastin (black in the EVG stained section) aresgstent with observations one
can expect from standard formalin fixed, paraffin embeddsaié samples.



88 5 3D Quantification of Fibrillar Structures in Optically Cted Tissues

Figure 5.2: Effect of optical clearing using BABB. Top row: left andhtigganels show a segment
of a human abdominal aorta before and after optical clearing, resplgctiMote the translucent
appearance of the cleared vessel, also visible by the lighter shadowthedsame lighting con-
ditions. Bottom row: both cross-section images were obtained from optidebyed tissues and
stained subsequently with picrosirius red for visualizing collagen (left; getiaappears bright red
under dark-field polarized light) and Elastica Van Gieson as a genenal(stght; elastic fibers
and nuclei appear black, collagen stains pink, muscle and cytoplasmlgjairisrown/yellowish).
The appearances of both images are consistent with photographsddrstéormalin fixed tissue
samples.

5.3.2 3D visualization

The left panel in Fig._5I3 shows a volume-rendered radigkptmn (x-z plane) of an im-
age stack#-stack), featuring collagen fibers throughout the thicknafsthe aortic wall.
In-plane projections¢y plane) of regions from the intima, media, and adventitishégé-
lighted individually in the smaller panels I, 1l and Ill, y@sctively; the horizontal and
vertical sides of panels I-lll correspond to the circumfeia (X) and axial §) axes of the
vessel. Note the different fiber morphologies between theetarterial layers: in the ad-
ventitia (panel ) the fibers were generally organized inkfiiber bundles, oriented mostly
diagonally (with high variations) between the major axaghie media (panel II) the fibers
were organized closer to the circumferential directionhaf vessel but still showed two
preferred fiber orientations; in the intima (panel Ill) wesebved both, regions of preferred
fiber orientations as well as regions of increasingly isutrdiber morphologies.
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Depth z (um)

Figure 5.3: Volume-rendering of optical sections through an entire aodit acquired using
second-harmonic generation imaging. The left panel shows a radigcpom (circumferen-
tial/radial plane;x-2) highlighting fibrillar collagen throughout the thickness a human abdominal
aortic wall (age: 65yr, gender: f). The three smaller panels on the aighin-plane projections
(circumferential/axial planes-y) from regions inside the adventitia (1), media (II), and intima (l11),
indicated by the red boxes in the left panel. Note the marked differencesdlagen fiber mor-
phology between the three arterial layers. Generally, the adventitia desbtharacteristic fiber
bundles, often organized as two counter-rotating fiber families orientetdynbesween the major
vessel axes; in the media the fiber bundles changed into one fiber fang@nioed in a layered
structure with alternating orientations closer to the circumferential directidve ifitima of this
vessel was characterized by a mostly isotropic organization of collagers fitvhile 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 collddwm orientations with a1
resolution throughout the entire thickness of the aortidl yebtained from thez-stack
shown in Fig[3.2);® = 0° and 90 denote the circumferential and axial directions of
the vessel, respectively. The colors denote relative amingamplitudes ranging from
dark blue (0%) to dark red (100%). Therefore, orientatiohpreferred (or principal)



90 5 3D Quantification of Fibrillar Structures in Optically Cted Tissues

fiber directions (or fiber families) appear red while blueresponds to orientations with
only few to no fibers present. The dashed lines indicate #resition regions between the
arterial layers. In the adventitia we observed highly aigyiiber orientations (note the
relatively large dark blue areas between red regions obmed orientations) with often
two counter-rotating fiber families present, generallyented between the major vessel
axes. The adventitia is followed by a marked transition igyelicated by the striped box
on the left), characterized by a change in appearance ofaltegen fibers. The thick
fiber bundles visible in the adventitia could not be obseraegmore and the preferred
orientations of the fibers became axial 90°). Subsequently comes the media which
displayed a layered structure of alternating preferefibar orientations (layers of single
fiber families with alternating orientations) closer to tieumferential direction, located
around® ~ +20°. Next, the intima of this vessel was characterized by amopat fiber
morphology which at regions closest to the lumen changeddrgferred fiber orientations
in the axial direction.

We emphasize that we observed strong biological varigslin fiber orientations among
the intimas of different aortas; while some showed isottags well as anisotropic re-
gions with preferential orientations in various direcgsqdepending on the sample it could
be, e.g., two fiber families oriented axially and circumferally), others displayed only
anisotropic or only isotropic morphologies (see Tdbl€ .5.8) representative example
which highlights these changes in morphology throughoeethtire thickness of the wall
is given in the bottom panel of Fig._3.3, where the relativepktudes at the locations
® = +27° (dashed black curve) arl = —27° (gray curve) as a function of deptare
plotted. In the adventitia the shapes of both amplitude esitend to overlap, suggest
ing that two fiber families lie within the same imaging plasgdumferential/axial plane;
x-y) which was confirmed by individual MPM images of the adveatievealing the pres-
ence of two fiber families. In the media, on the other handsthelar behavior of both
curves clearly changes into an alternating pattern, chenatic 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 orientationgraoted from a single MPM
image (taken from the media) using MLE with omeperiodicvon Misesdistribution is
shown in Fig[5.b including correspondiij andP values as a measure for the goodness
of fit. From the fit we obtained the location parameier —22.7° describing the principal
fiber orientation of the distribution as well as the concatin parametelo = 1.44 which
determines the shape of then Misedlistribution. Bothu andb were calculated for every
image in thez-stack, yielding the continuous behavior of both paranseti@roughout the
thickness of the entire wall, as shown in Hig.]15.6. Note tlegians 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 throughetentire thickness
of a human abdominal aortic wall (age: 65yr, gender: f). Top panelatiggesd® = 0° and 90
denote the circumferential and axial directions of the vessel, respggctive colors correspond to
relative amplitudes ranging from dark blue (0%) to dark red (100%).nDatens of preferred fiber
directions appear red, while blue regions represent orientations withfiblemdensity. The striped
box on the left indicates the transition layer between the adventitia and the nhedigmtima.
Bottom: changes of relative amplitudes as a function of depth at two rejatise locations.
The dashed black curve corresponds to amplitudés-at+27°, the gray curve ab = —27° (0° =
circumferential). A similar behavior of both curves in the adventitia turns intt@nnating pattern
in the media, indicating a change in the structural organization of collages fieéwveen the two
layers; from two fiber families in the adventitia to one fiber family with alternatingrmations in
the media.

The results in Fid. 516, top panel, highlight that in the adit@ often two counter rotating
fiber families were observed oriented at arodnd- +45°, while in the media only one
fiber family with alternating orientations closer to theccimferential direction® ~ +20°)
was present. In the transition layer between the adveatitththe media a preferred axial
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intima intima anisotropic nr. of
nr.  thickness (%) regions (%) fiber families
1 3.6 100 2
2 5.6 600 1
3 17.2 686 2
4 202 0 —
5 341 0 —

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

fiber orientation was observed. The intima of this vessebkstad largely of isotropic
regions, which changed into one fiber family oriented in thialadirection closest to the
lumen. The concentration paramebeshowed relatively small variations throughout the
media (Fig[5.6, bottom) and was generally slightly higimethie adventitialfy = 1.55+
0.89, meant s.d.) compared to the media.{= 1.33-+0.42), indicating that the observed
collagen fiber distributions were more aligned (more antgot) in the adventitia. The
very high values foib at the beginning of the adventitid ¢ 5) correspond to images
containing only a few highly aligned thick collagen fiber blas, as can be seen in Hig.|5.3
(panel 1), and were omitted in the calculationtif In the intima, close to the lumen, we
observed an increased fiber alignmemt=£ 3.57+0.74).

5.4 Discussion

Based on established tools from different research fieldsgvmtroducing a new method,
which allows for a simple, fast and automated structuralyasmaof collagenous tissues
or whole organs that have been optically cleared and imagied monlinear microscopy.
Our method yields a 3D orientational distribution accusatepresenting the morphology
of fibrillar tissue structures, and it additionally extmstructural parameters that can be
utilized in numerical models for soft biological tissues.eWsed tissue samples from
human abdominal aortas to outline the method and in the eaithis paper we presented
novel results pertaining to the structure of aortic walls.

To approximate thén vivo condition of the vessel as closely as possible we developed
a custom made device allowing us to mount and chemicallydikasing formalin) the
intact segment (tube) of the abdominal aorta as a whole, amskguently apply a physi-
ologically axial pre-stretch (approximately 12% [148]dessimultaneously pressurize it at
constant systolic arterial pressure of 130mmHg. The inflteeand importance of pres-
surization and axial pre-stretches upon fiber morphology leen previously reported
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Figure 5.5: Angular distribution of relative amplitudes fitted withrgoeriodicvon Misesdistri-
bution. The distribution was extracted from a single MPM image taken from tlikanfieaturing
one fiber family (corresponding to the location at #84 in Fig.[5.4, top). The angle® = 0°

and 90 denote the circumferential and axial directions of the vessel, respgctirem the fit we
extracted the location paramegerdescribing the preferred (or principal) fiber orientation and the
concentration parametbras a measure of the degree of fiber alignment appon increase irb
corresponds to a narrower (more anisotropic) distribution.

[61,137/ 139, 204] and is not only a prerequisite for minmglin vivo states of the vessel,
but also leads to (mostly) straightened collagen fibersssasg for a correct determination
of fiber angles. Furthermore, our new sample preparatiohadedllows for future studies
of the influence of arterial blood pressure on collagen filsEmtations or investigations
of microstructural recruitment variables for collagen224

Optical clearing using BABB leads to an increase in MPM pean depth from~
120um (in the uncleared sample) to more than 1 mm, enabling us &genthe entire
thickness of the vessel wall without physically damagingtiesuel[233]. Histological in-
vestigations using standard tissue stains (PSR and VVGiyowd that the microstructural
tissue components (collagen and elastin) were still irgtiet optical clearing (Fig. 5.2). A
comparison of fiber distributions before and after cleashgwed that the microscopical
orientations were not affected by the clearing process.

Using second-harmonic generation imaging, we can showhfofirst time, a complete
3D visualization of collagen fibers throughout the entirdlw@ckness of a human ab-
dominal aorta (Fig_5]3). Visually we observed some bagsitlarities between the five
vessels we investigated: the adventitias showed chaistatdiber bundles, often orga-
nized as two counter-rotating fiber families, mostly oreghbetween the major vessel axes
(Fig.[5.3, panel I); next came a transition layer leadingh®media in which the marked
organization into fiber bundles disappeared; the mediasrgéy displayed one fiber fam-
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Figure 5.6: Changes in preferred fiber orientations and fiber alignmentghout the entire thick-
ness of the aortic wall. Top: in the adventitia often two counter rotating prihfilg directions
were observed while the media was characterized by alternating pringipetiains, oriented closer
to the circumferential direction of the vessel. In the intima (I) only regionsesib® the lumen
showed anisotropic fiber alignment in the axial directiendf90°), oriented along the direction of
blood flow. Bottom: the concentration paramebeguantifies the degree of fiber alignment about
the preferred fiber orientatiqm (Fig.[5.5), therefore, describing its degree of anisotropy. Incrgasin
b values correspond to a narrower (more aligned) distribution. Generetlhe adventitia increased
values ofb were found compared to the media. Note that values of approximatels typically
came from images containing a few highly aligned fiber bundles.

ily organized in a layered structure with two alternatingfprential orientations; the ob-
served morphologies among these five intimas varied gresatiye displayed isotropic and
anisotropic regions with preferential fiber orientationsiler others appeared completely
isotropic or anisotropic. An overview is provided in Tabldl5Due to the limited number
of samples and the observed variabilities general statesnseem here inadequate. Future
studies on a larger number of vessels are required to ohtHicient 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 consistaslaifopic orientations adjacent
to the media which became anisotropic close to the lumeentail along the direction
of the blood flow (top panels Figs. 5.4 andl5.6). These obtensare consistent with

previously reported mean values for the three arterialrkaj@l], where two fiber families

were observed in the adventitia and media and several fing@lida as well as isotropic

distributions were found in the intimas. Instead of haviagdly on mean values for each
layer, our new method provides the required 3D spatial deggtblution to show in detail

how the fiber families are organized within each layer.

To extract the fiber orientations from images we employediEopower spectrum anal-
ysis in combination with wedge filtering [179, 180, 211, 23Bjrstly, it is the rotational
property, secondly the addition theorem and thirdly thé& sheorem of the Fourier trans-
form that ensure that the fiber orientations visible in angenare correctly represented by
the distribution of relative amplitudes in Fourier space.

A statistical analysis of the cumulative distribution ftinas (CDF), calculated from am-
plitude distributions, was used as an objective measumetatify regions of isotropy and
anisotropy in the tissue. Note that anisotropic regionscigacterized by a preferred
direction of fiber orientations versus isotropic regionsalihshow arbitrary fiber orien-
tations. For distribution fitting of anisotropic regions wsed either one or (in the case
of two preferred fiber orientations) a mixture of twon Miseddistributions from which
we determinedu, describing the principal fiber orientation abda measure for the fiber
alignment abouy (Fig.[5.5). Our choice for using won Misesdistribution was based
on well-established modeling frameworks of arterial tess(122] 202, 205, 206, 239], in
which b can be utilized to calculate dispersion parameters whmipether withyu, can
be directly used in the numerical modeling or finite elemardlygses, even in commer-
cial codes such as Abaqus (SIMULIA, Providence, RI). Theslenito perform distribu-
tion fitting through MLE instead of a simple least-squareshoé was motivated by its
independence of bin size and the potential pitfalls ari$iogn the normality-, constant
variance-, and independent-errors assumptions [223]ndJsur method, we present for
the first time the (continuous) values of both modeling pa@nmsu andb throughout the
thickness of the human aortic wall (Fig. b.6).

The 3D quantification of fiber orientations (Fig.13.3, tophfiomed our visual impression
that the collagen fibers in the adventitia were oriented naodally and showed higher
anisotropy (note the dark blue regions between preferriedt@tions) compared to the me-
dia, where they were oriented closer to the circumferedirattion and the fiber alignment
was less pronounced (note the light blue to turquoise raegimticating some presence of
fibers in all directions). By analyzing the behavior of relatamplitudes throughout the
entire thickness of the aortic wall, we were able to idendi®pth-resolved changes in the
structural organization of the collagen fiber families (BBg, bottom). For the first time
we present continuous quantitative data showing the pcesafrtwo counter rotating fiber
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families in the adventitia (lying within axial-circumfargal planes), while only one fiber
family with alternating orientations between sequentiadbcircumferential planes was
found in the media. The results for the location paramgter Fig.[3.53, top panel, further
highlighted the alternating nature of the preferred fibégrtations in the media, and the
more fluctuating orientations in the adventitia, which wasd to be characteristic of all
five vessels, and corresponds well with previously repodiéfidrences in the qualitative
mechanical stress-stretch response of abdominal aoé$42d carotid arteries [58]. To
validate our data severalstacks from nearby positions were acquired and analyzed fo
each sample. Statistical analysis showed that differemcése neighboring regions of
the same sample were low and the reported morphologies weeed representative for
each vessel. For example, statistical comparisttessfs) among four-stacks obtained
from different positions of the vessel shown in Hig.]5.2 ¢l no significant differences
(p < 0.05) for the concentration parametérthroughout the media.

Compared to previous studies of collagen organization indruarteries [137, 139, 243],

our method is non-destructive, yields continuous datautinout the entire thickness of
soft biological tissues, therefore, allowing for investigns of specific locations inside
the tissue (e.g., transition regions between the threeariayers). Due to the automated
nature of our method, it is not subject to limitations suclhasian measurement bias or
fair sampling (both pose a risk when, e.g., measuring cetididper angles using polarized
light [61]).

With an ultimate tensile strength in the range of 50-100 ME&,[collagen fibers are re-

sponsible for the strength and load resistance of the arteaill. Therefore, understanding
their microscopic structure and changing morphologiesughout the three layers of the
wall is key in the analysis of mechanical quantities suchi@ss and strain, both of which

are used as a basis for numerical modeling of growth and rebmgdprocesses, see, e.g.,
[127].
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