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Abstract

The aortic wall that consists of the collagen fibers embeddeth elastic matrix can
be seen and modeled as a fiber-reinforced composite matdtied known that the
microstructure, especially the mean orientation of ca@tagbers and their dispersion
around this orientation, determines the stress-straiporese of the tissue. Thoracic
aneurysms and dissections, the two pathologies that arm#ie subject herein, are
fatal in case of rupture and they are characterized by clsaiogbe wall microstructure.
Hence, there is a pressing need to improve our understantithg tissue failure.

To this aim, the first study presents the strength of the gsenatic and dissected hu-
man thoracic aortas underfiirent loading modes focusing on failure properties under
shear loading. The uniaxial tests revealed that the aoidianwas the strongest in
the circumferential direction, followed by the longitudirand the radial directions. In
addition, the failure stress was approximately 10-folchieigunder out-of-plane shear
loading compared with in-plane shear loading. These firglimgre explained by the
collagen fiber architecture considering their fiber-refaiiog role in the aortic wall.

The subsequent study and the first review article of this Rt&EBis stresses the crucial
need to model the dispersed collagen fiber structure to amdympredict the deforma-

tion characteristics of soft biological tissues. It sholetthe predictions from both the
angular integration and the generalized structure tenstinoas agree well with the ex-
perimental data. It also points to the need for additionatimeical and microstructural

data to better inform the material modeling.

The second review article looks at aortic wall rupture arsdection from a material fail-

ure perspective. An extensive literature review on the raeidal tests that are used to
guantify strength is provided. Based on the microstruttiféerences and the various
mechanisms that can lead to rupture or dissection, it isestgd that an ideal failure
model should reflect the influence of microstructure &edent time and length scales
on tissue strength underfiirent loading modes.

The last study in this PhD thesis employed uniaxial extenggsts, second-harmonic
generation imaging and histological investigations teeedthe potential relations be-
tween the tissue strength and its microstructure. Mearageli fiber angle from the
loading direction and the in-plane dispersion of the calagbers were identified as
the main contributors to strength. In addition, althoughittfluence of content percent-
ages was not obvious on the population basis, they shouldeniginored especially in
the extreme situations.






Zusammenfassung

Die Aortenwand, die aus in eine elastische Matrix eingeberttKollagenfasern besteht,
kann als faserverstarktes Verbundmaterial gesehen unelheodwerden. Es ist be-
kannt, dass die Mikrostruktur, insbesondere die Haupizhising der Kollagenfasern
und ihre Verteilung um diese Ausrichtung, die SpannunglsrAiDags-Reaktion des Ge-
webes bestimmt. Aneurysmen und Dissektionen der Thoralkabeten, die beiden
hier behandelten Pathologien, sind im Falle eines Rissiishtund durch Veranderun-
gen der Wandmikrostruktur gekennzeichnet. Daher besteldtiegender Bedarf unser
Verstandnis der zu Grunde liegenden Gewebefehler zu \&bes

Zu diesem Zweck wurde in der ersten Studie die Starke demgsmatischen und pra-
parierten menschlichen Brustaorta unter verschiedenkas@B@gsmodi ermittelt, wobei
die Versagensmerkmale unter Scherbelastung im Mittelpstdghen. Die einachsi-
gen Tests ergaben, dass die Media der Aorta in Umfangsnghém starksten war,
gefolgt von der Langs- und der Radialrichtung. Zusétzlidr die Versagensspan-
nung bei aul3er-Ebene-Scherbelastung ungefahr 10-fackr ladd bei in-der-Ebene-
Scherbelastung. Diese Ergebnisse wurden durch die Kolfagerarchitektur unter
Bericksichtigung ihrer faserverstarkenden Rolle in dertérowvand erklart.

Die nachfolgende Studie und der erste UbersichtsartikeledtiDoktorarbeit unterstre-
ichen die entscheidende Notwendigkeit, die dispergiedial§enfaserstruktur zu mod-
ellieren, um die Verformungseigenschaften von weichetogischen Geweben genau
vorherzusagen. Es zeigt sich, dass die Vorhersagen sowshiler Winkelintegra-
tion als auch aus den verallgemeinerten Strukturtenstiowden gut mit den experi-
mentellen Daten Ubereinstimmen. Es wird auch auf die Nodigeit zusatzlicher
mechanischer und mikrostruktureller Daten hingewiesendie Materialmodellierung
zu verbessern.

Der zweite Ubersichtsartikel befasst sich mit Aortenwaptinr und Dissektion aus der
Perspektive des Materialversagens. Eine ausfihrliclegdtitrtiibersicht zu den mecha-
nischen Tests, mit denen die Festigkeit quantifiziert wetden, wurde bereitgestellt.

Basierend auf den Strukturunterschieden und den versatm@dMechanismen, die zum
Riss oder zur Dissektion fihren kdnnen, wurde vorgeschladass ein ideales Ver-

sagensmodell den Einfluss der Struktur auf die Gewebeketilg verschiedenen Zeit-

und Langenskalen unter verschiedenen Belastungsmodispiggeln sollte.

Die letzte Studie in dieser Doktorarbeit verwendete umi@xiZzugversuche, Struktur
durch second-harmonic generation Mikroskopie und higistthe Untersuchungen, um
die moéglichen Beziehungen zwischen der Gewebestéarke vedvhkrostruktur aufzu-

decken. Der mittlere Kollagenfaserwinkel aus der Belagsuchtung und die Verteilung



der Kollagenfasern in der Ebene wurden als die Hauptfaktfiredie Festigkeit iden-

tifiziert. Zusatzlich sollte der prozentuale Anteil der gligen Bestandteile der Aorten-
wand, besonders in extremen Fallen, bertcksichtigt wek®mohl sich der Einfluss in
unseren Studien nicht als signifikant hervorgehoben hat.

Vi
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1 INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of deatliwide and is expected
to account for more than 23 million deaths by 2030/ [13]. TWéhese diseases that
occur in the thoracic aorta — aneurysms (TAA) and dissest{®AD) — are rare but life
threatening events with poorly understood pathophysiekdVortality rates approach
50% within the first 48 hours and 80% within 2 weeks for the elisi®ns of the ascend-
ing aorta that are left untreated [48], and the periopeartiortality rates for intact and
ruptured TAA are 6.1% and 28%, respectively [13].

The aorta is the major artery originating from the hearfsJdentricle and its main func-

tion is to deliver oxygenated blood to the rest of the bodyhmy ltelp of its branches.
The part of the aorta originating from the heart is directpd/ards (ascending thoracic
aorta) until it deviates to the left by the aortic arch, whislthen directed downwards.
From the end of the aortic arch until the diaphragm it is chtlee descending thoracic
aorta and below the diaphragm it is the abdominal aorta. &#tich, the aorta is con-
nected to the pulmonary trunk via the ligamentum arterigswhich is a blood vessel

during fetal development that closes and becomes ligarasraifoer birth.

Aneurysms are defined as the dilations of the aorta when draeter of the fiected
segment exceedsSltimes the normal diameter [68]. According to the morphglog
aneurysms can be either saccular or fusiform, the latteigo@iore common. They can
also be classified according to the aortic segment involwemag thoracic, thoracoab-
dominal or abdominal. They are typically silent until thegskct or rupture. Acute aor-
tic dissections, unlike aneurysms, are not silent (85%)randt patients report severe
pain [68]. According to the Stanford classification, it candither type A — involving
the ascending aorta — or type B ffexting only the descending TA and below. Type
B dissection is usually treated pharmacologically, whetgpe A dissection is treated
surgically. Dissections of the aorta typically involve artén the intima where blood can
flow into and start creating an intimal flap. Separation ofwa proceeds helically,
either antegrade or retrograde, within the media creatfatsa lumen. The false lumen
can lead to dilation of the aorta, and in some cases blocktiedwmen impairing the
blood flow significantly. Although it is typical, the aforemigoned intimal flap is not
always present. Dissections can be caused by intramuraildtaena which is located
around the circumference of the aorta or by penetratingcaoiters [68], as depicted
in Fig.[1.1.

It is important to note here that although aneurysms caredisthey are not a prerequi-
site for dissection to occur. In fact, more than 80% of dissas occur in the absence
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Figure 1.1 Dissection of the aorta: (a) involving an intine&r and a flap; and (b) due
to an intramural haematoma. Reproduced from Nienaber 2], with
permission from Springer Nature.

of a pre-existing aneurysm [93]. Except where a distincsanade, aneurysms and the
dissections of the thoracic aorta are referred to as TAADhfh@reon.

The major risk factor is hypertension for aneurysms andedissns of the ascending
thoracic aorta similar to other CVDs, whereas the secon@magk factor is inheri-
tance[24, 68, 102]. Abdominal and descending thoracicaaneurysms, on the other
hand, have more overlapping risk factors with CVDs and aramonly accompanied
by atherosclerosis [68, 181]. The pathophysiology of aysus difer not only between
the abdominal and the thoracic aorta [33,/275], but also éetvdescending and ascend-
ing portions of the thoracic aorta (TA) [278]. Suctitdrences are typically attributed to
the embryonic origins of the cells involved in the procesthase might be dferences
in how the signaling pathways functian [275, 278]. This caovpde an explanation for
why aneurysms in the ascending aorta grow somehow slowetlhiezaneurysms of the
descending TA [€8].

TAAD can be divided into syndromic and non-syndromic typasj the latter can be
either familial or sporadic. Non-syndromic familial typethe one in which more than
one family member isféected, whereas in the non-syndromic sporadic type no other
family member is ffected [253]. Genetic mutations are typically the cause ol bo
syndromic and non-syndromic familial types [218], and niotes in 13 genes have been
shown to predispose to thoracic aortic disease so far [28ie specifically, syndromic
TAADs are usually caused by mutations to the genes which atelyexpressed in the
body, whereas the non-syndromic familial ones result froatations to the proteins
with specific functions in the aorta, especially to the srhaotscle cell specific proteins
[142].

Parts of the TA ffected by aneurysms afwod dissections are typically treated surgically



when certain criteria are met. The decision is mostly bagsethe critical diameter
among others such as yearly growth rate. The patiefesng from an asymptomatic
aneurysm is operated if the diameter is 5.5cm for men and for women, respec-
tively, to prevent it from rupturing or dissecting [135]. d¢e diameter values are rec-
ommended since the statistical analyses show hinge pol@savdissection and rupture
become common events rather than rarities, at a diametesroffér the ascending and
7 cm for the descending TA [42], see Hig.]1.2. If the patiertfesa from a TAD or a
symptomatic TAA the fiected portion is suggested to be resected regardless az¢he s
[69]. Adverse events such as rupture and dissection of th% dan occur at any size
[69,1242) 243, 278] and current guidelines are not able teguie60% of these adverse
events|[242].
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Figure 1.2 Increased risk of complications (%) in relationaheurysm diameter in
the (a) ascending and (b) descending thoracic aorta. Regeddfrom
Saeyeldin et al. [278], with permission from Springer Natur

An increased aortic diameter is associated with decreasgéehdibility. More specifi-
cally, according to the observations in [165], the ascepdiorta starts acting as a rigid
tube at a diameter around 6 cm where it cannot stretch anytoassist the systolic
cardiac load. In other words, as the aorta grows its elasirgy storage capability
becomes significantly impaired. Moreover, increased wé#liness is associated with
higher aortic root growth rates. Although treatments agrtm decrease $fness may
slow down the growth, they may also increase the risk of a/events since fibrosis
could be preventive against them [217].

In case the patient has a connective tissue disorder suctadas (MFS) or Ehler-
Danlos (EDS) syndrome due to a mutation, the risk dfesing from aneurysms or
dissections can increase substantially as well as the fiakerse events. Hence, the
recommendations for surgical intervention also reflectaibservations from such mu-
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Figure 1.3 Size recommendations for surgical interventiorthe ascending thoracic
aorta depend on the mutations patient maffesurom, reproduced with
permission from Brownstein et al. [23].

tations, see Fid. 11.3. Covering all genetic mutations eelé TAADs would be out of
the scope here, however, some of the selected mutationsieflg escribed in §1.211.
An extended list of mutations related to TAAD can be found2f,[24/ 142, 181].

To be able to reliably predict the adverse events, one neddsntify wall stresses and
wall strength under dierent loading modes. This PhD Thesis deals with the latten-i
tification of wall strength under ferent loading modes and its structural determinants
— especially collagen.

The following sections present the relevant backgroundnaigg the structure and the
mechanical behavior of the thoracic aorta in health andadiseMore specifically,[§ 1.1
provides an overview of healthy aortic wall microstructarel its mechanical behavior,
presents detailed information on extracellular matrix poments, how smooth muscle
cells are involved in the aortic wall function, and how thake part in they are regu-
lating the extracellular matrix. The following section, 8 begins with n summary of
selected non-genetic and genetic risk factors which hawewan structural manifesta-
tions. Subsequently, pathological structural changelsarTAADs are connected to the
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biomechanical characteristics of diseased thoracicatssues. The final part,[81.3
provides an overview of the organization of the remainingptérs.

1.1 Healthy Aortic Wall

Intramural cells — endothelial cells, smooth muscle célispblasts — and extracellular
matrix (ECM) produced by these cells give rise to the aottg/sr-specific mechanical
properties and functions. To keep a functional homeostdss vital for the cells to
sense their environment by interacting with each other &aedBCM components to
control the ECM organization: smooth muscle cells can @mtor relax in response to
changes in their biochemomechanical environment; andi@iimural cells play a role
in the synthesis and degradation of the ECM components. ¥a&ngle, an increase in
the local forces applied by the ECM proteins at the cell jloms can activate signal
transduction pathways, upon which a cascade of anabolicignbailding) or catabolic
(matrix degrading) reactions are triggered.

The focus in this section is the microstructure and the m@chbbehavior of the aor-

tic wall. This is further detailed by information on struraticomponents of the wall

and the role of smooth muscle cells in aortic wall functiorinafly, since sustained

disruptions to the preferred mechanical environment dsaehy lead to pathological

remodeling of the ECM and the components of the ECM has a Keyeimce on the me-

chanical behavior of the tissue, regulation of the ECM tlgftomechanostransduction is
introduced.

1.1.1 Microstructure

The aortic wall constitutes of three layers: intima — theeinmost layer, media, and
adventitia — the outermost layer. The media is separateal fin@ intima and adventitia
via internal and external elastic lamina, respectively.

Theintima of a young healthy adult reaches until the internal elastigiha (IEL) and
consists of a single layer of endothelial cells, a thin bé&saina and a subendothelial
area. The subendothelium is supported by the IEL and can&astic fibrils and col-
lagen bundles [266]. Moreover, it may contain vascular sitmawuscle cells in humans
although it is acellular in small animals. Mechanical cidmittion of the intima as a load
bearing element is negligible in a young healthy adult. Hevehis layer becomes me-
chanically significant with age due to intimal hyperplasigidg which subendothelium
thickens|[127, 352].

Themediais composed of 50-70 concentric lamellar units attacheettay. During the
formation of the vessel wall, the number of these units inabeta increases exponen-
tially with increasing stroke volume [268] until a relatiyeonstant tension per lamellar
unit is reached [369]. A single lamellar unit consists of mefstrated elastic sheet upon
which smooth muscle cells are lying embedded in a networkottdgen and elastin
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[235]. Orientations of smooth muscle cell (SMC) nuclei anflagen fibers in a sin-
gle unit correlate and are closer to the circumferentiaation [132]. When the entire
thickness of the medial layer is considered, collagen fie&tsbit helically arranged
two symmetric families dispersed around a mean orientafioser to the circumferen-
tial direction [286]. Predominantly, type Il (70%) and 10%) fibrillar collagens are
found in this layer, but fibril forming collagen type V and wetrk forming collagen

type IV are also present [66, 347].

The two symmetric collagen fiber families in thdventitiaare dispersed around a mean
fiber angle closer to the longitudinal direction in contitaghe media [286]. In addition
to thick collagen fibers in bundles that are rich in type | agén [34/7], fibroblasts are
found in this layer.

1.1.2 Mechanical Behavior

The typical mechanical behavior of the aortic wall with respto stretss-stretch is
highly nonlinear. In other words, the tissue §&ns progressively with increasing ap-
plied load. The nearly linear stress-stretch behavionatéad levels is governed by the
elastin, whereas collagen governs the nonlinear tissusvibmatwhere the artery exhibits
atypical J-shaped response curve at higher loads [269]blTleecurve in Fig, 1)4(a) de-
picts such a typical curve for an aortic tissue strip, andthek curve therein depicts the
almost linear response of the tissue upon collagenaseteaa{357]. Gradual employ-
ment — due to uncrimping and reorientation towards the fagadirection — of collagen
fibers embedded in the tissue with increasing load is rediplen®r the nonlinearity,
whereas the preferred direction of the fibers resulmisotropy More specifically, its
behavior in circumferential and longitudinal directioms different [124].

Furthermore, due to its high water content hold by the pglieans, the aortic tissue
can be assumed to undergo volume preserving deformatia@sponse to mechanical
load: it isincompressiblg30,57,.174]. However, incompressibility assumption may
not be valid at the micromechanical level [230, 298].

The aortic wall is alspseudoelastie it follows different paths when loaded and sub-
sequently unloaded. TheftBrence in loading-unloading paths is called hysteresis and
it can be reduced by applying several loading-unloadindesyafter which mechanical
response becomes repetitive; upon which the tissue is sdid preconditioned [84].
Strips of human thoracic aortas with non-atheroscleratioal thickening treated with
elastase to degrade elastin exhibit an increased softenthgach additional load cy-
cle [357], see Fid. 114(b). In other words, the behavior dagdecome repetitive after
applying consecutive loading-unloading cycles, indiogithat the integrity of the aortic
wall is reduced upon elastase treatment. This observagiattributed to the collagen
fiber network being inadequately connected to the non-geflaus matrix in the elas-
tase treated tissue, therefore fibers being able to slidastigeach other [357].
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Figure 1.4 Stress-stretch behavior of aortic tissue stf{gysthe mechanical behavior
gradually becomes linear and hystresis decreases upoméneiawith col-
lagenase; (b) the tissue keeps getting softer with eachrngaxycle upon
elastase treatment during preconditioning, Reproducat Weisbecker
et al. [357], with permission from Elsevier.

In addition, when an unloaded arterial ring is cut radidlygrings open and a longitu-
dinal strip bends further away from the main vessel axissTinplies that the external
part of the artery is under tension while the internal paunger compression [129].
In other words, arteries aresidually stressedh both circumferential and longitudinal
directionsin vivo, for which elastin is mainly responsible [279]. It was susfge that
these stresses are generated as a result of growth [299atb@ecessary for a ‘com-
patible growth’ [300], and they homogenize the stress gradiacross the wall [39]. In
addition to their age-dependency [279], they are layer deéget [96] and more concen-
trated at the inner parts of the arteries where more elastound. In the outer layers,
however, they contribute little to the stress state [96].

1.1.3 Extracellular Matrix Components

Components of the extracellular matrix that drew attenitiaelation to the pathological
aortic wall — collagen, elastic fibers, proteoglycans anydgproteins — are described in
this section.

Collagen

Collagen, with 28 types identified in humans so far, is thetrabandant protein in the
body [81]. In addition to strengthening the tissue, collagequesters cytokines and
mediate cellular activities by their connection to cellfage receptors [371]. Fibrillar
collagens form highly hierarchical structures. Bundle$ilwrs can have diameters up
to 500um, a single fiber can have a diameter in the range-02Qum and it consists of
several fibrils, a single fibril can have diameter in the raoige0— 300 nm [224].
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Figure 1.5 Fibril diameters in the aortic wall: (a) advaatiwith thick fibrils; (b)-(g)
media with variable fibril diameters, with the adventitiades containing
fibrils with significantly larger diameter compared to thérmal side; (h)
intima with thin fibrils, reproduced from Dingemans et alg]5with per-

mission from John Wiley & Sons.

Collagen fibril diameters are reported to be smallest in thiena and largest in the
adventitia, whereas within the media they are heterogenewen within a fiber [56],
see Fig[1b. In addition to the preferred direction of fibersich provide strength and
resilience along the main direction of thevivo load, fibrils with diferent diameters
that constitute a fiber enable the fiber to exhibit high tensttength and high creep
resistance. Larger diameter fibrils in the tissue servedrease the tensile strength of
a fiber with their larger cross-sectional areas as in the ch#ige adventitia, whereas
the smaller diameter fibrils ensure an increased inter-bionding thanks to their high
surface to volume ratio [237].

Fibrils are formed via axially shifted lateral stacking obpocollagen helices, as de-
picted in Fig.[1.6(a). Owing to the axial shift in the regusdacking, they exhibit a
periodic structure with a d-period of approximately 67 nmg1149], see Fid._1l6(a)-
(b). The d-period consists of a gap and overlap zone of 35 ama3 respectively [82],
and its contribution to tissue level stretch is approxirtyat@e order of magnitude lower
than the macroscopic stretch [284].
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Figure 1.6 From procollagen to fibril: (a) schematic arranget of collagen
molecules linked to each other via covalent cross-links ifibel unit
cell exhibiting a d-period of 67 nm (modified from Holzapf@]); (b)
electron micrograph of a tendon clearly showing the pecdatiiucture of
collagen fibrils (reproduced from Sawadkar et 282] wpdrmission
by Mary Ann Liebert, Inc., New Rochelle, NY); (c) schematiceofibril
forming procollagen molecule with shaded areas depictorgtmelical N-
and C- terminal ends, arrows indicate enzymatic cleavdage @eproduced
from Muiznieks and Keele)@4], with permission from Elgsy.

Each tropocollagen molecule is composed of tlrebains each of which contain a dis-
tinct aminoacid triplet repeat, Gly-X-Y. Upon being syndleed,a chains are imported
into rough endoplasmic reticulum (EFk)__é24], where theyengd hydroxylation that
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forms hydrogen bonds between the chains. The end-productriple helix called
tropocollagen with N- and C- terminal domains [149], see [Ei§(c).

Depending on the distinguishable chain types present inlagem molecule, it can be
classified as a homotrimer with three identical chains, tedo¢rimer with two or three
distinct chains|[311]. While tropocollagen molecules aeing transported from the
ER by Golgi to plasma membrane carriers to the ECM, fibrils alagady start form-
ing following enzymatic removal of C-domains by procollage-proteinases exposing
C-telopeptides [294]. Golgi to plasma membrane carriehps®ut the cell membrane
creating a fibripositor (fibril depositor) which fuses int@tmembrane, creates an open-
ing and subsequently deposits the fibril into the ECM [1.131]2%table assembly of
fibrils require lysyl oxidase (LOX) to cross-link lysine ahgdroxylysine residues at
the N- and C-telopeptides covalently [224].

Type | collagen can form fibrils by self-assemlntyvitro, however, propein vivo as-
sembly requires fibronectin, integrins that bind to fibrdmeand collagen, as well as
collagen types Il and V_[150]. In the absence of typellll [184d type V [283] colla-
gen, type | rich fibrils have larger and inconsistent diamsetén the arteries, collagen
types Il and V are co-localized with collagen type | near #tastic laminan vivo
[5€].

Fibrils are cross-linked to each other to form fibers on the! slarface by small leucine
rich proteoglycans (SLRPs) [359]. fberent types of SLRPs are involved inffer-
ent stages of fibril formation depending on the fibril reqoiemnts. Their binding to
collagen molecules could (i) prevent uncontrolled fffibker assembly by sterical hin-
drance, (ii) bridge dferent types of collagen, (iii) regulate cross-linking ocleaolla-
gen monomer, or all [151]. Forming inter-fibril cross-linked cross-links with other
matrix constituents contribute to a stable and functionatirna formation.

Elastic fibers

Functional elastic fibers contribute to the compliance asilience of the aortic wall,
and damage to them results in irreversible changes in fumeind wall structure: [136].
They consist of cross-linked elastin (90%) covered by fibrihicrofibrils (10%). Fig-
ure[1.7(a) depicts the multiscale structure of elastic sihegether with elastic fiber-
associated proteins such as microfibril-associated pr¢MFAP), elastin-microfibril
interface-located proteins (EMILIN) and microfibril-assated glycoprotein (MAGP).

Elastin is the main protein of elastic fibers, and it is sestets tropoelastin by fibrob-
lasts and SMCs upon the gene activation in response to stimsusuch as insulin-like
growth factor (ILGF) and nitric oxide (NO). Tropoelastin nmmers bind to elastin-
binding protein (EBP) prior to being secreted into the ECMiak protects tropoelastin
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Figure 1.7 Elastic fiber structure in the medial layer of tloeta (a) Elastin core
consists of tropoelastin monomers connected by fibulinscanss-linked
by lysyl oxidase (LOX) and lysyl oxidase-like protein (LOR) Mi-
crofibrils contain fibrillins, microfibril-associated glgprotein (MAGP)
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ing an elastic fiber, reproduced from Wu et m371] with pession from
Elsevier; (b) model of a microfibril assembly: fibrillin momers are se-
creted to the ECM where they first self assemble, and themdeeanto
bead on a string structure with the help of heparan sulfateepglycans
and fibronectin, reproduced from Sabatier et @[276] vpinmission
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from proteolysis. Furthermore, EBP aids the cross-linkigidysyl oxidase (LOX) and
assembly of elastin onto the microfibrils. Upon the detaatinoé EBP from tropoe-
lastin, a self-organized globular aggregate forms on tlesuagface — a process called
microassembly. Fibulins (fibulin-4 and fibulin-5) bind toglaggregate and mediate its
deposition onto microfibrils. During the macroassemblg mmature insoluble elastic
fiber is formed via enzymatic cross-linking of LOX and LOXLEP1}|224] 375].

Fibrillin rich microfibrils have a repeated beaded struetwith a periodicity of 56 nm
[159] and they consist of mainly fibrillins and MAGPs. Filirik (fibrillin-1, -2, -3) are
large glycoproteins which become rod-like in the preseric@ed* [158]. Figured LV (b)
depicts a model of microfibril formation. Upon the secretfoom the cell, fibrillin
monomers self-assemble into multimers. Following theradton with heparan sulfate
proteoglycans at focal adhesions, they can be formed irad-bke multimers. Connec-
tion with fibronectin fibers help microfibrils stabilize, elgate and interact with other
ECM proteins|[276].

Although microfibrils surround the elastin core and provadscdtold for tropoelastin
deposition and organization, their role is not limited tastic fiber formation|[375].
They can also form connections independent of elastic fidersexample, as oxyta-
lan fibers between smooth muscle cells and elastic lametideskastic struts between
the lamellael[263]. In addition, microfibrils interact witlther elastic fiber associated
proteins and molecules such as latent transforming graadiofs binding protein that
play an important role in the organization of the ECM [371].

Proteoglycans

Proteoglycans (PGs) consist of glycosaminoglycans (GABkgd to a core protein,
and are mainly found in the ECM although some PGs extend sithescell membrane
or are directly attached to it by anchors|[6, 140]. GAGs amgatieely charged and hy-
drophilic unbranched polysaccharide chains composedpafateng dissacharide units.
They can be divided into four groups by their sugars and llmsveen the sugars: (i)
chondroitin sulfate and dermatan sulfate, (ii) heparafagil (iii) keratan sulfate and
(iv) hyaluronan (also known as hyaluronic acid or hyalutehaHyaluronan typically
presents as an extremely long chain as it is not linked to arg/grotein|[5].

PGs take part in ECM remodeling and cell adhesion-migrapiaiiferation by inter-

acting with or function as cell surface receptors to grovéttdrs, matrix remodeling
enzymes, and other ECM components [363]. PGs secreted bylaagndothelial cells
can serve as structural organizers of the basal lamina bghatig to the other con-
stituents, see Fi@. 1.8, or contribute to the selectivafitin of the basal lamina.

Smooth muscle cells synthesize primarily chondroitin atelf(large and small), der-
matan sulfate (small) based proteoglycans and small armairteparan sulfate pro-
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Figure 1.8 Model of the basement membrane assembly witmlanperlecan (PG),
type IV collagen and nidogen attached to each other to tHesudhace,
reproduced from Yurchenco and Pattw378] with permisbypBentham
Science Publishers Ltd.

teoglycans, which are involved in stabilizing the ECM andulating cell adhesion-
migration-proliferation@1]. Proteoglycans can eitipeomote or prevent these pro-
cesses depending on which types of cells they are integagith and in which environ-
ment @]. For example, vascular endothelial cells switchynthesizing chondroitin
sulfat¢dermatan sulfate based PG rich ECM from heparan sulfatelfaSeaich ECM
when cell migration is inducemkm , howeveftext of heparan sulfate is inhibitory on
the migration of smooth muscle cel 90].

PGs abundantly found in the ECM of the vessel wall can be divitd two main cate-

gories: (i) large PGs forming large aggregates by intemgotvith hyaluronan such as
versican and aggrecan, see Figl 1.9; and (ii) small leugaheproteoglycans (SLRP)
such as decorin, biglycan, fiboromodulin, osteoglycin amdigdan @]. Although not

arterial wall specific, an extensive list of intracelluleg]l-surface, pericellular and ex-
tracellular PGs can be found in__L;Il40].
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Figure 1.9 Sketch depicting the structure of a large prdy@ag aggregate consisting
of keratan sulfate and chondroitin sulfate attached to ¢ine protein, e.g.,
aggrecan or versican, that are attached to hylauronan olele@ link-
ing proteins, reproduced from Gupta [101] with permissignSpringer
Nature.

Aggrecan consists of keratan sulfate and chondroitin ®iEsAGs attached to the core
protein, as depicted in Fig._1.9, and it is the primary loaarley PG of cartilage tissues
[364]. Although its role in the aortic wall remains uncleaggrecan is mainly found
in the outer region of the developing wall [352]. Versicarchondroitin sulfated PG
prominent in the intima and adventitia, forms large aggregan hylauronan molecule
similar to aggrecan and it is mainly secreted by vascularatmamuscle cells. Versican
aggregates surrounding SMCs create a viscoelastic codtiainwells can change shape
to proliferate or migrate, and it is needed for the prolife@environment [362].

As mentioned before, decorin, biglycan and lumican in th&Blfamily have been as-
sociated with collagen fibrillogenesis, specifically withrii diameter and organization
[352]. In contrast to decorin which is only found in the adu&a, biglycan has been
found in all three layers, and lumican is found in the outedim@nd adventitia [352].
In addition to its role in collagen fibrillogenesis, lumicanreported to interact with
integrins, matrix metalloproteinases (MMP9 and MMP14)umbr genesis [152].

Glycoproteins

Glycoproteins are proteins with one or more saccharideigostaccharide chains co-
valently bound to aminoacid side chains. They help enhaelteell and cell-ECM at-
tachments. As glycoproteins such as fibrillins are alreaflip explained previously,
this section focuses on laminin and fibronectin.
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Laminintakes part in cell dferentiation, migration and adhesion. It is composed of a
long arm which can bind to cells via integrins (or alternalywia dystroglycan), and
three short arms that bind to other laminins, type IV coltageerlecan and other gyl-
coproteins allowing the formation of a sheetlike strucaked basal lamina connected
to cell membrane (6], see Fig.1.8.

Fibronectinplays an important role in cell adhesion, growth, migratioming embryo
development and fferentiation. The soluble form can travel through the bldoeksn,
whereas insoluble stable fibronectin fibrils bind, via tisgecific binding domains, to
integrins on the cell membrane, collagen and heparin in {68 EAs the integrins
are connected to intracellular actin, actin-myosin cyébston can generate tension by
pulling on the fibronectin matrix. This stretching exposesrenbinding sites on the
fibronectin allowing for matrix assembly by promoting foeahesion complexes [6].

1.1.4 Smooth Muscle Cells

Although the focus is on the passive mechanical behavidregortic wall in this PhD
Thesis, smooth muscle cells play an important role on thehar@cal statan vivo.
With their mechanically active response, they control tiredn diameter regulating the
circumferential and shear stresses acting on the wall. Bytaiaing a basal tone and
thereby introducing residual strains, they can decreasestitess gradients further as
well as the stress levels [204, 257]. For example, an inergeihe basal tone causes an
increase in the arterial pressure at which circumferestraln distribution throughout
the wall thickness can be kept uniform under physiologicaditions [109, 204, 257,
319]. Furthermore, they contribute to the passive mechhhiehavior by regulating
the ECM they are embedded in. Although there are severalvagthwhich may be
activated in this remodeling process, the roles of tramsitog growth facto3 (TGF-
B) and angiotensin-1l (Ang-I1l) signaling are heavily invgstted in relation to TAADs,
hence, they are briefly described.

Active response

SMC contraction takes place mainly upon intracellulaf'Geaoncentration increase due
to neural, hormonal and local factors. Figlire 1.10 depiotsiple C&" increase path-
ways, such as via the release from sarcoplastic reticulumn agtivation of G-protein
coupled receptor (GCPR) by vasoactive agents as well axitiffough store-operated
channels (SOC), second messenger operated channels (SMO&ptor-operated chan-
nels (ROC), Na-C&* exchanger (NCX), and voltage operated channels (VOCntr
cellular C&* ions then bind to protein calmodulin forming a complex (CaMhich

in turn binds to and activates myosin light chain kinase (MI.CActive MLCK phos-
phorylates myosin light chain (MLC) via ATP hydrolizaticgxposing the actin binding
sites on MLC to from cross-bridges [332].
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In addition to intracellular C& concentration increase, SMC contraction can be mod-
ulated by calcium-independent mechanisms which influeneesénsitivity of MLC to
calcium. These mechanisms, such as DAG-PLC-PCK and RhaAkirtase (ROCK)
pathways regulate the phosphorylation state of MLC inddpehof CaM-MLCK sig-
naling by inhibiting the MLCP activityl[332].

Plasma membrane Ca’' channels

I | Vasoactive Peptides
L-type Ca™ (Ang Il, ET-1)
3 Na™ Channgl
(vag)

e,
High lavels -
51760

phasphorylation

~ Relaxation

Figure 1.10 C#& mediated smooth muscle cell contraction: intracellulaf*Gzon-
centration increases via (i) influx through store-operatehnels (SOC),
second messenger-operated channels (SMOC), recept@tepehan-
nels (ROC), Na-C&* exchanger (NCX), or voltage operated channels
(VOC) on the cell membrane; or (ii) release from sarcoplasraticu-
lum which can be triggered by $Finding of vasoactive peptides to G
protein-coupled receptors (GPCR). Activation of phosjgasle C (PLC)
through GPCR can either trigger production of i&* formation of dia-
cylglycerol (DAG). The latter results in activated prot&inase C (PKC)
which can either influence the membrane channels to initiatéraction
or prevent the activity of myosin light chain phosphatas&€ Q) to keep
a contracted state. Reproduced from Touyz e [332].

Relaxation is initiated by a decrease in intracellulaf*Oahich results in dissociated
calmodulin complex and dephosphorylated MLC by MLC phosate (MLCP) @5].
SMCs, however, do not completely relax but maintain a steddbasal tone. This
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energy déicient state has low ATP consumption since the cross-bridgesaintained
without further MLC phosphorylation [41].

Vasoactive agents triggering SMC contraction such as Aagsion Il (Ang Il), Endo-
thelin-1 (ET-1) and norepinephrine are known as vasocotsts and they decrease
the lumen diameter, whereas agents inducing relaxatidm asiqitric oxide (NO), L-
arginine and histamine are known as vasodilators and hecoesaise the lumen diame-
ter. A local increase in the blood flow means a local increaseall shear stress sensed
by the endothelium, and the endothelial cell response isdeease the NO production
and decrease the ET-1 production [133].

NO synthase (NOS) in the endothelial cells helps conversidn-arginine and oxy-
gen L-citruline and NO. NO then fiuses from the producer cell to the target cell, and
binds to soluble guanyl cyclase (s-GC) on SMC membrane wheatalyzes intracel-
lular guanosine triphosphate (GTP) conversion into cyglianosine monophosphate
(cGMP). cGMP can induce SMC relaxation via various pathwagslting in two main
actions: (i) decreasing the intracellular®a&oncentration, or by (ii) reducing the sen-
sitivity of the contractile unit to C& [32]. SMC relaxation results in vasodilation, i.e.
increased diameter and isochorically decreased thickokesseased shear stress and
blood pressure [133, 331].

A local increase in pressure, on the other hand, increasdsitiien diameter and iso-
chorically decreases the thickness — decreasing the siness and increasing the cir-
cumferential stress. Endothelial cells respond to theedsad shear stress with de-
creasing the NO production and increasing ET-1 producti@38]. ET-1 is produced by
converting enzyme (ECE) and it can bind to £fleceptors on SMCs to act as a vaso-
constrictor or they can bind to EgTreceptors on endothelial cells to act as a vasodilator
[85]. Vasoconstriction function acts to increase intradat C&#* release from the sar-
coplasmic reticulum [340], and increased intracellulaf"Caiggers SMC contraction
reducing the lumen diameter.

Regulation of the ECM via mechanotransduction

Cell-to-cell and cell-to-ECM interactions are essent@ the cells to communicate
with their environment. These communications occur vidwiog junctions such as
tight junctions, communicating junctions such as chenmsgabpses and gap junctions.
Moreover, anchoring junctions connect cells to cells olscel the ECM. These junc-
tions allow cells to sense their mechanical environmentaatidate diferent signaling
pathways to modify it. This interaction called mechanasdhrction occurs via force-
induced conformational or organizational changes in maéscor structures such as ion
channels activated with mechanical stimuli, cadherin dewgs and integrins [63].
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Figure 1.11 Mechanical network of cells: (a) cell-to-cefidacell-to-ECM interac-
tions on soft ECM; (b) close-up of adherens junctions coting@actin
networks of the two cells; (c) cell-to-cell and cell-to-EGMeractions on
stiff ECM; (d) close-up of focal adhesions connecting microtebund
actin network of the cell to the ECM via integrins. Bundlesofin fibers
are running parallel between adherens junctions and faltedsaons. In-
creased ECM dfiness due to remodeling can influence cell shape and
intracellular actin distribution as well as organizatidncell-to-cell and
cell-to-ECM adhesions. Reproduced from DuFort etlal. [6dth per-
mission from Springer Nature.

Cell-to-cell anchoring junctions are (i) adherens junasibnking actin filaments and (ii)
desmosomes linking intermediate filaments [6]. Figure|{a) Hepicts cell-to-cell and
cell-to-ECM connections on soft ECM, with a focus on adhsfjenctions via cadherins
in Fig.[1.11(b) [63]. Cell-to-ECM anchoring junctions aigfocal adhesions and (ii)
hemidesmosomes. Figure 1.11 (c) depicts cell-to-cell atiet@-ECM connections on
stiff ECM, with Fig.[1.11(d) focusing on the focal adhesions vé@smembrane proteins
called integrins connecting ECM proteins, i.e. fibronectwth intracellular actin and
microtubule. Hemidesmosome junctions, on the other haorhect ECM proteins such
as laminin with intracellular intermediate filaments [6].



1.1 Healthy Aortic Wall 19

U
. S Ual

SR mgm

Contraction
Stress fibres
Transcriptional
events

=2 IL-6
e R
TGF-B &

Figure 1.12 Signaling cascade upon activation of T&5R1/2 receptor complex by
TGF8, AT1 receptor by Ang-Il, and possible interactions betwiem.
LLC is bound to fibrillin-1 microfibrils and TGIB is sequestered in the
ECM. Upon release, it binds to the TGFR1/2 receptor complex and
can initiate RhoA, MAPK, SMAD 23 cascades, similar to Ang-Il upon
binding to AT1 receptors. MMPs can be activated downstreathése
cascades and promote ECM degradation. Reproduced fronsayrahd
Dietz @], by permission from Springer Nature.

TGF is a peptide that controls cell proliferation andteientiation @4]. It is well
known for its role in ECM synthesis but it is also involved i€K degradation by acti-
vating metalloproteinases (MMP2 and MMP@@SM]. bateassociated proteins
(LAPs) form a complex by binding to TGB-intracellularly, which is then secreted
and cross-linked to the ECM by latent T@Hinding proteins (LTPBs). This TGB-
LAP-LTPB complex is called large latent complex (LLC) and A4 is inactive in this
cross-linked form. Activation takes place upon protealyélease of this complex from
the ECM [158], for example by fibrillin-1 fragmentati 1

Subsequently, active TGFbinds to the cell surface receptors — T@BIFeceptor type |
or Il — activating canonical or non-canonical pathways. Taeonical pathway through
SMAD 2/3 cascade is associated with ECM synthesis and stabilizattbereas the
non-canonical pathways such as mitogen-associated pfotaise (MAPK) and ERK/P
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cascades are associated with ECM degradation [275]. Theffsdd of TGFS signal-
ing highly depends on which receptors are activated, singeoéthe 7 type | and 5
type 2 receptors can be involved in the process introducimglacomplexity [37/7]. In
addition, the combined interactions between the two recspypes may determine the
binding of the peptide and the resulting biological acjivitype | receptor plays role in
the induction of genes involved in cell-matrix interacspmvhereas type Il receptor is
involved in the anti-proliferation activity of TGB-[66].

Angiotensin-Il is a potent vasoconstrictor of the vascslgtem. Ang-ll signaling in
adults is mostly via the G-protein coupled pathway througigA receptor 1 (AT1)

which drives SMC contraction, whereas AT2 receptors areessged during fetal devel-
opment and pathophysiologies such as hypertension aneatherosis [377].

Multiple levels of interactions exist between T@FRnd Ang-Il signaling, as depicted in
Fig[1.12. For example, activation via AT1 receptors can anbd GFg signaling, or it

can initiate MAPK (mitogen-activated protein kinase) @eleading to ECM degrada-
tion independent of TGB-[275,.371]. AT2 receptor, on the other hand, attenuates both
canonical and non-canonical pathways of AT1 induced P&kgnaling in addition to
promoting SMC apoptosis [3/71].

1.2 Aortic Wall in Thoracic Aortic Aneurysms and Dissectiorns

"Homeostasis requires that intramural cells can sense tttemo-mechanical environ-
ment to keep the homeostasis and establish, maintain,rrepaémodel the ECM to
provide suitable compliance and yefftient strengthi[136].

Sustained imbalances in the chemical and mechanical sigisalvell as disturbances
to these chain of events starting with sensation via gemetitations can disrupt the
ECM leading to pathological formations. For example, astnerd before, endothelial

cells respond to locally increased blood flow by inducin@ilin of the vessel which

decreases the wall shear stress, while increasing thendiecential stress temporarily,
both of which goes back to normal values under normal cir¢cantes. If, however, the

increased flow is sustained, so are the increased diametesachorically decreased
thickness, resulting in a sustained increase in circumfeestress. This leads to cell-
matrix reorganization or ECM turnover to increase the theds in the dilated state to
restore the shear and circumferential stresses back tcaharnere smooth muscle cells
proliferate initially, and endothelial cells and fibroltasmitiate growth and remodeling
[133]. Since the microstructure of the aorta — especialycibilagen architecture at high
loads — governs mechanical behavior, certain risk factdghgancing the microstructure
and the structural changes in the TAADs are summarized éeftooducing the findings

on the mechanical behavior of the diseased thoracic aoaiic w
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1.2.1 Risk Factors

Hypertension An experimental acute hypertension model on rats/[374grevlthe au-
thors created hypertensive environment by inducing ctaaon to the mid thoracic
aorta, detected an immediate increase in T&&knd TGFB3 levels as well as increased
cell proliferation for smooth muscle and endothelial cell&FB levels returned back
to normal levels after 2 weeks, however, cell proliferatieas followed by cell apop-
tosis in 4 weeks. The wall thickness was increased in weekd. tlas increase was
preserved at weeks 2 and 4, without significant changes ituthen diameter [374].
These changes in the wall serve to restore the homeostass devels and to preserve
them [133]. Sustained increase in circumferential stresstd a sustained increase in
blood pressure can trigger SMCs, endothelial cells, andlfiasts to remodel the ECM.
These actions result in a thickness increase at the caeststate until the stresses are
restored to their preferred levels at a preserved lumeneatemmA return to these stress
levels would ideally restore NO production levels, howetkis may not happen in
hypertension (endothelial dysfunction) [133].

Bicuspid aortic valve (BAV)s a congenital disorder where the aortic valve has two
leaflets instead of three. Although BAV has been associatddmutations in FBN1
[72] and NOTCHL1 [[87] genes, the mechanisms are not yet fullyeustood. Cystic
medial necrosis, a common finding in the aort&ea&ed by TAAD, in the ascending
aorta of BAV patients has been reported [52]. Even in the mtesef genetic muta-
tions, which can also directly influence the structural mgeaments in the aorta, al-
tered haemodynamics due to BAV may influence the microstraaif the wall through
mechanosensing [43, 250].

Diabetes mellitus (DM)Interestingly, the aneurysmatic aortas of DM patientsgad

a slower ratel[372]; and they appear to be thickened, demskefilzrous [245]. These
observations led to DM being regarded as protective agamstirysm formation and
rupture in all sections of the aorta. Advanced glycation pratlucts (AGEs) may be
responsible for this observation as they are increasedaipetic patients, resulting in
proteolysis resistant and §ar aortic wall. Moreover, the diabetic medications might
also contribute to this stability by blocking the produatiof ECM degrading enzymes
andor their pathways [245].

Extracellular matrix related mutations

FBN1 MFS is a heritable fibrous connective tissue disordikerating the microfibril as-
sembly and it is caused by mutations in the fibrillin-1 (FBN&he [55]. Histopathology
of patients with manifestations of the cardiovasculareaysinclude disruptions to the
elastic lamellae, excessive amounts of collagen, proyeaglaccumulation, and SMC
loss [264]. Mutations can either disrupt the deposition lorfilfin-1 microfibrils or de-
crease the amount of available fibrillin to from microfibiilb3]. These changes are



22 1 Introduction

primarily thought to disrupt TGIB-signaling pathways [264], although other signaling
pathways such as epidermal growth factor (EGF) may alsdtbetad [51]. Aneurysm
development can easily be triggered when such disruptiessnbined with the hemo-
dynamic loading conditions on the thoracic aorta [136]. &wmmple, the study [247]
on mice suggested that aortic dilation in patients with Mad syndrome is primar-
ily due to the failure of microfibrillar array of the advemitto sustain physiological
hemodynamic stress, and the disruptions to the elasticanktassembly in the media
is secondary. MASS syndrome, also caused by mutations €BNd gene, has similar
characteristics to MFS, except that the thoracic aortatiprame to progressive dilation
although patients manifest with mildly enlarged aortictf@@,/236] (MIM no. 604308,
updated on 0®6/2010).

COL3AL Vascular type (type 1V) of EDS is caused by mutations in CBL3)ene
which encodes thal chain of type Il collagen [236] (MIM no. 120180, updated on
21/12/2017). Patients stering from this mutation are prone to spontaneous rupture of
large arteries [236] (MIM no. 130050, updated orf1222017) and are known to have
fragile arteries [253]. Abnormally low intima-media thiogss in elastic arteries of these
patients may result in higher wall stresses, which can asgehe risk of dissection and
rupture [22]. The mutations in this gene result in the praéidmcof mutant type 1l pro-
collagen, which was reported to have decreased thermalitst§pl2]. The structural
defects in the procollagens can cause delayed formatioretisas/ destabilization of
the triple helix resulting in reduced secretion [213]. Tyfeich fibrils with smaller
diameter as a result of the mutations were also reported [@FJopposed to creating
structurally altered type Il fibrils, the study [289] sugged that the mutations may
rather result in the deficiency of the protein. Normal forimabf type Ill collagen was
suggested to be essential for type | collagen fibrils to folso aormally [184].

Smooth muscle cell related mutations

ACTA2 Mutations to the gene encoding smooth muscle aettiactin creates disrup-
tions to the cyclic interactions betweeractin ands-myosin heavy chain [236] (MIM
no. 102620, updated on 28Y2017). These mutations was found responsible for 14%
of inherited TAAD [100] and they interfere with actin filameassembly causing de-
creased SMC contractility [131].

MYH11 Mutations to this smooth muscgmyosin heavy chain coding gene [236]
(MIM no. 160745, updated on @R)/2017) are thought toféect the structure of smooth
muscle myosin heavy chain and the assembly of myosin filaf3&§. Angiotensin

Il and insulin growth factor | were observed to increase itigmds with this mutation,
however, it remains unclear how [241]. The patients presdtht reduced compliance
and severe decrease in the elasticity of the aorta, and sk&dgical investigations of
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the dfected aortas show SMC, elastic fiber and collagen loss [380jease of vasa va-
sorum in cases of mutations in ACTA2 and MYH11 genes sugg@esitee inflammation
processes [67].

MYLK: This gene encodes the myosin light chain kinase enzymeshmhositively
regulates muscle contraction [236] (MIM no. 600922, updaie 1912/2013). The
mutations causes loss of enzyme function by altered calfimodinding [353]. Mice
with knockdown MYLK gene showed proteoglycan pooling in thedia consistent
with increased expressions of lumican and decorin, howévere was no elastic fiber
degradation/[353]. The authors also reported an increasgpm Il collagen in the
adventitia.

TGF-p related mutations

Direct mutations of the TGPB-signaling pathways are associated witlatient phe-
notypes of Loeys-Dietz syndrome (LDS). Three of these ptygres (LDS1, LDS2,
LDS4) are related to the ones explained below, whereas LD83 BS5 are related to
the mutations in SMAD3 [236] (MIM no. 613795, updated ori12J12016) and TGFB3
[236] (MIM no. 190230, updated on A84/2017) genes, respectively.

Loss-of-function mutationsfBecting a certain isoform may result in seemingly con-
tradictory increases in the related T@Factivity detected by an increase downstream
signaling [4]. Diferent isoforms of TGIB-can substitute for each other or they can ac-
tivate a diferent signaling pathway which in turn manifests as incrédseF8 activity
[4,114,183].

TGFB2 (LDS4) Mice with this mutation presented with small and thin wdllas-
cending aortas [280] as well as increased canonical andccaononical TFG3 signal-
ing [183]. Histological sections of the aortas from micehwliteterozygous mutations
showed elastic fiber fragmentation and collagen depod1i88].

TGFBR1(LDS1) This gene encodes the serftieeonine kinase receptor type | for
TGF8 [236] (MIM no. 190181, updated on ZBY2018). The mutations are reported
to result in LDS1 and to cause activation of the T@Bignaling pathway [94]. In the
study [172] mice embryos died prematurely. The authorsragorted severe defects in
vascular development and absence of circulating red blelsl c

TGFBR2(LDS2) This gene encodes the seriteeonine kinase receptor type Il for
TGF8 [236] (MIM no. 190182, updated on A7/2017). The study [186] reported
loss of elastin content as well as disrupted organizatioaladtic fibers in the aortic
media. The authors suggested that these characteristiesdwe to the disruptions in
elastogenesis rather than secondary destruction of teécefébers. In addition, the
aortas from patients with MFS presented even higher catlagatent when TGFBR2
mutation was accompanied by MFS.



24 1 Introduction

1.2.2 Microstructure

Elastic fiber fragmentation accompanied by proteoglycamlipg and SMC loss has
been reported by several studies for aortic dissectionslmseécting aneurysms of the
thoracic aorta [18, 21, 70, 225, 371]. These pools were wbddo span over 3-4 lamel-
lar units and corresponded to the areas with SMC loss [20kuAwilation of GAGs
can result in significant stress concentrations as well asribating to intra-lamellar
Donan swelling pressures leading to disruptions to the Sig@asing and delamination
of the wall [134,) 271]. Recently, versican and aggreacarewdgntified as the major
components of such accumulations in TAAD patients [40].s\&n accumulation has
been related to atherosclerosis, restenosis and inflamynatocesses although exact
mechanisms remain unclear [362]. In addition to the thremmoall types in the aor-
tic wall, inflammatory cells such as neutrophils, monogytesxrophages, lymphocytes,
adipocytes, mast cells and platelets are also active irethedeling of the pathological
aortic wall [256].

Smooth muscle cells isolated from the media of aortic disse@nd aneurysm patients
exhibit reduced expression of contractile proteins [211, P49, 354]. SMCs isolated
from dissection patients and culturex vivohave been reported to show increased pro-
liferation rates|[354], whereas SMCs isolated from anaurystients were less pro-
liferative [191] compared to controls. Reduced expressiboontractile proteins of
the SMCs indicate a phenotype switch from contractile tostrghetic type; and such
a phenotype switch is typically accompanied by collagernodiion and elastic fiber
degradation, as observed for dissection [34| 354, 355] aadrgsm patients [191]. Al-
though the study [21] also found reduced contractile progefor the aneuryms and
dissections of the ascending aorta, the authors reporsedjydinized and decreased col-
lagen content instead of increase in collagen[19, 21].

1.2.3 Mechanical Behavior

Significantly stifer aneurysmatic tissue behavior in circumferential diogcby [138]
and on the contrary in longitudinal direction by [351] comgzhwith control tissue was
reported by comparing peak elastic modulus from uniaxradite test data. On the other
hand, biaxial tensile test data at physiological load lej@lshowed aneurysmatic tissue
to be stifer than control tissues in both directions. The study in[30@nd strips from
ascending aneurysm and control tissue to be significantfeisand stronger in circum-
ferential direction compared with the longitudinal diieat The authors also observed
that aneurysms did not cause wall weakening, but the strgms &neurysmatic tissues
were stifer and less extensible than the strips from the controlgisBurthermore, the
study [10] reported that the dissected tissues were signific stifer in their collagen
dominated response in circumferential direction comparighl control tissues in [35].
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Unfortunately, none of the above mentioned biomechanicaliss quantified the col-
lagen architecture in terms of fiber orientation which caosiveéd light on the findings
regarding anisotropy and heterogeneity of the patholbgicd control aortic tissues.
Regardless, [35, 138, 302] reported reduced elastin acaoieg with unchanged colla-
gen content.

The aneurysmatic aortic wall from older patients wer&esticompared with younger
patients|[233], similar to the healthy aortic wall. The dsgyof collagen fiber alignment
increases with age and it causes ffestiing that is primarily seen in the abdominal aorta,
although collagen fibers in the intact wall are predominealigned circumferentially
in all aortic locations for all age groups [107]. In conttatbte study [[10] found no
influence of age on the mechanical behavior of dissectegesss

Uniaxial tensile tests were used to characterize the regemd directional dferences
by comparing the low and high elastic moduli (related toi@hitompliant region and
stiff region of the tensile curve, respectively) of ascendingi@aneurysms [76]. The
authors reported a significantly higher maximum elastic ahagi for specimens from
both posterior and anterior regions in the circumfererhiah in the longitudinal direc-
tion, whereas there was no significanffeiiences in the low elastic modulus. Transi-
tion stretch was significantly higher in the circumferentieampared with the longitu-
dinal specimens from both anterior and posterior regionss@ropy of aortic tissues
from ascending aneurysms has been confirmed by other stusiieg uniaxial tests
[64,!75,.137| 157]. In contrast, other studies did not find @dence for anisotropy
of aneurysmatic tissues under uniaxial [351] and biaxiatling [35], and of dissected
tissue under biaxial loading [10].

Layer-specific uniaxial tensile tests on human ascendingcaaneurysms in|[303]
demonstrated regional heterogeneities in tissiigness for all layers. Highest and low-
est values for the media and the adventitia observed foighéand left lateral regions,
respectively, similar to the observations for the intacll Wa87]. The authors reported
significantly higher sttness in circumferential strips compared with the longiadli
ones for both medial and adventitial layers [303].

The study|[37] found significantly higher energy loss in tbeditudinal direction, de-
fined as the hysteresis divided by the total strain energieubiaxial testing in samples
from aneurysmatic walls compared with the control tissube &uthors reported that
this energy loss was correlated with aortic size and aswsutiaith medial degenera-
tion and increased collagen to elastin ratio. In a followstydy [38], they reported
higher energy loss in the circumferential than in the landjital direction for both con-
trol and aneurysmatic aortas pointing to anisotropy. Hexethe degree of anisotropy
was diferent for the individual samples. A tendency towards en&rgy isotropy was
observed for the aortas with high collagen to elastin rafidss loss of anisotropy was
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the mechanical demonstration of severe medial degeneyattdch is characterized by
elastic fiber fragmentation. Moreover, it has been showarryg that not only elastin,
but properly assembled and cross-linked elastic fibersemponsible for low energy
loss in the aorte [160].

1.3 Organization of the PhD Thesis

Based on the information presented hitherto, it is clear dantifying the changes in
the collagen fiber distribution as well as the ground matrikéalthy and diseased tho-
racic aortas are necessary to reliably estimate ti#gceon the mechanical response.
The following chapters indicate that this is also the casenfodeling tissue failure.
Chapter 2 presents the primary findings on how collagen tstreignfluences failure
properties under élierent shear loading modes. Chapters 3 and 4 review the eontin
uum modeling of collagen fiber dispersion and failure prtpsrof aortic tissues, re-
spectively. Last but not least, the final chapter presentsdadlagen fiber distribution
governs the failure properties under uniaxial loading.

1. Mechanical strength of aneurysmatic and dissected hun@atic aortas at dif-
ferent shear loading modes
G. Sommer, S. Sherifoy®.J. Oberwalder, O.E. Dapunt, P.A. Ursomanno, A. De-
Anda, B.E. Grifith and G.A. Holzapfel, Journal of Biomechanics, 49:7-13,820

The paper reports on the mechanical strength of healthy igedsked human tho-
racic aortic medias underftierent loading modes. In particular, in-plane and out-
of-plane shear tests in addition to uniaxial tensile anddlitension tests were
performed. Under diierent loadings the aortic tissues revealed anisotropiréai
properties. In addition, it is evident that the aortic megigignificantly resis-
tant to rupture under ‘out-of-plane’ than under ‘in-plas&ear loading, which
can be explained by the collagen architecture of the tisduder tensile loading
the tissue strength decreased as follows: circumferentiahgitudinal> radial.
The results clearly showed inter-specimefiagiences influenced by the anamne-
sis of the donors such as aortic diseases or connective tiksarders, e.g., dis-
sected specimens exhibited on average a markedly loweranmet strength than
aneurysmatic specimens. The rupture data based on the rwatmobi of tests are
unique and provide a good basis for developing a 3D failutergon of diseased
human thoracic aortic media. This is a step forward to moaéistec modeling

of mechanically induced tissue failure i.e. rupture of agsmns or progression of
aortic dissections.

2. On fibre dispersion modelling of soft biological tissuesegiew
G.A. Holzapfel, R.W. Ogden and S. Sherifopwroceedings of the Royal Society
A, 475:20180736, 2019.
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This study provides a review of the continuum modeling ofrfidispersion, in
particular the angular integration (Al) approach and gaimed structure tensor
(GST) models. Collagen fibers in soft biological tissueshsas artery, carti-
lage, myocardium and heart valves are responsible for émesotropic mechani-
cal behavior and the dispersed orientation of these fibera Bagnificant fect on
the mechanical response of these tissues. Hence, the mpadé¢lihe dispersed
structure is indispensable for the accurate predictiontress and deformation
characteristics of (patho)physiological tissues undeioua loading conditions.
Al approach and GST models were used in representative mahexamples
to fit sets of experimental data from mechanical tests andilblee architecture
from second-harmonic generation imaging. Predictionsmfooth methods agree
very well with the experimental data and these methods cablemore realistic
boundary value problems to be solved. The study also prevadeasis for im-
provement of material models and points to the need for maaik mechanical
and microstructural data to inform material modeling.

3. Biomechanics of aortic wall failure with a focus on dissentand aneurysm: A
review
S. Sherifovaand G.A. Holzapfel, Acta Biomaterialia, in press.

In clinical practice, dilated aortas are typically opedava if the diameter of the
organ is approximately.5cm. This approach is unable to predict the rupture at
smaller diameters while it can overestimate the risk ofutgat larger diameters.
Rupture risk prediction models developed with the aid ohi®chanics commu-
nity are a great improvement of the diameter criterion, h@kehese models do
not attempt to model material failure. This article putsiingture and dissection
of the aorta into a material failure perspective. It beginb\&a summary of the
microstructure of the aorta in health and disease, folloletbads and mecha-
nisms which can lead to dissection @mdrupture. The focus of the study is an
extensive literature review of the mechanical tests usegutmtify the strength
of the organ, such as uniaxial, bulge inflation and peelisgstas well as their
findings. Based on the observations from these studies age lariations in
strength, it is suggested that afieetive material failure criterion for the aortic
tissue must reflect the influence of microstructure on tHaraproperties.

4. Failure properties and microstructure of healthy and anematic human tho-
racic aortas subjected to uniaxial extension with a focushenmedia
S. SherifovaG. Sommer, C. Viertler, P. Regitnig, T. Caranasos, M.A.t8nB.E.
Griffith, R.W. Ogden and G.A. Holzapfel, Acta Biomaterialia, ie$s.

In this study, a unique set of data relating failure progsrtinder uniaxial ten-
sile loading and the microstructure of human thoracic aeortedias of control
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and disease groups is presented. The failure stresses adribrel samples were
significantly higher in the circumferential than in the Idtaglinal direction. The
average failure stresses were the highest in the circuntfatalirection of the
control, followed by the circumferential and longitudimilections of the disease
and the longitudinal direction of the control. Oppositentte were observed for
the mean fiber direction from the loading axis suggesting ttie observations
in failure stresses can be attributed to the collagen actite. Although other
structural parameters investigated herein did not showagqumced fect on the
failure properties of the groups, the amount of dispersionirad the mean fiber
angle as well as content percentages seem to have a sudds@adti on the failure
properties when comparing specimens separately.

In addition, the following abstracts were accepted for tissemination of the findings
of this PhD Thesis:

e S. SherifovaG. Sommer, B.E. Gfiith and G.A. Holzapfelinfluence of the mi-

crostructure on failure properties of soft fibrous tissues" Congress of the
European Society of Biomechanics (ESB), Vienna, Austug, 3—10, 2019.

G.A. Holzapfel, K. Li, R.W. Ogden, S. Sherifonand G. SommerContinuous
versus discrete fiber dispersion in fibrous soft tissu@8" Annual Meeting of
the International Association of Applied Mathematics anédianics (GAMM),
Vienna, Austria, February 18-22, 2019.

S. SherifovaG. Sommer, B.E. Gfiith and G.A. HolzapfelFailure properties of
thoracic aortic media and its microstructurd2. Jahrestagung der Osterreichis-
chen Gesellschaft fur Chirurgische Forschung, Schladmhougtria, November
15-17, 2018.

S. SherifovaG. Sommer, B.E. Gfiith and G.A. HolzapfelFailure properties of
human thoracic aortas in relation to their microstructu@” World Congress of
Biomechanics (WCB), Dublin, Ireland, July 8-12, 2018.

S. Sherifova G. Sommer and G.A. HolzapfelMechanical strength of human
thoracic aortas in health and diseas23® Congress of the European Society of
Biomechanics (ESB), Seville, Spain, July 2-5, 2017.



2 MECHANICAL STRENGTH OF ANEURYSMATIC AND
DISSECTED HUMAN THORACIC AORTAS AT DIFFERENT
SHEAR LOADING MODES

Abstract Rupture of aneurysms and acute dissection of the thoracia ace life-
threatening events whicHtact tens of thousands of people per year. The underlying
mechanisms remain unclear and the aortic wall is known t® itssstructural integrity,
which in turn dfects its mechanical response to the loading conditionscéjeasearch
on such aortic diseases is an important area in biomechahhespresent study inves-
tigates the mechanical properties of aneurysmatic aneatiss human thoracic aortas
via triaxial shear and uniaxial tensile testing with a foaumsthe former. In particu-
lar, ultimate stress values from triaxial shear tests ffedent orientations regarding the
aorta’s orthotropic microstructure, and from uniaxialdémtests in radial, circumfer-
ential and longitudinal directions were determined. Imkoi6 human thoracic aortas
were investigated from which it is evident that the aortidméias much stronger resis-
tance to rupture under ‘out-of-plane’ than under ‘in-plasteear loadings. Under filer-
ent shear loadings the aortic tissues revealed anisotfaipice properties with higher
ultimate shear stresses and amounts of shear in the longatutdan in the circumfer-
ential direction. Furthermore, the aortic media decredtsddnsile strength as follows:
circumferential direction- longitudinal direction> radial direction. Anisotropic and
nonlinear tissue properties are apparent from the expatahdata. The results clearly
showed interspecimenftirences influenced by the anamnesis of the donors such as
aortic diseases or connective tissue disorders, e.gedesspecimens exhibited on av-
erage a markedly lower mechanical strength than aneurysspecimens. The rupture
data based on the combination of triaxial shear and uniaxiehsion testing are unique
and build a good basis for developing a 3D failure criteribdiseased human thoracic
aortic media. This is a step forward to more realistic madptf mechanically induced
tissue failure i.e. rupture of aneurysms or progressiorodf@dissections.

2.1 Introduction

Thoracic aortic aneurysms (TAAs) are localized dilatadiari the ascending or de-
scending thoracic aorta which develop over a span of yeatsray dissect (dissect-
ing aneurysm) or rupture which is the most fatal conditiote Tnortality of thoracic
aneurysms is estimated to be 50% over 5 years [68], whereasditality of an un-
treated Type A dissection approaches 50% in the first 48 hdtiespathogenesis of tho-
racic aneurysmal disease involves extracellular matrgeaidation and loss of smooth
muscle cells, causing a decrease in aortic wall integritye &tiologies for these pro-
cesses include atherosclerosis and genetic conditiomsagiMarfan’s syndrome and
Loey-Dietz syndrome [9, 68]. Hypertension has also beeniogaed as a cause.

29
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Aortic dissection (AD) is an acute condition of the aorta evhtypically begins with
a primary intimal tear on the right lateral wall of the ascegdthoracic aorta (ATA),
where the hydraulic shear force is at its peak, or at the aelsog thoracic aorta (DTA)
directly after the ligamentum arteriosum [154]. The diseecfirst propagates in the
radial direction towards the medial layer. Then, it proce@dhin the media, or between
the media and the adventitia, causing the layers of thecawgdil to separate [216]. The
separation allows the blood flow to enter the aortic wall, kgbg a secondary channel, a
so called false lumen, is created. This leads to dilatatimheeakening of the remaining
outer wall of the false lumen which in turn increases the phality of the rupture and
causes the patient to bleed to death within minutes [48,.231]

Interestingly, TAAs and ADs occur at similar locations i tihoracic aorta, presumably
triggered by large hemodynamic forces and tissue stressated in the left ventricular
outflow tract when the heart contracts. Furthermore, thenbahanically important
constituents of the elastic arterial wall are degradedndpitie process of the formation
of TAA and AD. The main cause of TAA or AD is assumed to be hygeston, with
an occurrence of 70%, and medial degeneration of the actfig|[54]. Rupture of the
thoracic aorta is the main reason for morbidity and mostalifpatients with Marfan’s or
Ehlers—Danlos syndromes [154]. Due to elevated cardioNasstress, the appearance
of a dissection or aneurysm increases with gestational.@gé, mostly occurs in older
persons¥50 years)|[139, 231].

Considering the variety of reasons for developing thoramdic diseases, a better
understanding of patient-specific biomechanical properi essential for developing
biomechanical markers to predict adverse events. Morgpagent-specific biomecha-
nics-based computational approaches which use wall stregstrength distributions
will provide more reliable estimates of aneurysm rupturaatic dissection initiatioh
progression [9, 343]. However, validation of biomecha#hased rupture indicators is
needed before adaptation into the clinical paradigm.

A detailed analysis of the mechanical failure propertieardurysmatic and dissected
human thoracic aortas with a particular focus on foudfedent shear tests is presented
in this study. In particular, ultimate shear stresses amcesponding amount of shear
values from mode Il tests in four orientations, in additiomktimate tensile stresses and
corresponding stretch values from uniaxial tensile testsi(cumferential and longitu-
dinal directions) and direct tension tests (in radial digeg of the aortic media were
determined.

2.2 Materials and Methods

In the present study the media of diseased aontaslg; age: 5& 12 years) was investi-
gated. The aortas were subdivided into three categoriesufgsmatic’, ‘aneurysmatic
with connective tissue disorder (CTD)’, and ‘dissected' Tableg 2.1, the anamnesis of
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Table 2.1 Donor information such as age, gender, connetisisee disorder (CTD),
and risk factor are stated. Moreover, the condition of theaand the har-
vesting position are provided.

Specimen denotation

Al All Al AIV. AV AVI AVII AvVill AIX CI Cil  Cill DI DIl DIll DIV
Institute MUG MUG NYU MUG NYU NYU NYU NYU MUG MUG NYU NYU NYU MUG MUG MUG
Age, yr 71 71 64 50 72 62 43 50 66 56 52 28 43 65 58 73
Gender M M M M F M M M M F M F M M M M
Conditon AN AN AN AN AN AN AN AN AN AN AN AN DI DI DI DI
Position ATA ATA ATA ATA ATA ATA ATA ATA ATA ATA ATA DTA DTA ATA A TA ATA

CTD - - FD MA MF - -

Rk HT HT HT HT HT AS AR AS HT HT HT HT HT HT HT HT

foctors HL HL HL HM HL  SM  HL SM DM
OB SM oB

AN, aneurysmatic; AR, aortic regurgitation; AS, atheresasis; ATA, ascending thoracic aorta; DI, dissected; DMbetes

mellitus; DTA, descending thoracic aorta; F, female; FDrdibyxoid degeneration; HM, heart murmur; HL, hyperlipidam

HT, hypertension; M, male; MA, MASS syndrome; MF, Marfanimdrome; MUG, Medical University Graz; NYU, New York
University; OB, obesity; SM, smoker

all donors from which the specimens were obtained are ligtedurysmatic specimens
(n=9) are denoted a&l-AlX, aneurysmatic specimens with CTB+#£ 3) are denoted
asCI-Clll, and dissected specimems< 4) are denoted d31-DIV. More specifically,
the donors of the CTD specimens had fiboromyxoid degener@@nMASS syndrome
(Cll), and Marfan’s syndromed(ll). Fibromyxoid degeneration is the transformation
of fibrous tissue into a mucous-like ‘connective’ tissuerelsterized by the accumula-
tion of glycosaminoglycans [232]. Marfan’s syndrome is tésult of a mutation in the
FBN1 gene (gene for fibrillin-1) disrupting the elastic filzessembly in the connective
tissue by altering the regulation of TGFproduction [55, 147], while MASS (mitral,
aortic, skin, skeletal) syndrome, also the result of a nmutah the FBN1 gene, is very
similar to Marfan’s syndrome but with somefi@irences in clinical manifestations [147].
In addition to the anamnesis, the aortic disease and théigosihere the specimens
were harvested are provided.

Both dissected thoracic sections and unruptured TAA sesticere obtained from con-
sented patients undergoing surgical repair at the Depattai€ardiothoracic Surgery,
NYU Langone Medical Center, and the Department of Cardiag&y, Medical Uni-
versity of Graz, Austria. The study protocol and the use dfmial from human subjects
were approved by the local Ethics Committee, Medical Ursigiof Graz, Austria. In
Fig.[2.1(a) a typically obtained aneurysmatic tissue sarpl) with a severely dilated
diameter is presented.

2.2.1 Shear Testing

Tubular aortic samples were cut along the longitudinalaiom to obtain flat and rect-
angular sheets, and the media was separated with surgitsil With the assumption of
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Figure 2.1 (a) representative photograph of a human asogadirtic aneurysm sam-
ple (Cl) with a severely dilated diameter; (b) typical specimenhvan
incision of ~ 1 mm for in-plane shear testing, which is glued to the upper
specimen holder before insertion in the testing appardt)ghotograph
of an ‘in-plane’ specimen subjected to simple shear logdidgruptured
into two parts and successfully tested ‘in-plane’ specimen

an orthotropic structure of the aortic tissue, the behawmer six possible shear modes
are identified, i.e. two diierent shear properties in each of the three pléﬁéﬁ, 307].
Using cylindrical coordinates, these planes are refeweaktthezo-, rz- andro-planes
(Fig.[2.2). We refer to the shear modes in tiglane as ‘in-plane’ shear modes, and
the shear modes regarding ttze andré-planes as ‘out-of-plane’ shear modes, and em-
phasize that the ‘out-of-plane’ shear mode should not b&used withmode Ilifracture
testing. In particular, ‘in-plane’ shear tests in the cimfarential and longitudinal di-
rections of thez6-plane determine the ultimate shear stres$gandr,, respectively
(Fig.[2.2(a)), whereas shearing in the radial and longitalddirections of thez-plane
results in the ‘out-of-plane’ shear stress valugsandr,,, respectively (Figl_212(b)).

In an analogous manner, ‘out-of-plane’ shear tests in ti@arand circumferential di-
rections of therg-plane results in the ultimate shear stressgsandr;,, respectively
(Fig.[2.2(c)). Unfortunately, due to the restrictions emgsfrom the specimen dimen-
sions, we were only able to experimentally determine twoadubur ‘out-of-plane’
shear stress values,, andr,.
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(a) (b) © 7

Figure 2.2 Sketches of six shear modes defined with respéue tadial (-axis), cir-
cumferential §-axis), and longitudinalzaxis) direction on an orthotropic
tissue piece. Arrows indicate shear directions with cgoesling shear
stressegij andi,j € {r,0,z}, wherei denotes the normal vector of the
plane that is being sheared, apndenotes the direction in which the face
is shifted. For example, (a) shows ‘in-plane’-shear modee z6-plane
with shear inz- andé-directions, respectively, while (b) and (c) show ‘out-
of-plane’-shear modes in thie- andré-plane, respectively.

(@ et ® et
T :
I
T 1

. o : <+
z ~ " - z !
I
6
< e '
5 |

Figure 2.3 Sketches of ‘in-plane’ shear test specimensendhgitudinal direction
(rz-mode), (a), and in the circumferential directiad-mode), (b), to ob-
tain shear properties of ttm®-plane. The shaded surfaces are glued to the
specimen holders of the apparatus and sheared. The spesifoaeger in
the direction in which it is being sheared $ mm). On the shorter edge
an incision of 1 mm parallel to the shearing direction isadtriced (dashed
lines). The remaining area (thick-lined black rectanguiasheared until
rupture occurs. Arrows indicate the shear directions.

For ‘in-plane’ shear tests, small rectangular tissue samplth the dimensions of 5mm
in length and 4 mm in width were prepared. An incision of 1 mndépth along the
width of the specimen was introduced to induce a predetadtwneaking point, leaving
the area on which the load was applied 4mm (Figs[2.1(b) and 2.3). Representative
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photographs during and after a successful ‘in-plane’ stestiare shown in Figs.2.1(c)
andZ.1(d), respectively.

A special specimen geometry and preparation had to be dmeltw ensure failure
of the tissue in the correct plane during ‘out-of-plane’ahiests. A variety of speci-
men geometries were tested to obtain the ‘out-of-planeassigess. The final working
geometry of the specimen had the dimensions38nm (lengthx width) with non-
symmetric incisions (dashed lines) from both sides on thg Edge (Fig. 2]4). Sandpa-
per and a thin consistent layer of cyanoacrylate adhesive used to fix the specimen
between two cylindrical specimen holders [305,'307]. Addially, a compressive force
of 0.5N was applied to the specimens for 5mins to ensure harderfitige adhesive
and proper fixation of the specimen to the specimen holderfter A mins of adhe-
sive hardening, the compressive force was reduced to O Nhanaktctual shear test was
started.

During testing, the lower platform moved relative to the dfixgoper platform with a
constant speed of 1 mmin. The applied force that led to failure was defined as the
shear failure force. The ‘amount of shear’ was calculatetth@satio of the relative in-
plane displacement of two parallel plates to their sepamatistance. The shear strass
was calculated as the shear forcdivided by the sheared area

(a) N (b)

. il
& % . BB
3

Figure 2.4 Sketches of ‘out-of-plane’ shear test specim@)shear properties in the
rz-plane; (b) shear properties in thé-plane obtained from these tests.
The shaded surfaces are glued to the specimen holders gffitaeséus and
sheared. The specimen is longer in the direction in whighieing sheared
(8 mm). On the shorter edge (3 mm), incisions parallel to treasng di-
rection are introduced from both sides (dashed lines). fick4ined black
parallelogram between the incised surfaces is the sheartts, with the
dimension ot~ 1 mm, parallel to the longer edge. Arrows indicate the shear
directions.
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2.2.2 Uniaxial Tensile Testing

In addition to shear tests, uniaxial tensile rupture testthe radial, circumferential
and longitudinal directions were conducted. For the deteation of the radial failure
stress, direct tension tests were performed with cylirdspecimens (& 6.0 mm) with
an incision of~ 1.0 mm around the circumference until failure. For more dsttie
reader is referred to [304]. For uniaxial tensile testslunpture in the circumferential
and longitudinal directions, dog-bone-shaped specimesre wlongated until failure.
For more details about specimen geometry, testing protwbketup see [306].

All tests, except direct tension tests, were performed thigtspecimens inside a perspex
container filled with PBS solution, which was maintained abastant temperature of
37°C [305+307]. Upon completion of the individual testssleaample was inspected
regarding the penetration of glue along its unattachedside

2.2.3 Microstructural Investigation

Second-harmonic generation (SHG) imaging of ‘in-planed avut-of-plane’ tests in
the circumferential direction of speciméiX was performed after mechanical testing,
and after optical clearing following the procedurelin [287]

2.2.4 Statistical Analyses

Statistical analyses were performed to test for signifidéferences of the mechanical
stress values betweenfigirent orientations and shear testing modes, i.e. betwéien ul
mate shear stresses and stretches in the circumfererdi&dagitudinal directions, and
between ‘in-plane’ and ‘out-of-plane’ shearing using pditwo-samplé-test. p-values
were determined based on Studebhstribution, whergy < 0.05 was considered to be
significant. Statistical analyses were performed usingdhiginLab ORIGIN 75 pro-
gram package. All data values are presented as mean valaasastandard deviation
(SD).

2.3 Results

In total, 16 diseased human thoracic aortas — 9 aneurysr8aeurysmatic with CTD
and 4 dissected— were investigated in this study.

2.3.1 Ultimate Shear Stress from ‘In-plane’ and ‘Out-of-plane’ Testing

‘In-plane’ shear stress vs. amount of shear behavior ofeastally tested specimens
in the circumferentialr@-mode) and longitudinal directionsztmode) of aneurysmatic
and aneurysmatic with CTD are shown in Fig.]2.5. Correspandésults of the ‘out-of-
plane’ shear tests in the circumferentg-(mode) and longitudinabg-mode) directions
of all aneurysmatic and aneurysmatic with CTD specimengiasn in Fig[2.6.
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Figure 2.5 Cauchy shear stress vs. amount of shear relaipodsring ‘in-plane’
shear tests of aneurysmatic human thoracic aortic tis¢agéh) ‘in-plane’
shear behavior within theg- and rz-modes of aneurysmatic tissues, re-
spectively; (c),(d) ‘in-plane’ shear behavior within the andrz-modes of
aneurysmatic tissues with connective tissue disorder®jCT

In Tables 2.2 and 2|3, ultimate shear stresses and cormisggoammount of shear values
obtained from ‘in-plane’ and ‘out-of-plane’ shear testsaoeurysmatic and aneurys-
matic with CTD are listed. Moreover, ‘in-plane’ shear resges in the circumferential
(r6-mode) and longitudinalrg-mode) directions of dissected specimens are given in
Fig.[2.7. Unfortunately, due to the small specimen size-tftpplane’ shear tests for
dissected specimens could not be performed.

Table[2.4 states the ultimate shear stresses and corresgardount of shear values
from ‘in-plane’ tests of the dissected thoracic aortaserestingly, most tissue spec-
imens from theAl-AlX and DI-DIV groups (excep&VII and AVIIl) revealed higher
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(a) Aneurysmatic tissue (z9 -mode) (b) Aneurysmatic tissue (gz-mode)
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Figure 2.6 Cauchy shear stress vs. amount of shear relaipasring ‘out-of-plane’
shear tests of aneurysmatic human thoracic aortic tisgaggb) ‘out-of-
plane’ shear behavior of aneurysmatic tissues withireth@nddz-modes,
respectively; (c),(d) ‘out-of-plane’ shear behavior okarysmatic tissues
with connective tissue disorders (CTD).

ultimate shear stresses in the longitudinal direction wtenpared with the circumfer-
ential direction under ‘in-plane’ shear loading (Taklez{2.4). Similarly, all specimens
showed higher ultimate stresses in the longitudinal thahercircumferential direction
under ‘out-of-plane’ shear loading (Tables]2.2 2.3).

In comparison with ‘in-plane’ shear tests, ‘out-of-plarstiear tests exhibited much
higher ultimate shear stress values. Consequently, dsgiges indicate a much higher
resistance to rupture subjected to ‘out-of-plane’ sheadlilog than ‘in-plane’ shear load-

ing.
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Table 2.2 Ultimate failure shear stressand corresponding amount of shedrfor
aneurysmatic specimens subjected to ‘in-plane’ sheanggsiithin thero-
andrz-modes, and ‘out-of-plane’ shear testing within #leanddz-modes.

‘in-plane’ shear

‘out-of-plane’ shear

; 39 7?9 Try Yiz 739 739 ng ng
SPecimen  npal [  [kPa] [ [kPa] [ [kPa] [
Al 76 1.02 92 1.30 325 0.97 528 0.94
All 120 1.97 135 1.98 1122 1.24 1467 0.92
Alll 105 1.53 109 1.49 860 1.05 1349 1.14
AlV 173 1.71 185 1.74 1011 0.99 1563 0.79
AV 74 1.63 100 2.12 946 1.27 1138 1.08
AVI 100 1.63 165 2.13 947 1.23 1292 1.26
AVII 173 1.73 106 3.14 1035 1.74 1565 1.24
AVIII 157 1.40 94 1.55 1479 1.31 1529 1.67
AVIX 61 1.12 80 1.15 533 1.33 548 0.88
Mean 115 1.53 118 1.84 918 1.24 1221 1.10
SD 41 0.28 34 0.56 313 0.22 388 0.25
n 9 9

Table 2.3 Ultimate failure shear stresSand corresponding amount of sheérfor
aneurysmatic with CTD specimens subjected to ‘in-planeashesting
within ther6- andrz-modes, and ‘out-of-plane’ shear testing within #e
andéz-modes.

‘in-plane’ shear

‘out-of-plane’ shear

i R Tz iz T Ya T Ve

specimen  ypay ] kPal 1 kPa] [ [kPal [
Cl 182 1.48 153 1.52 688 0.93 836 0.92
Cll 102 1.40 92 1.69 629 1.00 1163 1.38
Cll 76 1.85 103 1.35 859 0.84 1011 1.08
Mean 120 1.58 116 1.52 725 0.92 1003 1.13
SD 45 0.20 27 0.14 98 0.07 134 0.19

n 3 3
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(a) Dissected tissue (9 -mode) (b) Dissected tissue (rz-mode)
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Figure 2.7 Cauchy shear stress vs. amount of shear relaipdsring ‘in-plane
shear tests of dissected human thoracic aortic tissuegb)(@) thero-
andrz-modes, respectively.

Table 2.4 Ultimate failure shear stressand corresponding amount of shedrfor
dissected specimens subjected to ‘in-plane’ shear tesfithgn theré- and

rz-modes.

. TU yu TU ,yU

Specimen re re rz rz

P kPa] [1  [kPa]  []
DI 107 1.45 122 2.42
DIl 93 0.98 126 1.13
DIl 95 1.33 121 1.46
DIV 91 1.27 111 1.74
Mean 97 1.26 120 1.69
SD 6 0.17 6 0.47

n 4 4

2.3.2 Ultimate Tensile Stress in Radial, Circumferentialand Longitudinal
Directions

A characteristic behavior in all radial tests could be obser(not shown herein). Dur-
ing direct tension tests in the radial direction, the tisshewed an elastic behavior
at small displacements represented by an ascending stgsp (slonlinear sfiening).
After an ‘elastic limit’ was reached, a second phase, a gtyomonlinear softening be-
havior, started where damage and micro-defects graduedlyrced. After reaching the
maximal force (radial failure force) a third phase starteldere the tissue dissected until
complete tissue failure, which was very similar to the bétrawbserved in[304]. The
average ultimate tensile stress and stretch of the sampie$3) were determined to be
oY =131+ 56kPa andl, = 2.66+0.68, respectively.
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Average ultimate tensile stresses and correspondinglsé®in thgucircumferential and
longitudinal directions were determined todjg = 1282+ 822kPad, = 1.52+0.20 (n=

7) andoy,= 565+ 198 kPaﬁ; =1.50+0.18 (h=10), respectively. These values indicate
anisotropic mechanical failure properties, with preféydiigher mechanical strength in
the circumferential than in the longitudinal direction.ig Bnisotropic behavior may be
explained by the preferred collagen fiber alignment in tmeucnferential direction of
the thoracic aortic medi@]%].

2.3.3 Microstructural Investigation

Representative SHG images of samplX are shown in Fig._218. Panels (a) and (b)
show the collagen architecture in the andz9-planes of the ‘in-plane’ shear test in
the circumferential direction, respectively, while panét) and (d) show the collagen
architecture irr6- andz9-planes of the ‘out-of-plane’ shear test in the circumfésdn
direction, respectively. Images in panels (b) and (c) aralje, whereas panels (a) and
(d) are normal to the planes being sheared in ‘in-plane’ antt6f-plane’ shear tests.

Figure 2.8 Representative SHG images of specifinshowing the collagen archi-
tecture: (a), (c) images taken from theplane and (b), (d) images from
the z6-plane of shear test samples in circumferential directiamnels (a),
(b) represent the planes normal and parallel to the plandedirgng of
an ‘in-plane’ test sample, respectively; panels (c), (gyesent the planes
parallel and normal to the shearing plane of an ‘out-of-plaest sample,
respectively. White bars indicate 10@.

2.4 Discussion

The present study investigates the mechanical strengtisedised human thoracic aor-
tas with respect to its anisotropic structure, with a palac emphasis on the shear
properties. It is required to obtain relevant mechanict dhhuman thoracic aortas to
better understand which type of stresses are responsibilediacing a crack and how
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this crack is propagating in the arterial wall to study ruptof diseased walls and prop-
agation of aortic dissections more deeply. Furthermoreh) siata are prerequisites for
the development of a failure criterion in thoracic aortgsties, or for the design of bet-
ter aortic grafts. To the authors’ knowledge, this is the fimgestigation of the failure
properties of diseased human thoracic aortic tissues wahebined simple shear and
uniaxial extension loadings.

2.4.1 Shear Testing

‘In-plane’ shear tests revealed anisotropic failure proege of thoracic aortic tissue with
slightly higher ultimate shear stressgs={ 0.44) and significantly higher amounts of
shear p = 0.02) in the longitudinal than in the circumferential directi Interestingly,
ultimate ‘in-plane’ shear stresses in the circumfereraial longitudinal directions were
not significantly diferent for aneurysmatic tissugs+£ 0.84), but significantly dterent

for dissected tissuep (= 0.009). However, this trend was not observed for the corre-
sponding amount of shear valugs X 0.07). Similar to ‘in-plane’ shearing, ‘out-of-
plane’ shear tests showed significant anisotropic failuop@rties with higher ultimate
shear stresses in the longitudinal than in the circumfexieditection ( = 0.0003), but
with not significantly diferent amounts of sheap & 0.57) (see also Tablés 2.2, P.3,
and2.4). Remarkably, the aortic media revealed approxiyane order of magnitude
higher ultimate shear stress values for ‘out-of-planetiong than for ‘in-plane’ load-
ing (p < 0.0001) with significantly smaller amounts of shear for ‘of#ptane’ loading
than ‘in-plane’ loading f§ < 0.006). Consequently, under mixed shear loading state,
the tissue will most likely fail due to ‘in-plane’ shearingdnot due to ‘out-of-plane’
shearing. Furthermore, we observed several ‘peaks’ intikarsstress vs. amount of
shear plots obtained from ‘out-of-plane’ tests, as can ke seFig.[2.6, which did not
occur during ‘in-plane’ shear tests (see Fig] 2.5). Thisavadr may be attributed to the
irregular rupture of collagen fibers and their interconiers.

Collagen fibers are the main load bearing structures in teealrwall at large deforma-
tion and are known to be responsible for the high strengthrtefial tissues subjected
to tensile and shear loading. The elastin network in the ajedcluding elastic lamel-
lae, interlamellar elastin fibers, and radial elastin straertainly contribute to the shear
properties at small deformation. However, the contributad the elastin network to
the shear strength behavior is small since failure occufargé deformation. More-
over, for aneurysmatic and dissected tissues the contibof the elastin network is
very small, because elastin is usually disintegrated i sligeased tissues. Studies on
aortic aneurysmatic tissues by, e.g., Tong et al.[327gakd a very low elastin con-
tents in the abdominal aortic aneurysms due to pathologltahges and remodeling.
The collagen architecture, visualized by second-harmgaieration (SHG) imaging
(Fig.[2.8), suggests that the largéfdrence in the ultimate shear stresses may be related
to the collagen fiber orientation and dispersion. From [Eiff.dhe can appreciate that
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the collagen fibers embedded within the parallel planeseagthne of shearing have
only little resistance to shear displacements. In othedgidibers embedded in tfzé-
plane hardly contribute to the resistance of the specimanohnik being sheared in the
z9-plane (‘in-plane’ testing modes). However, this is an lad@dion of the real struc-
ture. One should consider that the collagen fibers embedd#tese parallel planes
are interconnected by, e.g., proteoglycans, smooth muastike remaining elastin net-
work etc., which might also contribute to the shear strengtiithermore, the dispersed
fibers connecting these parallel planes create a resistartbe planes normal to the
plane of shearing. For example, out-of-plane fiber disparsiill resist shear displace-
ment under ‘in-plane’ testing. We expect that the resisgdashearing, hence the shear
strength, to be correlated with the mean fiber direction &wedint plane dispersion of
the fibers in the case of ‘out-of-plane’ testing, and withal¢ of plane fiber dispersion
in the case of ‘in-plane’ testing (for the definitions of mdérer direction and fiber
dispersion see [130]).

Recently Haslach et al. [207] also performed shear testeaiamgular blocks, but on
bovine aortas, which correspond to ‘in-plane’ shear in tres@nt paper. In line with
our findings, they reported no significantfdrences in stresses between the longitudi-
nal and circumferential directions. Furthermore, theyeotsd voids in the histology of
test samples in the plane normal to the applied shear whalkasevident in Fid. 218(a).
Since their testing protocol and reporting method afiedent, we are not able to make
a direct comparison with shear stress and amount of shaags/tlat we have obtained.
To identify the shear modulus (ratio between shear stresamount of shear) inflation-
extension-torsion tests were performed on human commatidarteries/[155], on rat
thoracic aortad [53], and on porcine coronary arteries/][181 these studies showed
that the shear modulus was constant with changing twisteanglle the longitudinal
stretch and the inner pressure were kept constant at chbgsiofogical levels. Fur-
thermore, the shear modulus wagfelient for diferent values of longitudinal stretch
and applied internal pressure [155, 187], and the relatemaine nonlinear at pressure
levels higher than 120 mmHg [155]. The maximum twist ang[gdiad in these stud-
ies was 25 under a mixed loading state. The experimental curves ptedan the
present study, both ‘in-plane’ and ‘out-of-plane’, als@wsied linearity at low amount
of shear, but with a larger variability, as evident from F2&g5. Interestingly, the study
[155] stated that at twist angles of 7MB(® the tubular specimens lost their resistance.
The maximum amount of sheay,{ = 3.14, sampléAVll) in our study corresponds ap-
proximately to 72 shearing of a rectangular sample. However, we cannot mag&etdi
comparisons since the authors did not report any failureeglTo the authors’ knowl-
edge, comparable data in which shear loadings lead to éailfiarterial tissues are not
available in the literature.
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2.4.2 Uniaxial Tensile Testing

In comparison with existing data, the average radial faikiress of the diseased human
thoracic aortic mediadt, = 131+ 56 kPa (1 = 13)) was slightly higher than that of the
human carotid bifurcations (12425 kPa ( = 25)) |[326], and it was very similar to the
average radial failure stress of aged healthy human abddmaortic medias (14Q +
159kPa 6 = 8)) [304].

The average radial failure stresses of the diseased tkoaacta were significantly
lower than corresponding stresses in the circumfererigl£ 1282+ 822 kPa (i = 7))

(p < 0.001) and longitudinal directiongt,= 565+ 198 kPa 1= 10)) (p < 0.001), which
may be explained by the laminar organization of the medih wailagen fibers prefer-
ably found in the circumferential-longitudinal plane. igiaite tensile stresses in the cir-
cumferential direction were on average significantly higladout twice as high) than
the ultimate stresses in the longitudinal directipnr=(0.03), which reflects pronounced
anisotropic behavior. This anisotropy may be explainedeyorientation of embedded
collagen fibers, which are preferably orientated in theusirferential direction [286].
In contrast, the study [351] found similar ultimate tensiieesses in the circumferential
(1180+ 120 kPa ( = 23)) and longitudinal directions (12%0©0kPa ( = 17)) of tho-
racic aortic aneurysms. However, a more recent study [288aled, in average, very
similar ultimate tensile stresses in thoracic aortic apems to our study (130980 kPa
(n = 38) in the circumferential direction and 6334 kPa ( = 38) in the longitudinal
direction).

Interestingly, ultimate stretches in the radial direct(alﬁ: 2.66+0.68 (n = 13)) were
significantly higher than ultimate stretches in the circerahtial @3 =1.52+0.20 (h=
7)) (p < 0.001) and longitudinal directionéz =1.50+0.18 (h=10)) (p < 0.001). Av-
erage ultimate stretches in the circumferential and lemiital directions were not sig-
nificantly different @ = 0.85). However in the literature, failure stretches in thewm-
ferential and longitudinal directions of thoracic aortieearysms were determined to be
different (195+0.05 vs. 155+ 0.03) [251].

Moreover, we found correlations between the mechanicglgates of the tested aor-
tic tissues and the anamnesis of the patients. For exanpeinteresting how ulti-
mate stresses filer with respect to the underlying disease (aneurysm, tidseozder,
or dissection). Dissected specimens exhibited on averagrleedly lower mechanical
strength, than aneurysmatic specimens. Similarly, arsguayic specimens from donors
sufering from connective tissue disorders showed distinothyer ultimate stress values
than other aneurysmatic specimens. This may reflect theofiplatients with connec-
tive tissues disorders developing orffening from aneurysms. The variability in the
mechanical strength of the aneurysmatic samples may bleusttdl to diferent stages
of aneurysms.
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2.4.3 Limitations

Due to the small specimen size it was not always possiblerduxt all tests on every
specimen. This is the reason for not representing ‘outlarfigs shear data for dissected
specimens. Tissues with pronounced inhomogeneities suetharosclerotic plagues
were unsuitable for this investigation, resulting in théuetion of the amount of tissue
available for testing, and hence in a reduced specimen nunkagthermore, a large
number of uniaxial tension tests (in circumferential ordindinal directions) failed
because the rupture occurred near one of the clamps instéiael gage region. When
there was adequate tissue material available, howevecpagespecimen was prepared
and tested. SHG through the thickness of sanddbe revealed that there were thin
intimal-like collagen fibers on one end, and thick adveaitiike collagen fibers at the
other end of the image stack. Even though the layers coulddily @eeled & in several
cases, the borderlines between the infimedia and medjadventitia, especially for
aneurysmatic samples, were not always clearly visible dube process of aneurysm
formation. For more discussion on that issue see [228].eslidwere conducted with an
extension rate of.0 mnymin, although it is not established that this rate corredsao a
physiological value. However, there are no data availablehéch speed a dissection or
rupture propagates in the case ofilanivo situation. The small amount of dissected and
connective tissue disorder samples may lead to inadeqiaistisally relevant results.
This also presents an obstacle to draw further meaninghdlasions.

Nevertheless, for the first time, this study presents metlogges for investigating
biomechanical rupture properties of soft biological tessun the context of dierent
failure modes. Furthermore, the rupture data based on theioation of triaxial shear
and uniaxial extension testing data are unique and buildoal gaformation basis for
developing a 3D failure criterion of the diseased humandticraortic media; taking us
a step closer to a realistic modeling of mechanically inducssue failure.
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3 ON FIBRE DISPERSION MODELLING OF SOFT
BIOLOGICAL TISSUES: A REVIEW

Abstract Collagen fibres within fibrous soft biological tissues sushagaery walls,
cartilage, myocardiums, corneas and heart valves arensgye for their anisotropic
mechanical behaviour. It has recently been recognizedhkalispersed orientation of
these fibres has a significartfect on the mechanical response of the tissues. Modelling
of the dispersed structure is important for the predictibthe stress and deformation
characteristics in (patho)physiological tissues undeioua loading conditions. This
paper provides a timely and critical review of the continummdelling of fibre disper-
sion, specifically the angular integration and the genszdlistructure tensor models.
The models are used in representative numerical exampligsstets of experimental
data that have been obtained from mechanical tests andftiibotusal information from
second-harmonic imaging. In particular, patches of hgadtid diseased aortic tissues
are investigated, and it is shown that the predictions ofmtloelels fit very well with
the data. It is straightforward to use the models descrileeelih within a finite element
framework, which will enable more realistic (and clinigatelevant) boundary-value
problems to be solved. This also provides a basis for fudiegelopments of material
models and points to the need for additional mechanical actbstructural data that
can inform further advances in the material modelling.

3.1 Introduction

In recent years it has become apparent that in the modelfifigrous soft biological
tissues the dispersion of the collagen fibres has a signifefBect on the mechanical
response compared with the case when no dispersion is ad{@asseet al. [88]).
Various models have been proposed to take accounttefent dispersion arrangements
on the basis of continuum theory (Lanir [170], Driesstral. [62], Freedet al. [83],
Federico & Gasser [73], Holzapfel and Ogden_[118], Agiatisiet al. [3], Pandolfi
& Vasta [240], Melniket al. [214], Holzapfelet al. [130], Holzapfel & Ogden|[122],
Melnik et al. [215]). The continuum approach has been shown to be veressfid in
modelling the elastic behaviour of many types of fibrousugss including artery walls
(Holzapfel & Ogden|[118]), cartilage (Ateshiaat al. [8]), myocardiums (Erikssoet
al. [71]), corneas (Pandolfi & Holzapfel [239]) and heart valyeseedet al. [83]). In
this approach the material is considered to be a fibre-ramatbcomposite with the fi-
bres distributed within an isotropic matrix; the modelse&leped within this framework
describe thefect of the structural arrangement of the fibres on the mechhm@sponse
very well.

To inform the modelling it is important to have structuratalérom various imaging
technigues in addition to data from mechanical tests. lentegears advances have
been made that improve understanding of the microstruofuiierous tissues; however,

45
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more information, such as the structure of the cross-ligkirthe collagen fibres and the
effect this has on the mechanical response, is still needegtareamore details of the
microstructure. Currently, available mechanical testsiasuficiently general to fully
characterize the 3D mechanical response (Holzapfel & Offdeij). There is therefore
a need for more general test protocols such as planar bi@st combined with in-
plane shear, aridr through-thickness shear, or, as an alternative, exigisilation
tests combined with torsion and azimuthal or axial shear.

One consideration in modelling the collagen fibre structsinghether or not collagen
fibres, in view of their very slender nature, can support ca@sgion. This is partic-
ularly important where the volume fraction of fibres is refally small and the fibres
under compression do not contribute to the mechanical resgpdn recent years several
models have been proposed for excluding compressed colfdges from the mechan-
ical response. To the authors’ knowledge the study of Hééta Ogden [119] was
the first to analyse the set of orientations for which fibres@mpressed and should
therefore be excluded, while the study ofdtial. [176] used this theory as a basis for
a finite element realization. Another approach for exclgdiampressed fibres is based
on the use of a Heaviside function, as suggested by Fedaritblarzog|[74]. An &i-
cient computational scheme for excluding fibres under cesgon has been developed
more recently by Liet al. [179]. This involves discretizing a unit hemisphere with a
finite number of spherical triangles and averaging the fileresdy over each triangle.

In view of these recent developments and as a basis for fuaiiances it is an ap-
propriate time to provide a review of fibre dispersion madegll. This is the purpose
of the first part of the present paper, while in the second thartheory is applied to
some representative examples. In particular, 82 provitegquations for transversely
isotropic elastic materials and extensions of these towaddor fibre dispersion, includ-
ing the angular integration (Lanir [170]) and the genegradigtructure tensor (Gasssr
al. [88]) approaches, and a further extension to allow for ekiclg compressed fibres.
In 83 the theory is applied to the special deformations afialeextension, equibiaxial
extension and uniaxial extension, and provides explio#sst-deformation relations for
these cases for both the angular integration and genatatrecture tensor models. In
84 the first numerical example relates to the equibiaxiabuheétion of a tissue taken
from an abdominal aortic aneurysm for which the publishedcstiral and mechanical
test data of the tissue were used as a basis for fitting eacklmidie second numerical
example relates to the uniaxial extension of two stripsrdkem the circumferential
and longitudinal (axial) directions of a healthy human #we aorta. The novel struc-
tural and mechanical test data for the elastic domain (asryatblished) were used to
identify an optimal set of the material parameters for eaddeh The overall agree-
ment between the model predictions and the data is very gbbd.final section, 85,
concludes this present study and points to the need fordudévelopments.
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3.2 Modelling Anisotropy for Fibrous Materials

In this section we introduce transverse isotropy and the fitispersion for which we
critically analyse the Al and GST approaches and model @ghes that exclude com-
pressed fibres. For an overview of the main existing contmumeechanical models
which take fibre dispersion into account the reader is reteto Table 1 of Holzapfedt
al. [130]. In particular, diferent approaches, probability density functions, pararset
describing the fibre dispersion and the type of dispersiercampared.

3.2.1 Transverse Isotropy

We introduce the deformation gradidntelative to an undeformed reference configura-
tion, the right Cauchy—Green ten€®e FTF and the left Cauchy—Green tengoe FFT

as the basic kinematic variables. For an incompressiblsyesely isotropic elastic
material, for which deff = 1, with preferred directioM in the reference configuration,
which is associated with the direction of a collagen fibre, strain-energy functio
can be expressed in terms of four invariants, typically nakebe

1
= trC, |2:§[|f—tr(02)], la=tr((CM®M), Is=tr(C2MeM)  (3.1)

whereM @ M is referred to as a structure tensor. The Cauchy stressrtensaiven by
(see, for example, Holzapfel [114])

o = —pl +201b + 25(11b - b?) + 2yam @ m + 2ys(M@bm + bm o m), (3.2)

wherem = FM s the preferred direction mapped to the deformed configuraand
wi = 0P /dli, 1 =1,2,4,5. For the reference configuration to be stress free we requir

201+M2—p=0 and y4+245=0, (3.3)

although, in general, the reference configuration may bhduaby stressed, but residual
stresses are not considered here. For reasons discussenlZaptdlet al. [124] we
consider an energy functiot that reflects the isotropy throughand the fibre content
throughl4 so that[(3.R) reduces to

o=-pl +21b+2yymem, (3.4)

where now¥ is a function ofl; andl4 only, and the condition§ (3.3) specialize accord-
ingly. For many applications the strain-energy functiérs decoupled in the form

¥ = Wiso+ Frib, (3.5)
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whereWiso is the combined isotropic contribution of the extrafibrilatrix and the
elastic fibres, generally considered to be a functioh @lone and frequently character-
ized by the neo-Hookean model according to

Wiso = :—ZL,U(| 1-3), (3.6)

whereu > 0 is the reference state shear modulus of the isotropic mht&he function
Y5ip Is connected with the energy stored in the collagen fabrit iaroften given by
Holzapfelet al. [124]

Piip = %{GXP[02(|4 ~1y]- 1, (3.7)

wherec; > 0 is a parameter with the dimension of stress gned 0 is dimensionless.
3.2.2 Fibre Dispersion
The Al Approach

Instead of considering fibres to be locally aligned we cosmsitbw a more realistic
situation where there is a distribution of orientationsa typical fibre has an orientation
N in the reference configuration then a strain-energy fungi&r unit volume associated
with the stretching of all the fibres in that direction is giviey W(l4), wherel, = N -
CN=tr(CN®N), with W(lz) =W’(l4) =0 for I4 <1 andW’(l4) > O for 14 > 1. Suppose
that the fibre orientations are distributed according toad@bility densityo(N) so that
the total energy associated with the fibres is

Wiy = = o fg p(NW(15)de2, (3.8)

whereQ is a unit sphere. Note that the total strain enetgglso includes an isotropic
part as in[(35), wher®¥js, depends only or;. Several other formulations consider
a multiplier n to describe the number of fibres per unit reference volumethisi is
now absorbed int®V. The factor X4n is not always used but is included here so that
(3.8) reduces taV(l4) when there is no dispersion about some fixed diredtowith

4 =tr(CM @ M). Note that the orientation density function is normalizstording

to

% fQ p(N)dQ = 1. (3.9)

This integral formulation is called thangular integration(Al) approach, which was
introduced by Lanir[170]. It is worth noting that in the angl Lanir Al approach
no isotropic part was included in the energy function andpbssibility of diferent
properties for dierent fibres within the dispersion was allowed for. The Cawsthess
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tensoro has the form
1
o =0isot+0oa —pl, opl = Z fp(N)W’(I4)n®ndQ, (3.10)
Q

wheren = FN and oiig is the isotropic stress contribution from the non-collagen
material.

Some modifications of the Al approach adopted in the liteeature as follows: the
model of Sacks [277] incorporates a 2D Al distribution inrast-energy function based
on the Beta distribution, while the theory was applied toibevyericardium. Also
using the Al approach the model of Driessetnal. [62], which is based on Billar &
Sacks [[1]7] following Lanir|[170], studied the biaxial bel@aw of arterial walls and
aortic valves with a planar fibre dispersion and a Gaussialbgtnility density function.
The model documented by Alastreé al. [S] used an eight-chain model, where the
chains are described as worm-like chains together withi#s®e energy function. This
is based on the von Mises distribution with a non-symmetispetsion and a micro-
sphere model, and it was applied to artery walls with two fifamailies. The study
of Ateshianet al. [8] used an ellipsoidal distribution with a power-law stranergy
function to analyse the solid matrix of the cartilage fibréhibres under compression
excluded by use of the Heaviside function. Using the von Blgistribution the study
of Raghupathy & Barocas [261] derived a closed-form sotutioterms of modified
Bessel functions of the first kind for an exponential fibressrstrain law. The model
was fitted to experimental data and applied to planar biagxtdnsion of a bioartificial
tissue.

The paper of Federico & Gasser[73] documents a computdnoethod for treating Al
models using a Heaviside function to exclude compresseskfdmd a planar von Mises
distribution to examine the in-plane dispersion of collagiéres. The model and a
numerical integration method were implemented inteeR Taylor [321]) and applied to
simulate the response of articular cartilage. The studygsAniotiset al. [3] examined
in-plane dispersion of collagen fibres and was fitted to erpaErtal data on rabbit facial
veins obtained from inflatigiextension tests. Wavy collagen fibres were modelled so
that they engage and bear stress at a critical value of teesixin. Elastin was captured
by a neo-Hookean term and a term which dependg omhile individual collagen fibres
were modelled by using quadratic functions of the strain. tlénbasis of a Bingham
distribution the study of Gasset al. [89] proposed a constitutive law depending on
the collagen fibre orientation and the authors applied thdeh predict the biaxial
response of abdominal aortic aneurysms and compared withetyc data. A method
for excluding compressed fibres within the Al framework wasposed by Holzapfel
& Ogden [119] and a general formulation for the Cauchy steagkthe critical angles
at the boundary of the region where the fibres are stretcheel previded. The review
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article of Limbert [180] on aspects of the mathematical amugutational modelling of
skin biophysics refers to several models including the Atelo

The GST Approach

An alternative approach for describing fibre dispersioferred to as thgeneralized
structure tenso(GST) approach, was developed by Gasteal. [88] on the basis of a
generalized structure tenddrdefined by

H:ifp(N)ngNdQ, (3.11)
4 Q

with trH = 1, which results from the normalization (8.9). A similar $enwas intro-
duced in the context of the rheology of short fibre compodite#dvani and Tucker
[2], and referred to as an orientation tensor. Therein planiantation states were dis-
cussed with applications to linear elasticity. The Advard &ucker orientation tensors
were also considered within the more recent paper of Laidil],.which concluded that
higher-order tensors are needed to better represent tineegpecal fibre structure of the
material. However, this is a purely geometrical considensand does not take account
of the actual material response, which can be well repredenterms of a second-order
orientation tensor.

The tensoH is an averaged version of the individual structure tensSiay$ of the fibres
within the dispersion. A general strain-energy functioroiming the structure tensaéit
has the form¥s, = Yos1(C,H) and can be represented in terms of the invariants of
andH. For example, the generalized invaridjt= tr(CH) is analogous to tGN ® N)
with N® N replaced by its generalized counterpHrit and the generalized invariant
12 = tr(C2H) is similarly analogous tds. If we suppose tha?gst depends only oty
andlZ, then the Cauchy stress tengotakes on the form

O = Ojso+0csT— pl, OGST= Zgl/Zh + Zgl/g (bh + hb), (3.12)

wherey* = 6‘PGST/aIi*, i =4,5,h =FHFT, andois, is the isotropic contribution of the
non-collagenous material, as [n (3.10).

When specialized to a transversely isotropic distributitvere the fibres are distributed
symmetrically around a mean directibh, H andh are given by

H=xl+(1-3)M®M, h=«b+(1-3)mem, (3.13)

wherel is the identity tensor andlis the dispersion parameter defined by

K:% f 0(®)sin’ede, (3.14)
0



3.2 Modelling Anisotropy for Fibrous Materials 51

wherep(N) is replaced by(®). In generalx is contained in [01/2] but for reasons
discussed by Holzapfel & Ogden [118] it is usually restricte [0, 1/3].

We now represent a general fibre directidiwithin a dispersion in terms of spherical
polar angle® and® as

N(®,®) = sin® cosde; + Sin® sinde; + coses, (3.15)

with ® € [0,n], @ € [0, 2x], and wheree;, e, e3 are fixed rectangular Cartesian unit
vectors. We then multiplicatively decompose the densibgcfionp according to

p(N) = pop(©)pin(®). (3.16)

wherepop andpjp denote the orientation densities in #e(out-of-plane) direction and
the (1, e2) plane (in-plane), respectively. We impose symmetry ciools, which are
based on experiments (Schrieflal. [286]) and have also been used by Holzagtehl.
[130], according to

Pop(mr—0) = pop(®) and  pip(mr+ D) = pip(P). (3.17)

Now, in the case when the fibre dispersion is non-symmeteistitucture tensoitd and
h take on the particular forms (Holzap#et al. [130])

H = 2K0pK|p| +2Kop(1_2K|p)M ®M +(1—2Kop—2K0pK|p)Mn®Mn, (318)
and
h = 2K0pKipb+2K0p(l—2Kip)m®m + (1—2K0p—2KopKip)mn®mn, (319)

whereM here denotes the mean fibre direction lying in teg €)-plane,M,, is the
out-of-plane unit vectoes, andmy, = FM, is the push forward oM,,. The parameters
kop @ndxkip quantify the out-of-plane and in-plane dispersions andlafimed by

/2 1 T
0 0
with the normalization conditions
1 7T/2 1 T
Ef(; Pop(®)SINOAO =1 and ;fo Pip(@)dD =1, (3.21)

and the ranges of values

O<kop<1/2 and O<kp<l. (3.22)
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The dispersion parametegp corresponds to a rotationally symmetric dispersion about
the direction® = 0, while «j, represents a planar dispersion in the pléne /2. In

the case of a non-symmetric fibre dispersion the contributigst to the Cauchy stress
tensor is again given b/ (3.112), but withnow coming from((3.19).

It has been found convenient to use von Mises distributiomspresent the probability
density functions according to

where the constantsandb are concentration parametelga) is the Bessel function of
the first kind of order 0, and erf denotes the error functiohe @ispersion parameters
kip andxop then have the explicit forms

_1 h@ _1 1.1 /2expt2h)
=37 20@ 9 %P 2785t Vb erf(V2b) (3.24)

wherel(a) is the modified Bessel function of the first kind of order 1. #ternative to
the von Mises distribution is the Bingham model used by Gastsal. [8S] although it
has not been adopted subsequently to any great extent.

A specific form of ¥gst which depends only omy is commonly used in the form
(Gasseket al. [88])

YesT= zk—l;{ekaz(lf -1 -1, (3.25)
which, with (3.6), is frequently referred to as the GOH modeére it is important to
note that the parametekg andk, are in general not the same as those involvedid (3.7).
Note thatl ;' = tr(CH) = trh, and hence, witl (3.13)and [3.19), the specifications

|2 =«kl1+(1-3x)l4 and
17 = 2x0pkipl1+ 2kop(1 — 2ip)l 4 + (1 — 2k0p — 2Kkopkip) In (3.26)

follow, respectively, wheré, = m,-mp. The specific expression forgsT in this case
is

ocsT= 2ki(1} — 1) expka(1} - 1)°]h, (3.27)

with h given by [3.18) or (3.19) as appropriate.

We remark in passing that the general structure-like amgbrpaovided by Freeeét al.
[83] has some similarities with that developed here in teofmgvariants, and it was
applied to aortic heart valves. The paper of Melatkal. [214] on the modelling of
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fibre dispersion in fibre-reinforced elastic materialsadirced a modified structure ten-
sorH in which compressed fibres are removed from the integral byofig Heaviside
function, as previously suggested by Federico & Herzog i) respect to the Al ap-
proach, and used by Federico & Gasser [73]. In considerimgtiginal GST model the
authors of |[214] unfortunately included the isotropic pafrthe structure tensor when
the mean fibre direction was compressed instead of complatglting the anisotropic
contribution to the strain-energy function in this cases eqn (26) therein. This is a
misinterpretation of a statement on p. 26 by Gass$el. [88], and leads to unphysical
predictions of the uniaxial tension-stretch behaviourdot®n 2 of their paper. A sim-
ilar misinterpretation is contained in Latorre & Montang &l (see eqn (17) therein),
and the results obtained on that basis are not clear. Thistergretation motivated the
development of a model for excluding fibres in compressiamfotiunately, this model
does not achieve this aim because it uses the mean squaetmth sif the fibres in the
plane transverse to the mean fibre direction, and this doeguarantee the exclusion
of all compressed fibres.

On the basis of a GST model, in Roohbakhsbkaal. [274] a projection method was
presented to reduce 3D constitutive models to membraneufatians, which consid-
erably reduces the number of degrees of freedom comparédtiat 3D solid finite
element discretization. The follow-up study of Roohbaldrs& Sauer|[273] developed
rotation-free shell models by using the GST approach; NUHRBS:d FEs were used
for the FE discretization and pure membrane, pure bendidgnsired modes of the
shell deformation were examined.

By using the GST model of Gasset al. [88], the authors Ferreirat al. of the re-
cent study|[77] also incorporated a damage formulation tsxdan-local averaging of
integral type, which seeks to include th€eets of the microstructure in order to limit
the localization induced by the damage variables. The stfidfplokh [346] presents
Al-based models using multiple (16 and 8) structure tenandsthe author applied the
models to analyse uniaxial extension in the circumferéatid axial directions of arte-
rial walls.

The motivation of an alternative approach documented byl®&r& Vasta [240], and

subsequent papers, e.g., by Vastal. [344] and Gizziet al. [90,/91], was based on
errors in Federico & Herzog [74] and Cortesal. [45], which have been followed by
Pandolfi & Vastal[240] with the conclusidthat for all the loading cases for which GST
models introduce large errors, such as uniaxial loadinggahand biaxial loading, the

proposed model has a better performance, in the sense tpivitdes results closer to
the ones furnished by an exact angular integration of thefdsrentation distribution’.

Holzapfel & Ogdeni[120, 121] have pointed out that the eradrthe papers by Fed-
erico & Herzog [74] and Cortest al. [45] are based on incorrect analysis. Part of the
motivation of the approach by Pandolfi & Vasta [240] was tomporate higher order
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statistics to try and correct the supposed (but non-exis¢erors. We now outline their
formulation, which was designed to modify the GST mo#g} = Wsst(l) by includ-
ing second-order statistics. Consider the Al modell (3.8) expand\(l4) as a Taylor
series aroundi; as

W(la) = W(I2) + (= 12)W (17) + %04— 1YW (1) +... (3.28)

Since, by[(3.111) and the definition gf, (1/4x) fgp(N)|4dQ = | ;, after substitution into
(3.8) the approximation reads

o = WD)+ W (155 [ pNI(la-15)%d0
= Wost(1}) + %W”(I NIHEC): C-137], (3.29)

where : denotes the double contraction. The latter termvialisince, from[(3.11) and
the definition

H:ifp(N)N®N®N®NdQ, (3.30)
471' Q
we obtain
i 2 * *2 _ O - )2
7 p(N)(|4 2I4I4 +I4 )dQ = (HC):C—-(H: C)~. (3.31)
T JQ

HereinH is a fourth-order structure tensor which, without the fadt6dr, was intro-

duced by Advani & Tucker.[2] and referred to as an orientatemsor. It should be
emphasized that this approximation is only valid for dispas for which ;' is close to

l4, i.e. for narrow dispersions.

Given the energy function (3.29)ve can derive the rather complex Cauchy stress tensor
Tib, i.e.

ofib = 2W/(15) = 21 ;W7 (15) + W (IX)[(HC) : C-13?]}h
+2W”(12)F(HC)FT. (3.32)

As Holzapfel & Ogden have shown in, e.d., [120] the GST and Adeis have very
similar predictive powers. It is inappropriate to arguettha additional term of the
type considered here is needed to improve accuracy. Iniaddihe resulting stress
tensor and elasticity tensor (not shown here) are relgto@inplicated to handle and to
implement.
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Model Approaches Excluding Compressed Fibres

Collagen fibres are embedded in a matrix material in a wavn f@as can be seen in
particular in healthy artery tissues in the unloaded stBlaring loading the collagen
fibres are straightened and then bear tension, leading tidf@ngtg response which
is typically described by an exponential function. Undemgpoession, however, the
collagen fibres store very little or no energy because theyvary slender, and the
matrix material bears the compressive load. Moreover, foathematical model to be
well behaved it should satisfy certain convexity condiipwhich cannot be guaranteed
when compressed fibres store energy (Holzaptedl. [124,1125]). For this reason
exclusion of compressed fibres is also important from thdaraatical point of view in
order to properly reflect the overall behaviour of the tissue

It appears that the study of Weistsal. [358] was the first to describe this switch between
tension and compression in modelling the human medialteofialigament. This was
followed by Holzapfelet al]124] who used this switch in a constitutive framework
for arterial walls although the model therein does not adersdispersion. The key
point is that the anisotropic part of the strain-energy fiomconly contributes when
either one or both of the fibre familiegase extendedif > 1 or I > 1 or both). This
model was then extended by Gasserl. [88] to accommodate dispersion based on
the stretch in the mean fibre direction. However, using @wah for which the mean
fibre direction is extended does not, in general, allow esioluof all compressed fibres
within a dispersion. In fact, it has been claimed in the &itare that it is not possible to
exclude compressed fibres in the GST model of Caated. [45], although Holzapfel

& Ogden [120] have shown that this is not the case.

The following simple example of homogeneous uniaxial deftion illustrates how
some fibres are compressed when the mean fibre directioreisceed. Suppose a stretch
A3 = A is applied in the mean fibre directidvh, which is taken to be the; direction so
that by symmetry and incompressibility = 1, = 172, According to [3.1) and [3:1)
we have

ly=22+2271 and I4=242 (3.33)
and from [3.25) and_(3.26)ve then obtain
I¥ = A2(1-20) + 2«7 L. (3.34)

A plot of this relationship is shown in Fig._3.1 for fiveftérent values of. As the plot
indicates | > 1 for A > 1, but, for some, 1 can also be greater than 1 whers less
than 1, which means that the mean fibre direction can also teer wompression.

Another point is that there exists a range of the angles o¥iahglal fibres for which the
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Figure 3.1 Plots of the generalized invariéfitas a function of the fibre stretchfor
five different values of the dispersion parametar the range [01/3].

fibres areshortenedvhena > 1 in the mean fibre direction. Hence such fibres should
be excluded from the energy function. We now consideas given by[(3.15), which
makes an angl® with the mean fibre directioM = e3. Because of symmetry, the
square of the stretch in the directibi(i.e. N- (CN)) is independent ob, and hence

N-(CN) = 22co€@+ A7 1sifO®@ =11+ 11 (13- 1) cogO = 14(®),  (3.35)

which defines the notatioi(®). Thus, forN - (CN) > 1 with 2 > 1, we require

020> — 1 —cod Oc, (3.36)
A2+a+1

which identifies the range of values @ffor which the fibres are extended, i.€®.; <
O <0O;orr—0¢ <O <+ 0. This means that the fibres should only contribute to the
strain-energy function if c® is larger than cd®.. Thus, if extension of the mean
fibre direction of the dispersion is used as a criterion fotuding the anisotropic term
in the strain-energy function then some compressed fibrésalsd be included, i.e.
those outside these two ranges.

To our knowledge it was the study of Federico & Herzog [74]ethiirst suggested the
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possibility, following a comment by Gassetr al. [88] in relation to the GST model, of
using a Heaviside functio® in the Al model for excluding compressed fibres, which
in our notation reads

Wiy = = o fg p(NYH (1 - LW(12)de. (3.37)

Subsequently, that approach was pursued by Federico & G eand applied to
analyse articular cartilage numerically. The idea of cdesng a Heaviside function in
the energy for the collagen fibres was also used in the studyeshianet al. [8] and
applied to articular cartilage. The more recent paper ofikett al. [214] employed

a deformation-dependent structure tensor in order to deatompressed fibres, which
the authors applied to uniaxial extension with two famibéfibres. The study of Hash-
lamounet al. [106] also used a Heaviside function to exclude compresseesti and
the authors compared the results for thretedent polynomial expansions of the energy
function about4 = 1, and they also performed comparisons of the Cauchy sgesse
ando2 as functions of stretch for equibiaxial and biaxial defotior@s. Note that the
comparison in the exponential case was performed with theegzarameters; = k;
and forc; = ko = 1 for each case. The comparison of the GOH model and the Adebas
model is therefore erroneous and misleading, as pointedyuHolzapfel & Ogden
[120,121].

In the study of Holzapfel & Ogden [119] thefect of using an inappropriate tension—
compression switch for excluding the contribution of fibresler compression was
analysed. A simple tension illustration indicates thatdti@ness of the composite is in
general significantly overestimated by not excluding fihneder compression. We have
also computed the critical angle of the individual fibreatigk to the fibre direction that
corresponds to the switch. The subsequent paper ef &l. [176] documents compu-
tational aspects of the model, and in particular expresdionthe elasticity tensor and
the integration boundary that admits only fibres which atered were provided. The
work of Gizziet al. [90] introduced a probability density ¢ to averagd, itself over
the range of values foiy > 1 as a means to exclude compressed fibres in the energy
function. They also introduced two dispersion parametas,as for the standard GST
model and another one which is related to the second-orgepspation. This ap-
proach was applied to uniaxial loading in the mean fibre divacgn 3D, and to a planar
dispersion for uniaxial loading in the mean fibre direction.

Alternative schemes for omitting compressed fibres in theutations based on a par-
ticular constitutive law have been detailed bydtial. [177-+179]. In[177] the exclu-
sion was #ected by a restriction of the domain of integration in the Aérgy func-
tion so that this domain becomes deformation dependent.niétkod was applied to
some representative numerical examples including uriaxtansion, simple shear and
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extension—inflation of a residually-stressed carotidrgrtén [178] a new general in-
variant which depends on only the fibres under tension wasdated, and then used to
form the exponential energy function in placd af This approach was applied to simple
tensioricompression, simple shear and unconfined compression@flartcartilage. A
very dficient computational scheme based on discretizing a unitdprare with a fi-
nite number of spherical triangles and averaging the fibnsitheover each triangle was
recently presented in [1/79]. The method was again applieditxial extension, simple
shear and also to the non-homogeneous extension of a rataastip.

3.3 Applications to Specific Deformations

3.3.1 Biaxial Extension

Here we consider a sheet of arterial tissue ingh&> plane which is biaxially stretched
S0 as to minimize the amount of shearing. For arterial tissoefamilies of fibres are
present and we now introduce the necessary equations toluetsas.

While the mean fibre direction of the first family of fibres iretreference configuration
is denoted by, that of the second family of fibres is denoted\Wy, and the associated
squares of the stretches in these two directions are dehpéedilg. The corresponding
generalized invariants analogous(io (3.26) are the sanepeiuatl, is changed tdg,
andlz to Ig, while WYgstdepends now only oq to Ig. The corresponding contribution
ocstto the Cauchy stress tensor is

OGST= 2$Zh+2{ﬁgh', (3.38)

wherey = 0¥sst1/0l, i = 4,6, andh’ is given by [3.1D), wittm is replaced byn’ =
FM’. By incompressibility the stretch in the thickness direatis 13 = (1112)~1. We
assume that each mean fibre direction makes an anglgh the direction 1 so that
M = cosee; + Sinae; and M’ = cosae; — Sinaey; for the arrangement in an arterial
sheet see Fif. 3.2. The right Cauchy—Green te@sbas diagonal componenl%, A2,
A3 with respect to Cartesian axes €, e3. From [3.1),l; = 43 + A3+ A3, and from the
symmetry,l4 = lg = 2cof e + A3sirfe, while I, = 42. By using [3.IP) the nonzero
components o andh” are given as

hig = hy, = @5, a= 2uoplkip + (1~ 2uip) coS a], (3.39)
hp2 = hh, =bA3, b= 2kplkip + (1 2ip) Sirf al, (3.40)
hag = Ng3=C135,  C=(1-20p), (3.41)

and
h12 = —h, = 2kep(1— 2ip)A142 Sine cosa, (3.42)
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Figure 3.2 Sheet of arterial tissue in teg e plane which is biaxially stretched{
in 1 andA2 in e direction). Two families of fibres are present with mean
fibre directionavl andM’, each making an angte with the e; direction.
The normal direction to the planeés = My,

wherea+b = 2xop anda+ b+C= 1. Consequently, foly andly we can write
|Z = |g =trh = hy11+hyo+ has. (3.43)

The nonzero components of the Cauchy stress tensowriso + ocst— pl are obtained
as

011 = 212+ Ayihi—p,  o22= 2 d5+ A —p  and
033 = 24145+ 4y haz— p, (3.44)
wherey1 = 0W¥iso/dl1, With Wiso NOw just a function of;. Since we are considering a

thin sheet under plane stress conditions we haye= 0 and on elimination op the
equations[(3.44)and [3.44) can be written as

011 = 201(A7 - A3) + 4y (1—hgz)  and
022 = 21 (A5— 23) + 4} (hpz — hag). (3.45)

Now by using the neo-Hookean modEl(3.6) and the expone@iaB) in [3.45) we
obtain

11 = p(A7 = 25) +4ka (1} — 1) explea(1} - 1)°)(h11 - hsa), (3.46)
and

22 = p(A5— A3) + 4k (1} — 1) expkea(l} — 1)7)(haz - haa), (3.47)
wherehyy, hyp, hag are given by[(3.39)E(3.41) ang by (3.43). For the special case
of equibiaxial extension; = A2 = A, 13 =172, I} = (@+b)A?+c17*, andhy; = a1?,
hoo = ba2, hgz = cA™4.

We now provide the corresponding stress expressions fohAltmeodel. By using the
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expression (3.15) fax, the related vectan = FN in the deformed configuration has the
form
N = 11 Sin® cosde; + 1> Sin® sinde; + A3 cosOes. (3.48)

Then, from [(3.1D) we obtain

/12
o11= El f P(N)W'(14) Sir? © coS dAQ + 2122 — p, (3.49)
Q
/12
o22= 52 f P(N)W (1) S @ Sir2 ddQ + 24102 — p, (3.50)
Q
and
3 2
T33= o fp(N)W’(I4) cog OdQ + 2y1A5- D, (3.51)
Q

where the density functiop(N) is decoupled according t6_(3]16), with the von Mises
distributions [(3.2B). By symmetry we havgs = 013 = 023 = 0. From [3.48) we can
now derive an explicit expression for the invaridati.e.

l4 = A2sirf © coS @ + A5Sir? @ sirf @ + 15coS O, (3.52)

By writing W5, asW(l4) from (3.1), we calculat&V’(l4), which is required in[(3.49)—
(3.51), as
W' (I4) = ca(l4— 1) explea(la — 1)7]. (3.53)

Finally, with the plane stress conditiorz3 = 0, the use of the neo-Hookean model]3.6),
and on elimination o equations[(3.49) and (3.50) read
1 .
o1 = o f P(N)W (1) (2SI O oL d — 12co20)dQ+ (12— 1), (3.54)
Q

oo = % f P(N)W (14)(A3Sirf @ sir? @ — 1308 ©)dQ + (45— 15).  (3.55)
Q

A similar derivation for uniaxial extension and simple sh@as documented by Holzap-
fel & Ogden [121]. For the special case of equibiaxial exi@msvith 11 = 12 = A the
above equations apply wilh = 12sir’ ® + 1~*co< 0.

3.3.2 Homogeneous Uniaxial Extension

We now consider a strip of an incompressible arterial tisghieh is loaded by a stretch
A1 = Ain thee; direction. There are two families of fibores symmetricallggbsed with
respect to the; direction but with non-symmetric dispersion, and mean fibirections
M andM’, as indicated in Fid. 31 3.
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Figure 3.3 Sheet of arterial tissue in thg e, plane which is uniaxially stretched
(11 = 4 in e direction). Two fibre families are symmetrically disposed
with mean fibre directionM andM’, each making an angte with thee;
direction.

We introduce the notation
— — k
f(IZ) = 4k1(I2 -1) expkz(lj - 1)2] and k= ey (3.56)
M
Then, with the conditiorr,, = 0 we obtain from[(3.47) that
022

s A5- 25+ F(15)(ho2—hzs) = 0. (3.57)

With the expressions fdmn,, andhzs from (3.40) and (3.41) we then obtain, on sup-
pressing the argumety in f(17),

(1+bf)a2 = (1+cf)2 (3.58)
We also have the incompressibility conditiggiz = 271 so that from[(3.58) and (3.43)
we obtain 12 _ 1
l+cf 1+Dbf
2 _ -1 2 _ -1

/12_(1+bf) A7~ and /13_(1+Ef) A, (3.59)

and the following cubic fon
b+cC+2bcf

ar -1 (3.60)

+— — =0.
(1+bf)2(1+Ch)1/2
By recalling [3.46),[(3.56)[(3.39) (3.41) and [3.59) we find the Cauchy stress;;



62 3 On Fibre Dispersion Modelling of Soft Biological TissuésReview

in theey direction is given by

T A2- A2+ f(hyy—hgg) = (1+af)A2— (1+bHY21+ChHY2;L,  (3.61)
M

whereA; is provided in[(3.6D).

Note that ifA> = A3 then we obtain from(3.58) thatcf = 1+ bf. So, eithen } =
which is a trivial case, ob = ¢, which, using[[3.413) and [3.41) (for b andc), Ieads to
the condition

2uop[1 + kip + (L~ 2«ip) Sinf @] = 1. (3.62)

This condition can be satisfied for quite a wide range of conoes between, «ip
andxop. For example, ikop = 1/3 then sifa=1/2 independently okj,. On the other
hand if xsip = 1/2 thenkop = 1/3 independently ofr (the isotropic case). lkp =0
then sifa = (1 2xop)/kop, Which requires 14 < kop < 1/2. Similarly, «jp = 1 requires
sirf @ = (4kop— 1)/ 2op, Which again requires/% < kop < 1/2. If kip = 1/4 then sifa =
(2 - 5kop)/kop, Which requires 27 < kop < 2/5. There is no solution for eith&pgp = 0 or
kop = 1/2, which are limiting cases that are not physiologicallgvant.

With (3.62), the cubic equatioh (3160) reduces to
at-131+2b=0. (3.63)

Sincea+b = 2Kop andb = ¢ we deduce thab = 1 - 2kop anda+ 2b = 1 so that[[3.63)
can be written as

a3+2b
e (3.64)
A1
and hence(3.63)gives
% = 221+ @2 -bagh (1)), (3.65)

which becomes an explicit expression in termsigfwhen [3.64) is substituted in

(3.56).

We now provide the corresponding equations for the Al apgro&or uniaxial exten-
sion we require that», = 0 so that withiz = /111/151 we have from[(3.55)

o f PW (14)(A3Sir? @ sir? @ — 1724,2coS ©)dQ + u(13 - 1724,%) =0,  (3.66)

which givesa, in terms of1; on noting thatl, is given by [3.52) with/lg = /112/12
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Now, by subtracting (3.55) froni (3.54) withy, = 0, we obtain
011 = % f PW’ (14)(15 cOS @ — A5 sir? @) i’ OdQ + (15 — 13), (3.67)
Q

with A2 in terms of1; from (3.66), which givesr1; as a function oft;.

Finally, let us discuss the special case- A3 = /111/2. Then, by using st = 1-coL ®
and cod0 = 1-sir’ O, (3.68) gives

f oW (14) Sir? © cos @dQ = f oW (14) cos ©dQ, (3.68)
Q Q

so that[(3.6]7) reduces to

1 At
o11= — (3 +227Y) f oW (14)cog0dQ - =1 f PW (12)dQ +p(15 - 7Y, (3.69)
21 Q 21 Ja

wherep is given by [3.16) and (3.23), and is given by

l4 = 22sif@cog @ + A1 (Sirf O sir @ + cos @)
= (2- A7) sirfOcogd + a7, (3.70)

which results from[(3.52).

3.4 Numerical Examples

In this section we illustrate the theory in Section| 3.3 bwtieg it to sets of data for (a)
equibiaxial extension of a tissue sample obtained from a@wo@inal aortic aneurysm
and (b) uniaxial extension of strips from the circumferahind axial directions of a
media from a healthy thoracic aorta.

3.4.1 Equibiaxial Extension

Here we use experimental data which were obtained from aibiegial test of a tissue
taken from a human abdominal aortic aneurysm, as documarfigdL2 of Niestrawska
et al. [228] (sample AAA-4.1). The experimental data are showreherFig.[3.4

in terms of the circumferential Cauchy stress (open squares longitudinal Cauchy
stress (open circles) as functions of the equibiaxialdtteAs can be seen, the mechani-
cal response is highly anisotropic and nonlinear. A reprdive set of mechanical and
structural data was selected from the sets of data of Nigskaet al. [228]. Figurd 3.5,
which is based on second-harmonic generation (SHG), shHoawsttucture of dferent
layers taken from two adjacently located patches. To th# tigere is an intensity plot
indicating a highly disturbed collagen fibre structure fog tuminal layer with 450m
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Figure 3.4 Plots of the Cauchy stress versus the stretckfpoesentative data from an
equibiaxial test of a tissue taken from an abdominal aoriguaysm (i.e.
sample AAA-4.1, as illustrated in Figure 12 of Niestrawskal. [228]).
Open squares and circles indicate the experimental datke sdiid curves
show the fitting of (a) the GST model and (b) the Al model.

thickness. The abscissa corresponds to the angle measomethie circumferential di-
rection at the origin (0, while £90° refer to the axial direction. The red color identifies
fibre angles at which there are fibres with that orientatidm|exthe blue color indicates
the absence of fibres. More details can be found in the captidnin the study [228].

The structural parameters for the patient AAA-4 accordind228] arexip = 0.223,

kop = 0.413 anda = 24.33°. On that basis a GST fitting to the experimental data was
performed and achieved the following set of parametgrs:1.66 kPa,k; = 5.82 kPa
andk, = 99.91 with R?2 = 0.98, but the corresponding plot was not shown therein. The
R? value can be improved by starting with the dispersion patarseabove and the
value ofu, but allowinga to be a fitting parameter so that we obtained the fit shown in
Fig.[3.4(a) with the valuels, = 7.68 kPa and, = 91.8 anda = 25.82°, with R? = 0.997.

For the fit the equation§ (3.46) and (3.47) were used for tbeiapcase of equibiaxial
extension. Figuré 3l4(b) shows a corresponding fit of tha @at the Al model by
using [3.54) and(3.55) with (3.53) for the special case afildgxial extension, and
with the von Mises distributior (3.23). The integrationsrev@erformed numerically
using Mathematica [203]. The fitting process achieved theceotration parameters
a= 0.9 andb = 135 and the mechanical parameters: 1.66 kPa,c; = 0.46 kPa and

¢ = 37.0. The concentration parameteasand b lead to values okj, = 0.295 and

kop = 0.491 according to(3.23)and [3.2B), respectively, whereas thg andop for
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Figure 3.5 SHG images and intensity plot for a tissue takem fan abdominal aortic
aneurysm (AAA-4, see Fig. 8(b) of Niestrawskaal. [@]): structure
of luminal layer (LL-1 and LL-2), and abluminal layer (AL-Id AL-2),
of two patches taken from adjacent locations. Image LL-wshbright
‘stains’ representing a degenerated collagen structackimage LL-2 in-
dicates a dterent structure with calcification and wavy collagen fibres.
The AL patches are similar to those of a healthy layer. Thenisity plot
(to the right) exhibits a highly disturbed structure for tigper 45Q:m and
an adventitia-like structure with generally two fibre faiedlin the remain-
ing wall thickness. The intensity plot starts at the top with LL. Scale
bar is 10Qum.

the GST model were based on imaging data, whilend b were obtained as fitting
parameters. Thus, if the valuasandb are associated with values g andxop given
by (3.23), these are reasonably consistent with the stalbtwbtained values. The fit
is in good agreement with the experimental data and leads RY aalue of 0998. It
should be noted that the values of the stretches and thesporiding stresses obtained
for equibiaxial tension are rather low. This is because efakperimental limitations
of a biaxial extension test. Larger extensions and corredipgly larger stresses can be
obtained in uniaxial extension experiments, as we now g&scu

3.4.2 Uniaxial Extension

We now fit each of the GST and the Al models to representatigeo$@ew experimental
data obtained from axial and circumferential strips from edia of a healthy human
thoracic aorta (59 yrs, female). The donor sample was seguhnato layers, and dog-
bone specimens of the media with markers for real-time tnactere prepared. The
medial strips were preconditioned in five cycles and theeredéd until failure. The
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Figure 3.6 Plots of the Cauchy stress versus the stretchrégrasentative set of data
obtained from longitudinal and circumferential strips om&dia from a
healthy human thoracic aorta. Open circles (longitudiaat) open squares
(circumferential) indicate the experimental data for the-poftening elas-
tic domain; the subsequent softening data in the circumfedecase are
shown as solid squares. The solid curves show the fitting)ah@GST
model and (b) the Al model.

protocol took place within a container which was filled withfeosphate-hifiered saline
solution and kept at 3T (as described by Sommetr al. [308]). For the pre-softening
elastic domain the data in the form of the Cauchy stress sessetch are presented
in Fig.[3.6 as open squares (circumferential) and openesirgbngitudinal), while the
subsequent softening data in the circumferential casehargrsas solid squares.
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Structural data were obtained by using SHG according to tb®pol documented by
Schrieflet al. [287], except that the sampling was set t62x 0.62x 5um instead of
0.62x0.62x 1um. For each strip, the data were obtained separately in téhmgo-
nal planes, namely the radi@krcumferential and radigxial (out-of-plane), and in the
circumferentiglaxial plane (in plane). The out-of-plane data from the twthago-
nal planes were fitted together using the least squares th¢Bmmmeret al. [307]),
which produced the concentration paramétdrom which the dispersion parameigp
was calculated vid (3.24) The in-plane data were fitted using a maximum likelihood
estimation (Schriefét al. [285]), which produced the mean fibre anglend the me-
dian concentration parametay while the dispersion parametep was obtained from
(3.24). Then, the values obtained were averaged between the tipe sirgive the
in-plane and out-of-plane dispersion parameters, theasdration parameters, and the
mean fibre angle, as represented in Table 3.1.

Table 3.1 Parameters

Dispersion Concentration Mean fibre angle
In plane kip=0.227 a=132 a=8.0°
Out-of-plane «kop=0.484 b=13.68 -

Figure[3.7 illustrates contrast enhanced SHG images ofdhagen architecture of a
circumferential strip using FIJh{tp:/fiji.sc/Fiji, Ashburn, VA). Figurd_3.I7(a) shows an
image obtained from the in-plane stack (a(deitumferential) which corresponds to a
depth of 30um in the intensity plot (see Fif. 3.7(d)). Figufes|3.7(b) &jdshow out-
of-plane images of the radjakial and the radiatircumferential planes, respectively.
Figure[3.7(d) shows an intensity plot through the thicknafsthe medial strip in the
circumferential direction, which is composed of multipderellar units. The strip in the
axial direction shows a similar intensity pattern. An indival image does not show
two families of fibres but the two fibre families can be idertifithrough the stack by
the zig-zag characteristic.

We now focus on fitting the data up to the point where softemnigitiated. Based
on the structural data for the GST fit we have assumed values, ef 0.48 andki, =
0.25 which are approximations of the measured data (see Tal)leThese two values
served as fixed input data for the fitting procedure of the G®@leh Noting thaa+

b = 2«qp, the fitting produced = 0.385, and hencb = 0.575, andc = 0.04, thenk; =
107.0 kPa andk, = 0.155, andr = 33.3°. The model results are illustrated as solid curves
in Fig.[3.6(a) and show good agreement with the experimefatial, withR? = 0.993.
While the dispersion parameters used in the fitting are vienylaz' to those obtained
from the images, the mean fibre anglés not so close. However, this can be explained
by the fact that there is quite a large range of fibre anglestamdveraging within the
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Figure 3.7 SHG images and intensity plot for a tissue takemfthe media of a
healthy human thoracic aorta: (a)—(c) illustrate SHG insagfehe collagen
architecture of the circumferential strip obtained frofng@ain plane image
(axialcircumferential) corresponding to 30t depth in the intensity plot,
see (d); (b) out-of-plane image of the radiial plane; (c) out-of-plane
image of the radigtircumferential plane; (d) intensity plot of a circum-
ferential strip through the thickness of the media depichighly aligned
fibres along+7.2° from the circumferential direction (with°). The inten-
sity plot starts at the top with the medial side closer to tiveatitia. Scale
bar is 10Qum.

image stacks to obtain the structural parameters for iddalistrips and then between
the strips has a considerable impact on the values reporfEabie 3.1.

As far as the Al model is concerned the fitted parameteraarg b= 10,c; = 4.725kPa
andc, = 0.038. For both models the shear modylussed was D5 kPa. Figuré 316(b)
also illustrates a good agreement with the experimental eiath R? = 0.980.



3.5 Conclusion and Perspectives 69

3.5 Conclusion and Perspectives

We have described both the generalized structure tensar)(@%®l angular integration
(Al) approaches for the modelling of fibrous tissues withpdised fibre structures. The
constitutive equations for each model have then been apiehe special cases of
equibiaxial and uniaxial extension of tissue samples abthfrom human aortas. For
each of the GST and the Al models the agreement with expetahdata has been
shown to be very good.

The basic structure of the dispersion model does not takeaictount interactions be-
tween fibres such as cross-linking. There is some eviderateatarger number of
collagen cross-links leads to a higher walffsiess and a larger elastic modulus in older
arteries (Hayashi & Hirayama [108]). In addition, the studyXu et al. [373] shows
that the stress—strain responses based on equibiaxigétests of engineered collagen
scdfolds with diferent degrees of cross-linking indicate the influence ottbes-links
on the mechanical response; in particular, the responseriestifer as the proportion
of cross-links increases. A similar conclusion was drawfang & Chesler/[356] in
respect of the pressure—stretch response of isolated diytests of pulmonary arteries.
The more recent study of Tiagt al. [324] uses the eight-chain Arruda—Boyce model
with a parameteN which corresponds to a number of subunits per chain; thetgenfs
cross-links is larger for smalléd which is a basic way to account for cross-links. The
study of Xuet al. [373] also attempts to model thé&ect of cross-links with a model
based on Gasset al. [88] by varying the parameters, although the cross-linkiag
not explicitly accounted for otherwise. There is a need forerstructural data on the fi-
bre arrangement and cross-linking and for more advancestioaive models which are
able to better capture the cross-link stabilization of ide-$y-side packing of collagen
molecules, and to quantify théfect on the mechanical response. New invariants might
also be useful in the modelling of cross-linking and asgedian-plane and out-plane
dispersion. In this connection a recent relevant modekipgroach aimed at captur-
ing the mechanical response of fibrous biological tissuegyus general invariant that
excludes compressed fibres is documented st &i. [178].

In cardiovascular diseases such as aortic dissectionithewgdence that medial weak-
ness forms a basis for an aortic dissection, and that weakseahie to the structural
abnormalities of elastic fibres; in particular a marked rdun in interlaminar elastic
fibres is observed (see, e.g., Nakashimal![225]; for a revietheomechanical assess-
ment of arterial dissection see Toeatpal. [330]). Signs of fibre degradation glod frag-
mentation are similarly observed in aortic aneurysms (sgg, Borgest al. [21]), a
cardiovascular disease in which the elastin content dsesesignificantly with increas-
ing aneurysm diameter (Toreg al. [329]). Consequently, changes in the architecture of
the medial elastic pattern of aortas occur, which play aisagmt role in the pathogen-
esis of aortic dissections and aneurysms. Hence, at thescale, an extension of the



70 3 On Fibre Dispersion Modelling of Soft Biological TissuésReview

dispersion models is required to capture such changes iméukal elastin structure,
and hence to improve constitutive modelling, even thoughntiechanical response of
the non-collagenous material is rather isotropic.

We also need better structural characterisations of tissagonents in atherosclerotic
plaques in order to inform constitutive models used to [tettie mechanical environ-
ment of stenotic arteries during interaction with stentel@édpfelet al. [128]). A more
accurate consideration of the collagen structure, in @agr of the fibrous cap (i.e. the
fibrotic part at the luminal border) is important because ffague component may be-
come remarkably stressed, and may lead to tissue failurécesel/ere life-threatening
clinical consequences such as stroke or myocardial inder.cT he recent study of Dou-
glaset al. [52] documents significant fierences in the fibre architecture across the
luminal region of human coronary atherosclerotic plaquéd®se study describes a vital
pathway for improving our understanding of material sigpdnd rupture mechanisms
of plaques on the basis of considering the fibre structure.

Clearly, improved fibre dispersion models when including tranoscale interactions
between the dierent tissue constituents may advance the development ihsoale
modelling methods, an important research area still inntanicy. Multiscale models
are able to describe complex processes across multipleéhleimge or energy scales to
inform the macroscopic response of tissues. For a brief sampiof the most recent
developments on multiscale modelling in biomechanics seedview article by Bhat-
tacharya & Viceconti [16]. A collection of studies on mutiede soft tissue mechanics
and mechanobiology can be found in a book edited by Holz&@gden [123].
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4 BIOMECHANICS OF AORTIC WALL FAILURE WITH A
FOCUS ON DISSECTION AND ANEURYSM: A REVIEW

Abstract Aortic dissections and aortic aneurysms are fatal everdsackerized by
structural changes to the aortic wall. The maximum diametiégrion, typically used
for aneurysm rupture risk estimations, has been challebgetbre sophisticated biome-
chanically motivated models in the past. Although theseetsodre very helpful for the
clinicians in decision-making, they do not attempt to captuaterial failure. Following
a short overview of the microstructure of the aorta, we areathe failure mechanisms
involved in the dissection and rupture by considering alaarhatic rupture. We con-
tinue with a literature review of experimental studiesvatg to quantify tissue strength.
More specifically, we summarize more extensively uniaeakile, bulge inflation and
peeling tests, and we also specify trouser, direct tensiohimplane shear tests. Fi-
nally we analyze biomechanically motivated models to medipture risk. Based on
the findings of the reviewed studies and the rather largatans in tissue strength, we
propose that an appropriate material failure criteriorafartic tissues should also reflect
the microstructure in order to b&ective.
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4.1 Introduction

Aortic dissection and aortic aneurysm rupture are acugehifeatening events. Overall
mortality rates of dissections and aneurysms of the thoramita remain high despite
the improvements over the years [234,1243, 318]. Rupturedrgsms of the abdominal

aorta are estimated to cause 4-5% of sudden deaths in thed Btates, and the event
of rupture has mortality rates as high as 80% [283].

Aortic dissection is an acute condition of the aorta whighidglly starts with an in-
timal tear to the presumably already weakened wall, follble a crack in the radial
direction. The crack then proceeds within the medial lagehetween the media and
the adventitia, causing the layers of the aortic wall to s&jgathereby creating a false
lumen where the blood can flow into [143, 216]. This leads tdaation and a further
weakening of the intact outer wall of the false lumen. In niatdl conditions, the aorta
bursts causing the patient to bleed to death quickly [48].23tanford type A dissec-
tions — dfecting the ascending aorta — are shown to become chronicanely, whereas
type B dissections —{ffecting the descending thoracic aorta only — are routinelgrah
with a thickened, straightened intimal flap which lost itsbiity due to remodeling
[248]. Approximately 67% of the cases are reported to be #pubssections|[243].
The risk factors include but are not limited to age, hypesi@m, smoking, congenital
disorders such as bicuspid aortic valve (BAV), genetic iists such as Marfan syn-
drome and Ehlers-Danlos syndrome![68,/141]. Intimal tezadihg to ascending aortic
dissection are typically located a few centimeters aboeectitonary arteries, whereas
the ones leading to descending aortic dissection are lb@afew centimeters beyond
the left subclavian artery [68]. For a mechanical assessofarterial dissections see
the review article by Tong et al. [330]. Figure 4.1(a) ilhades the basic anatomy of the
aorta, while the sketch in Fig._4.1(b) shows a dissectedwitl arrows indicating the
blood flow.

Aortic aneurysms are local dilatations of the aorta, tylbyaaore than 50% of the nor-
mal diameter/[92]. The underlying mechanisms leading taeysen formation dier
between the ascending aorta and the descending thoratad 268], as well as between
the thoracic and the abdominal aortal[33, 168,/ 275] due fier@int embryonic origins
of the cells involved in the remodeling process. The anensyis the ascending aorta
are usually not accompanied by atherosclerosis, wherehe olescending thoracic and
the abdominal aorta it is a common finding [141]. Neverthela aneurysms are char-
acterized by alterations to the extracellular matrix. Foe\aew on the biomechanics,
mechanobiology, and modeling of aneurysms see Humphreidatzdpfel [135].

In addition to the above mentioned pathologies, thoracii@trauma is accountable
for a large percentage of losses involving motor vehicladstds, and it can initiate
the dissection process or cause an immediate rupture. aBdret al. [[15] reported
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Figure 4.1 (a) Anatomy of the aorta with some of its brancfi®gssketch of a dissected
wall with arrows indicating the blood flow.

1.2% of the occupants involved in vehicular accidents susthiantraumatic injury of
the aorta, of which 94% were deadly, accounting fod24 of all fatalities. Traumatic
aortic injury can also be due to heavy falls on feet, airplar@shes, suicide attempts,
or surgical procedures [105, 112, 290]. The ascending &reported to be the most
common injury site due to trauma [198], whereas the aortionsis has been identified
as the most vulnerable location for injury by several staifll®, 47| 296] constituting a
number as high as 90% [47], followed by the aortic arch anéba®mminal aorta around
the bifurcations.

To prevent further complications such as rupture, dilatetiof the aorta due to aneurysm
or aortic dissection are surgically treated if the maximuianeter of the lesion is
above 50cm in women or cm in men, or if the maximal diameter increases more
than 05-1cm in one year [97, 103, 175]. Clinicians consider sdvaticators before
decision-making about a surgical intervention — such iaidics include maximum di-
ameter, expansion rate, genetic risk factors and the fanishpry just to name a few.
For example, the maximum diameter criterion is revised & platient stfers from a
connective tissue disorder such as Marfan syndrome, sgeaf2d Fig. 1 therein. Even
though it has been shown that the risk of rupture and disseofi aneurysms increase
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significantly at sizes larger than 6 cm for the thoracic aft€g, this criterion is in con-
tradiction with the observation that aneurysms can rupturdissect at any diameter
[28,1242,243| 278, 348], and it ignores the more compleximeiahips between the
rupture and the material properties such as the heterdgesfaensile strength in the
wall of aortic aneurysms [338]. Clinicians need more rdéabols to assess the risk of
intervention versus the risk of rupture, as the maximum eigmcriterion can underes-
timate the rupture risk of smaller aneurysms, and overeséiin for the larger ones.

To gain a more in-depth understanding of the possible mesimarieading to these fatal
events, this review analyzes experimental studies thataguantify the strength of aor-
tic walls towards a material failure perspective and regi®&omechanically motivated
models to predict rupture risk. After summarizing the matracture of the aorta in Sec-
tion[4.2, we continue with a brief account of damage and faimmechanisms involved
in the dissection and rupture in Section|4.3. SubsequentBectior 4.4 we summarize
some important experimental studies that quantify thengtte and in Section 4.5 we
summarize the state-of-the-art on the biomechanics-bagedre risk prediction mod-
els for clinical use. Finally, within Sectidn 4.6, we progidoncluding remarks. Readers
interested in damage models or computational aspectdwfdaire referred to, e.g., the
two recent book chapters of Holzapfel and Fereidoonnezha€][and Gultekin and
Holzapfel [99], respectively.

4.2 Microstructure

We continue with a glance at the structure of the aorta asoiiges a basis for our
discussion. The aorta is composed of the intima, media amdrgitia, as shown in
Fig.[4.2(a). The intima is mechanically negligible in a yguand healthy aorta, and it
is basically a single layer of endothelial cells [124]. Tlager becomes mechanically
significant, especially with age, due to non-atherosdierotimal thickening during
which collagen fibers are deposited|[29]. Figlrel 4.2(apstsketch of such an artery
with intimal thickening, while Figl_4)2(b) partly depicteéd collagen architecture of a
healthy (but aged) wall obtained from an abdominal aorta@oduced with second-
harmonic generation microscopy. The media consists ofrakeeencentric lamellar
units bound together, see Fig. 4.2(a),(c). Each of thess gontains smooth muscle
cells with their radially tilted longer axes oriented at agke closer to the circumferen-
tial direction, surrounded by collagen fibers embeddedarettiracellular matrix [235],
see FiglL4.2(c),(d). Collagen in the media is typically presas two symmetric families
of fibers with a mean orientation closer to the circumfe@mdirection, whereas in the
adventitia the mean orientation is closer to the longitabithrection [286]. The media
is the main load bearing layer for physiological loads, darelddventitia acts as af$ti
‘jacket-like’ tube at higher levels of pressure, which mets the artery from overstretch
and rupturel[124]. The thickness of the thoracic aortic rmegh hand in hand with an
increase in the number of lamellar units, and the thicknéss gingle lamellar unit
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Figure 4.2 Structure of the aorta: (a) healthy but aged @osall with non-

atherosclerotic intimal thickening composed of three itaye intima (1),
media (M) and adventitia (A). Reprinted with permissiomfrGasser et al.
[@]; (b) layered collagen architecture of a healthy anddagledominal
aorta — more specifically the top image depicts the out-afi@istructure in
the circumferential-radial plane, while the three imaggb@abottom show
in-plane sections of the intima (I), media (M) and adveat{#\) (white
scale bars corresponding to 10@. Reprinted with permission from Nies-
trawska et aI.@S]; (c) 3D microstructure of an aortic ngecinsisting of
several lamellar units — circumferentially-oriented edlyttilted smooth
muscle cells (SMCs) with elliptical nuclei (N) sandwichestween elastic
lamellas (EL) surrounded by a dense network of interlamelkstin fibers
(IEFs shown with black arrows), elastin struts (ES), andfogced elastin
pores (EP). Reprinted with permission from O’Connell et[@]; (d)
schematic representation of two SMCs and two fenestratediEitheir
interconnections — more specifically, collagen fibers (Canié closely as-
sociated with EL, surface ridges of the left SMC are conreetaeboth EL
via elastin protrusions, right SMC is connected to the |okleria oxytalan
fiber (Ox), and larger deposits (D) containing collagen amgianan sulfate
proteoglycan are found at indentations of the cell surf&eprinted with
permission from Dingemans et ﬂ56].
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is constant amongst mammalian species (approximatelyn)§369, 370]. However,
human abdominal aortas have fewer lamellae for a given rileiek compared to other
species|[370]. Growth of the human thoracic aorta is thotmbe primarily due to the
increase in the number of lamellar units, whereas in the nuat@ominal aorta it is
mainly due to the increase in the thickness of the lamelléas (B683].

A key structural change in thoracic aortic dissections & sb-called medial degen-
eration, as first reported by Erdheim [70]. Typically, it alwes smooth muscle cell
loss, elastic fiber fragmentation, and an accumulation ofgmglycans|[18, 20, 371].
A weakened aortic wall due to medial degeneration is als@&por aneurysms and
dissecting aneurysms of the ascending aorta [21], not oiily twcuspid aortic valve

(TAV) but also with BAV and bovine aortic arch phenotypesdP4ee Fig. 4.3(a)—(f) for

examples of proteoglycan accumulation zones. Versicaraggreacan were identified
as the major components of such accumulations in thoradiic @ameurysm and dissec-
tion patients|[40]. In addition, one can see a change in thstielfiber structure of a
dissected aorta (Fig..4.3(g)) where the elastic structomaecting the lamellar units are
highly degenerated compared to a control aorta (Fig. 4.3226]. Collagen content

has been reported to increase! [34, 354, 355] or decreaseawiithcreased disruption
[19,/21] for aortic dissections.

Dilatation of the aortic wall secondary to disruptions iastIn organization was reported
in a mice study![146]. Although elastin content in the thacamrtas of patients with
an ascending aneurysm (TAV and BAV) decreased comparedowittrol, it was not
significantly diferent between BAV and TAV groups [35,/54]. In addition, ches\qn
the elastin architecture of BAV patients compared with TA¥re/ region-specific, and
were characterized by a decrease in the number of radiadipted elastin fibers [336].
Primary elastin fiber orientation in the aneurysmatic medigAV patients changed
from longitudinal in the inner part to circumferential inetiouter part distinctly in the
right lateral region compared with other regions [302].

Similar collagen levels were observed between control andrading aneurysm samples
[54,1146,.168], and between BAV and TAV phenotypes [54, 2581 ] Zontradicting
the findings of significantly higher collagen in BAV companedh TAV and control
[35]. Regardless, the organization of collagen may stikigaificantly changed during
aneurysm development in the thoracic acorta [19]. Sassaali [#81] reported notable
regional variations in the 2D collagen orientation, witle tight lateral and posterior
regions having diagonal fibers at smaller angles to the tadgial axis. On the other
hand, Forsell et al. [79] reported similar collagen ori¢iotes in aneurysmatic BAV and
TAV groups. Phillippi et al.|[250] demonstrated that bothlagen and elastin fibers in
the tangential plane were more aligned in BAV aneurysms akd &ntrol, and more
disorganized in TAV aneurysms compared with TAV control.rd@atage of radially
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oriented elastin and collagen fibers in the outer media wasfgiantly higher in BAV
patients and higher in TAV patients compared with conﬁ%ﬁ

Figure 4.3 Microstructural changes due to pathologicaimitions in human tho-
racic aortas with stars indicating mucoid accumulatioraar@groteogly-
can pools): (a),(b) disorganized collagen network vigealiby (a) a his-
tological section stained by picrosirius — collagen frarogs disorga-
nized — and (b) scanning electron microscopy (SEM); (c)3BM im-
ages showing a lamellar structure disrupted probably bytbeeogylcan
pools (star) (Adw= Adventitia; End= endothelium coverage of the luminal
face). Reprinted with permission from Borges etlall [21]);(tehistolog-
ical sections stained by Alcian blue showing (e) a pathaalghorta with
areas of mucoid accumulations (stars) — inset shows imntainasy for
a-actin demonstrating the absence of SMCs inside the muaceiat f)
control aorta where the space between elastic lamella@ifais occupied
by SMCs, collagen, and a normal amount of mucoid substaigte fiue).
Reprinted with permission from Borges et M[ZO]; (9),(FEN® images
depicting the elastic fiber architecture of human aortic isetrom (g) an
aortic dissection patient and (h) a control subject (blagkesbars indicate
20um. Reprinted from Nakashim25].
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Abdominal aortic aneurysms (AAAs) typically show incredsmllagen synthesis at
earlier stages, whereas later in the process collagendigra exceeds its synthesis,
and it is accompanied by elastin degradation [295]. Theobytane collagen disper-
sion in AAAs is significantly higher when compared with abdoat aortic tissues, and
the characteristic wall structure (with three distinctdes) cannot be identified anymore
in AAA samples. In addition, collagen fibers in the ablumilagier of AAAs loose their
waviness and appear as thick straight struts/[228].

Several factors in the donor anamnesis may have an influemt¢keomicrostructure
making it difficult to conclude, for example, which disease is accompanitgdwhich
structural changes and at which stages. Nevertheless,itihestnucture remains a cru-
cial contributor to mathematical models if one wishes tocdbs the mechanics and
failure.

4.3 Failure Mechanisms Involved in Dissection and Rupture

We now study the load combinations that act on the tisgu&s/o prior to dissection
and rupture, which should be taken care of for a better utaleisg of tissue failure.

In Sectior 4.3.11 we start with fierent theories regarding the loading conditions initiat-
ing and propagating the aortic dissections, and contingetion 4.3.2 with theories
regarding the global and local loading conditions priorupture in vehicular trauma.
As we will see in the following sections, fiierent loading conditions may lead to similar
tissue failure.

4.3.1 Initiation and Propagation of Aortic Dissection

The study of van Baardwijk and Roach [339] applied pulsegnesto canine thoracic
aortas after creating an intimal tear. The authors idedtihe maximum rate of pressure
change (&/dt)max as the most clearly linked parameter to the propagationssiediion
since the crack advanced at the upstroke of the pulse wayes I&&dween the lamellae,
as identified during histological investigations, pointedshearing mechanisms that
are responsible for the crack propagation, and the cradkaly propagated between
adjacent elastic layers. The dissection rate was variadiieden the pulses, and it was
inversely related to the tear depth within the medial layecontrast to expectations,
suggesting heterogeneous wall properties throughouhtblertess.

On the other hand, Carson and Roach [31] reported that théeahwcength of the
porcine aortas does not change with depth under staticygeeshe authors stated that
the structures linking the lamellae are weaker than thellamthemselves, resulting in
a crack propagation between the lamellae. In addition,ul®h points of the lamallae
can force the crack to change the direction. The authorstegbguite high pressure
values to initiate a bleb, but observed a quick drop in thegaree allowing the dissection
to propagate under a physiological load level. A minimunspuge value required for
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Figure 4.4 Pressure volume curves to create a bleb in thadtvoand abdominal sec-
tions of the aorta. Reprinted with permission from Roach &adg [270].

the crack to propagate was not reported therein. Usingaimikthods to Carson and
Roach|[[31], Tiessen and Roach [325] reported similar resafiarding theféect of the
tear depth for human aortas, however, the authors notedhthalissection propagated
around the plaques instead of going through them. The arpets on porcine aortas
performed by Roach and Song [270] showed that although itmash easier to initiate
a dissection in the abdominal aorta when compared to thadloaorta, the dissections
propagated more easily in the thoracic aorta, see[Fifj. 4. alithors suggested that
this is because of structuralftérences in the elastin pattern between the two sections
of the aorta; parallel sheets with fenestrations in theatioraorta and a honeycomb-
like structure in the abdominal aorta. In a later study, Taml.g320] reported that the
dissection closer to the adventitial side required a lowesgure to propagate.

The study of Rajagopal et al. [262] suggested hemodynamgether with abnormal

mechanical properties, geometry, and the anisotropicstraltture to be important fac-
tors for the initiation and the propagation of aortic digg®sts. The authors proposed
that an increased maximum systolic pressure and the meé#in hlmod pressure are
responsible for the initiation, and an elevated pulse presand the heart rate facilitate
the propagation. Mikich [216] proposed that the blood flow #me hemorrhage in the
media alone cannot cause an initiation and propagation &fsgction, but the process
is mainly influenced by smooth muscle cell contraction.

Haslach, Jr. et all [206] proposed that collagen fiber ptllduring which bonds and
filaments attached to the fibers rupture due to shear, is aquisite for rupture in
circumferential aortic tensile strips and inflated ring@peens. For the longitudinal
tensile strips, however, rupture is caused by a peeling aresm during which the
bonds between collagen fibers and the ground matrix ruptur@ddition, hydration
of the tissue is suggested to play an important role to reciveen permanent defor-
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mation, loss of which eventually leads to rupture. This aesle group conducted more
ring inflation tests, see Haslach, Jr. etm 208], kathing that, as a result of het-
erogeneous circumferential deformation, non-negligdeumferential shear stresses
could be the reason for the crack propagation in the circtenteal-longitudinal plane
considering the lamellar structure of the media. Histalaginvestigations of block
shear tests showed voids between the collagen bundles,igdé.%{a)—(c), possibly
resulting from the relative motion of the layers, which canam indicator of ruptured
inter-fiber cross-link@?]. Sommer et 08] reporsaahilar observations within
in-plane shear tests, as shown in Fig] 4.5(d), and this nmésinecould explain the de-
laminations observed by Helfenstein-Didier et mulﬂidg uniaxial tensile tests, as
depicted in Figi-415(e).

100um

Figure 4.5 Initiatiofpropagation of aortic dissections due to shear strességs(c)a
cracks visible after a block shear test, where the whitesasga open-
ings in the tissue. Reprinted with permission from Hasldchet al. I;
(a),(b) are slices in the circumferential-longitudinapé where the hori-
zontal direction is longitudinal — (a) circumferential dehation parallel
to the collagen fibers and (b) longitudinal deformation; ¢bge in the
radial-circumferential plane after circumferential defation, where the
horizontal direction is circumferential; (d) cracks vigkas black zones
between the lamellae in the radial-circumferential plafteran in-plane
shear test in the circumferential direction. Reprintedhvaiérmission from
Sommer et al.@8]; (e) cracks that occurred during a ualaeist indi-
cated by black arrows. Reprinted with permission from Hedfein-Didier
etal. ]-
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Following the protocol reported by Sugita and Matsumotod]3tecently [316] per-
formed biaxial extension tests on thinly sliced porcinerélotc aortas with a reduced
cross section in the center and reported a heterogeneomsrdeion field in terms of
strains similar tol[315]. Strain distribution and the cgka realignment were similar
between the crack initiation sites and the remaining tissmeple, in contrast to the idea
behind the maximum principal strain failure criterion. &rthe collagen density was
significantly lower at the crack initiation sites and theaks propagated along the lo-
cal collagen fiber direction, the authors suggested thahitiation and propagation of
the crack is primarily fected by the collagen architecture. However, anticipatadkc
initiation at the lowest retardance sites — in other wordssites with the least collagen
content —was not observed for all specimens. This sugdestte cross-links between
the fibers might also play an important role in the dissegbi@tess.

Considering the changes to elastic fibers in aortic dissestand their role in energy
dissipation, Chung et al. [37] studied elastic energy lds$ined as the hysteresis di-
vided by the total strain energy. The authors found that aneased elastic energy
loss is associated with medial degeneration and with iseda@ollagen to elastin ra-
tio. Furthermore, Chung et al. [38] reported a decreasedmlifectional diferences in
energy loss — hence in the degree of anisotropy — in samptesewere medial degen-
eration. By using newborn mice and genetic engineering e kafects in the elastic
fiber structure, Kim et al. [160] suggested that not onlytatasut properly assembled
and cross-linked elastic fibers are responsible for a lowggriess in the aorta.

4.3.2 Traumatic Rupture

Blunt aortic trauma typically constitutes a transverse iie¢he aortic wall, rarely a lon-
gitudinal one (see Fif. 4.6(a)). The mild degree traumaluagan intramural rupture
(laceration), typically leading to a traumatic aortic @isson initiated by a circumfer-
ential tear to the intima, which may propagate and lead topteta rupture later in life
[156,254]. Severe trauma involves a transmural injury oabrtic wall, which can be
in the form of partial, complete, or multiple transectiofsgure[4.6(b)—(c) shows ex-
amples of intramural ruptures withfterent extents. Multiple ruptures as a combination
of intramural and transmural ruptures are also reportedariterature|[47, 310].

One of the first mechanisms proposed to explain traumatitirepvas the sudden in-
crease in the intraluminal pressure. For example, the $ihgveffect — the heart being
trapped between the vertebral column, the sternum and td@stemum due to the com-
pression of the chest and the abdomen — can force the bloodfi@heart into the aorta
suddenly increasing the intraluminal blood pressure [IBg dfect of this pressure in-
crease can be elevated by the cardiac cycleftierdint ways. For example, Wilson and
Roome [365] hypothesized that the aorta is more likely tduteif an impact to the
chest is received at the beginning of diastole since theaasrtompletely filled with
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Figure 4.6 Aortic dissection and rupture due to traumaierin Reprinted with per-
mission from Prijon and Ermenc [254]: (a) case presentingipie rup-
tures: intramural and transmural, latter both in circuraféial and longi-
tudinal directions indicated by white arrows; (b) intramlutupture of the
intima; (c) intramural rupture of the intima and the media.

blood, whereas Marsh and Moore [197] suggested that thdetatien forces acting
on the heart during the systole creates a greater risk otireitf the great vessels at
the location of their attachment to the heart. In additiophanomenon known as wa-
ter hammer ffect might occur due to the sudden deceleration of the blodlderarch
impacting the anterior wall of the aorta and resulting ictian forces on the isthmus re-
gion [164,) 296]. The occlusion of the aortic lumen due visastc dfects that decrease
the aortic diameter can cause formation of shock waves peipey in the counter-
blood flow direction, thereby exerting high axial stresseshe aortic wall and causing
a transverse rupture [164].

In addition to the hemodynamidtects, local concentrations of shear stresses may arise
due to high deceleration forces [95], the rotation of the filss [46], or a combination
of rapid deceleration and chest compression![296]. Vérnineatial forces [379], rapid
deceleration occurring at fierent rates at tlierent parts of the body [46, 197, 296],
cranial deceleration [290], the heart being displaced enttioracic cavity due to in-
ertial dfects [345] and the displacement of mediastinal structiz@6][can all cause
stretching of the aortic wall between fixation points regglin an injury to the isthmus
area due to stress concentrations. Field et al. [78] sugddisat traumatic injury does
not necessarily follow along the lumiriabluminal direction, considering that some pa-
tients did not present an intimal flap. The authors hypo#eesihat the geometry of the
isthmic region in combination with the high number of smalifiching vessels lead to
stress concentrations which are naturally occurring, hedstretching of these vessels
may pronounce thefkect of inertial or compressive chest loading resulting tmual
rupture, or intramural hematoma.

The above mentioned mechanisms for initiation and prop@agaf dissection as well as
traumatic aortic injury indicate that the cardiac cycles blood flow and the geometry
of the aorta together with the aortic attachment pointsraportant factors to consider
as they influence the boundary conditions to be imposed oprtitgem.
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4.4 Tissue Strength Quantification

Aneurysms rupture when the wall stress exceeds the watigitie Although it sounds
simple, the requirement here is to reliably characterizé bwe {n vivo) stress state of
the wall and theifi vivo) tissue strength, and neither is trivial. Itis inarguatdjuable to
know how the aortic wall behaves undeffdrent loading modes — separated and mixed
— to be able to predict the stress state of the wall. Howewsr, tmuch of the stress
the tissue can bear at certain loading conditions with angstate of the microstructure
remains unknown. As an essential element to a failure mitdramework, the strength
quantification needs to be addressed.

In this section, we provide an overview of the documentecearpental studies quan-
tifying the strength of the aorta in health and disease. Wkeweuniaxial tensile tests
performed until failure, bulge inflation and peeling testsl groughly) summarize re-
lated data in the Tablés 4[1-4.3, respectively. Finally esgcdbe other tests quantifying
the tissue strength such as in-plane shear, direct tenstbir@user tests. For an illus-
tration of the diferent tests used to quantify failure properties of aortasFg.[4.7.

(a) Uniaxial tensile test (b) Bulge inflation test (c) Peeling test
F /
SRED,
4 7 F
S
F
F
(d) Trouser test (e) Direct tension test (f) In-plane shear test

/ F
—z
F ﬁ F F \0/ $ F-
F F

Figure 4.7 Experimental tests typically used to quantity thilure properties of aor-
tas: (a) bone-shaped specimen for a uniaxial tensile tebtlaad F; (b)
bulge inflation test with pressure logxl (c) peeling test; (d) trouser test,
as used in, e.g., [255]; (e) direct tension test to quantfjial strength,
as used in, e.g., [304, 308]; (f) in-plane shear test withstieared plane
indicated in gray, as used in, e.d., [308]. Black arrows aashdd lines
indicate the load direction and the incision, respectiv@lgsts (a),(c),(d)
and (f) can be performed in any tissue direction in the tatigigplane.
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4.4.1 Uniaxial Tensile Tests Performed Until Rupture

Uniaxial tensile tests have been widely employed to chareet the mechanical prop-
erties of aortic tissues. Because of the anisotropic micrcsire of the aortic wall,
they are typically performed in circumferential and longlihal directions to obtain
direction-dependent properties. The shape of the spedsretiher rectangular or (bet-
ter) bone-shaped, as shown in Hig.]4.7(a). Table 4.1 summesasome of the studies
documented in the literature and provides failure stredss&metch values under uniax-
ial tensile loading. This table is not meant to be a complatarsary of all uniaxial
rupture tests published in the literature, however, it aimprovide a representative
overview and points to the rather large variability in thibuiee stress and stretch values,
also visualized in Fig. 418.

In terms of failure stress the thoracic aortic tissue has lbeported to be stronger in
the circumferential direction than in the longitudinaletition [75, 86, 138, 221, 251,
291,.303]. However, Vorp et al. [351] observed no significdifferences in regard to
the testing direction. The study of Mohan and Melvin [22Htsd that the longitudinal
aortic strength should be more than twice as high as therofienential strength for the
transverse failure to occur. Their quasi-static tests ggomo such dierence, however,
once the strain rates were increased the strength ratiasagar to 1:2. The extension
ratios were notfected by the strain rate.

In terms of the ‘yield stress’ the anterior region of AAAs wagorted to be the weak-
est, especially along the longitudinal direction [322] 4elyl stress’ is here related to

(@) Anterior: CIRC (b) Anterior: LONG
400+ — ATAA 400 - —_ ATAA
---- Control - --- Control

3004 300 4

2004 200 -

True stress (N\cm?)
True stress (N\cm?)

1004 100 A

09 12 12

Engineering strain (-) Engineering strain (-)
Figure 4.8 Stress-strain data of ascending thoracic aamgcrysm (ATAA) and con-
trol specimens taken from the anterior region with (a) améerential and
(b) longitudinal orientation obtained from uniaxial tedegests. Data show

a large variability in failure properties. Reprinted witbrmission from
lliopoulos et al.|[138].
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the yield point defined as the point on the stress-strainecuitvere the slope starts to
decrease with increasing strain. Failure stresses ofiantaght lateral, posterior and
left lateral samples of the ascending aortas were not Signifiy diferent for control
[138], for aneurysmatic [137, 138], and for dissected &#ss{192] with respect to the
circumferential direction. However, failure stressesha tongitudinal direction were
significantly higher in the right lateral region comparedhathe anterior and posterior
regions [138], but also in the left and right lateral regi@esnpared with the anterior
region for aneurysms [137]; and in the right lateral regiompared with the left lat-
eral region for dissections [192]. Ferrara et al. [75] régdrstronger and ster pos-
terior regions with respect to anterior in the circumfei@ndirection for thoracic aor-
tic aneurysms, whereas the opposite trend was observeldedongitudinal direction.
Kritharis et al. [168] found similar failure properties ine noncoronary sinuses of the
control and aneurysm groups for both young and old patievtisyeas failure stresses
in the right and left coronary sinus regions were smallezwiferentially and greater
longitudinally in aneurysms compared with control.

Although all three layers of ascending thoracic aortic aypems exhibited higher failure
stresses in the circumferential direction than in the lardjnal direction, the dierences
were significant only for the media from all regions and fa #dventitia from the lat-
eral region|[303]. For dissected tissues, failure streasdsstretches were significantly
higher in the circumferential than in the longitudinal ditien in the inner media at the
distal location, but the outer media did not show significdiffierences regarding the
testing direction|[192]. Failure stretches of the ascegdissue did not show notable
differences between the layers [192,/303]. However, failuessés were significantly
higher for the adventitia than for the media and intima foewysms|[303], and they
were significantly higher for the outer media than for theeinmedia for dissections
[192].

Healthy abdominal aortic tissues had significantly highémate strength and yield
strength compared to AAAs [258]. Failure tension (for deiom see Raghavan et al.
[259]) was suggested to be a better predictor of strengthfdilure stress [259], how-
ever, no significant dierences were found between ruptured and unruptured AAAs in
terms of either parameter [260]. In contrast, circumfaegstrips of ruptured AAA tis-
sues were reported to have significantly lower failure sessompared with the unrup-
tured AAA tissue strips by Di Martino et al. [205]. Vorp et §49] reported isotropic
failure properties for orthogonal strips taken from abdwahaortic aneurysms. More-
over, the failure stress in the longitudinal direction wam#icantly lower for AAA
compared with control. Partially calcified AAA tissue wagrsficantly weaker than
the fibrous AAA tissue in terms of the failure stress, stretod tension/[211]. Failure
stresses of the AAA wall were also reported to decrease witheasing intraluminal
thrombus (ILT) thickness [202, 350].
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Table 4.1 Overview of uniaxial tensile test results on aortaests performed until

failure: ABA, abdominal aorta; AN, aneurysmatic; ASA, asdmg aorta,

BAV, bicuspid aortic valve; Circ, circumferential; DTA, seending thoracic
aorta; H, healthy; Long, longitudinal; TAV, tricuspid aiartalve;* values

for stress; * values for extension.

Study| Species Location| Healthy | Additional | Direction n Failure Failure
Diseased information stress (kPa) stretch (-)
[221] | Human| DTA H Quasi-static| Circ 18 1720+ 890 | 1.23+0.28
Long 18 1470+ 910 | 1.47+0.23
Dynamic Circ |16%,17*| 5070+ 3290|1.60+0.28
Long |18%, 21*| 3590+ 2040| 1.64+0.28
[258] | Human| ABA H - Long 7 2014+ 394 -
AN - Circ 16 1019+ 160 -
Long 45 864+102 -
[350] | Human| ABA AN ILT >4 mm Circ 7 1380+ 190 -
ILT <4 mm Circ 7 2160+ 340 -
[351] | Human| ASA H - Circ 7 1800+ 240 -
Long 7 1710+ 140 -
AN - Circ 23 1180+120 -
Long 17 1210+ 90 -
[205] | Human| ABA AN Ruptured Circ 13 540+ 60 -
Unruptured Circ 26 820+ 90 -
[343] | Human| ABA AN For model Circ 60 805+ 60 -
input
For validation| Circ 21 832+85 -
[86] | Human| ASA H <35yrs Circ - 2180+ 240 | 2.35+0.1
Long - 1140+ 100 | 2.00+£0.1
> 35yrs Circ - 1200+ 200 -
Long - 660+ 70 -
AN BAV Circ - 1230+ 150 | 1.80+0.08
Long - 840+ 100 |1.58+0.06
TAV Circ - 1190+ 130 -
Long - 880+ 120 -
[251] | Human| ASA AN BAV Circ - 1656+98 |1.92+0.04
Long - 698+31 |1.63+0.02
TAV Circ - 961+61 |1.61+0.04
Long - 540+37 |1.47+0.03
[291] | Porcingl ASA - - Circ 11 2510+ 4393 1.99+0.07
Long 11 750+1026 | 1.92+0.16
[75] | Human| ASA AN Anterior Circ 37 1440+ 700 | 1.35+0.16
Long 34 940+490 |1.34+0.15
Posterior Circ 32 1850+ 700 | 1.36+0.12
Long 19 740+ 180 |1.31+0.09
[308] | Human| ASA AN Media Circ 7 1282+ 822 | 1.52+0.20
Long 10 565+198 |1.52+0.18
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Vorp et al. [351] reported aneurysmatic ascending aortasate significantly lower
failure stresses and f&r behavior compared to controls. Garcia-Herrera et _al. [86
documented no significantftierences between the mechanical strength of aneurysmal
BAV and aneurysmal TAV aortic specimens, and the corresipgrabe-matched control
group for the ascending aorta. Significantly higher failstesses were reported in
aneurysmatic BAV ascending aortas when compared to ameatis TAV ascending
aortas for the intact wall [54, 76, 79, 249, 251], and for thedma [54]. The failure
stretches in two valve phenotypes were similar [79, 249{,dt&o significantly higher
for BAV than for TAV [54,76]. Histological investigationshewed that proportional
differences in the tensile strength between BAV and TAV groupsaiabe explained
by alterations in the elastin content [54] or the collagenteot [54, 251]. However,
the stitness increase and extensibility reduction in ascendingrgematic tissues were
associated with a decreased elastin content [302].

In the study of Vande Geest et al. [341] no statistically gigant gender-related fier-
ences were reported in terms of strength, unlike [301] wieatified that circumferen-
tial aneurysmatic specimens obtained from female patexitibited significantly lower
failure stresses compared with the ones obtained from nagierqs. Furthermore, fail-
ure stresses of the aorta are reported to decrease [76, B& 3K, and also the failure
stretches [76, 168, 233] with increasing age. In genenangth was not correlated to
diameter|[137, 205], but it was inversely related to waltkmess|[137, 205, 322].

4.4.2 Bulge Inflation Tests

Although uniaxial tensile tests provide valuable insigftbithe strength characteris-
tics of aortic tissues, they are limited when it comes to @spntingin vivo loading
conditions. Methods to quantify tissue strength using g@idnaxial tests are not yet
developed to the authors’ knowledge, therefore, biaxgtktperformed via a bulge in-
flation method, see Fig. 4.7(b), are the focus of this sectibable[4.2 summarizes
some studies documenting failure stress and (when avajlaiktension to failure, de-
fined in various ways (see the related table). Aortic speegiiailed consistently in the
direction perpendicular to the longitudinal axis in bulg#ation tests for humanmn [222]
and for porcine tissue [196], and the dynamic biaxial falpressure was significantly
higher than the quasi-static onel2 times|[222]. Sugita et al. [317] also documented
the normal aorta to be weakest in the longitudinal directioder bulge inflation tests,
but there was no dominant crack direction for the aneurysisslies. The authors did
not observe a persistent rupture initiation at local stcaincentration zones in contrast
to Kim et al. [162] who reported local strain and stress catregions at the rupture
locations. The study of Kim et al. [162] deduced a stablesstgarameter for rupture,
quantifying the stress in the direction normal to both faesilof collagen fibers using
the values provided in Table 4.2. Romo et al. [272] showetlltd@alized thinning of
the wall is responsible for rupture and not the location okimaim stress. The related
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Table 4.2 Overview of bulge inflation test results on aorfely; aneurysmatic; ASA,
ascending aorta; Circ, circumferential; DTA, descendingracic aorta;
Long, longitudinal; TA, thoracic aort&;Laplace stres$ stress perpendicu-
lar to the crack directiorf, mean stretct circumferential stretctf average
Green-Lagrange straif;stretch perpendicular to the crack direction.

Study| SpeciesLocation Healthy | Speed | Additional | Direction| n Failure Failure
Diseaseg(mmymin)|information stress (kPa) extension (-)
[196]|Porcing TA — 60 — Long |25 1750+710 |1.523+0.17¢
[246]|Porcing ASA - - - — 10| 3699+789 | 1.85+0.114
DTA - - |10[ 4260+ 1626| 1.70+0.138"
Isthmus — — 10| 3248+ 1430| 1.66+0.109
[162]|Human ASA AN 15 Media Circ 6 |5475+3626| 0.192+0.08°

Long |6 |3353+1038/0.261+0.117

Adventitia| Circ | 3|6366+3227|0.252+0.091°

Long |3 976+2472 |0.343+0.123F
[317]|Porcing TA - 15 Proximal - 6 | 1810+ 43¢ -
Distal - 6 | 2290+ 7401 -
Human TA AN - - 6| 980+ 390 -
[272]|Human ASA AN 15 Media - 9| 780+200° -
Adventitia| - 6 | 1460+ 109 -

[65] |Human| ASA AN 15 | Composite —  [31] 1260+ 940 | 1.37+0.15

values in Tablé 412 are the stresses in the direction perpdadto the crack direction at
rupture. Duprey et al._[65] calculated failure stress anetsh similar tol[272]. Cracks
showed dissection-like properties, where the media anohtimea failed first creating a
sudden drop in the stress curves, but the adventitia wasliskd to carry (some) load.
The authors found no significantftBrences between BAV and TAV patients, whereas
age had a significant impact on the failure properties. Intewhd they reported no cor-
relation between the aneurysm diameter and the failureggteetch. Luo et all[188]
investigated the elastic properties, direction of maxinstifiness, stress, strain, and
the energy consumption at the rupture sites of 9 aneurysmstending aortic samples.
The authors reported the tissues to consistently fail indirection of maximum sft-
ness and highest energy, indicating that highéfngss does not mean higher strength.
Since high sffness and energy values mean more collagen recruitmentgdnejuded
that collagen fibers must play a significant role in the ruppnocess.

Pearson et al. [246] found no significanffdrences in rupture pressure between the as-
cending, descending, and isthmus regions. However, theyrted significantly larger
extension to failure in the ascending aortic samples coetptr the isthmus samples,
which is in contrast to Marra et al. [196] who found no sigrafitinfluence of the aor-

tic location on the axial failure stress or stretch. Hisgpbal investigations inl [246]
showed isthmus samples to have a higher collagen to elagto) likely making the
samples from this region less extensible. The failure sa®svere significantly larger
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for the descending aorta than for the isthmus region, hoitheoverlap in the data be-
tween the isthmus and the adjacent regions let the authocducte that the mechanical
failure properties cannot account for the clinical obseoves pointing to the isthmus as
a primary injury location.

4.4.3 Peeling Tests

As mentioned above, the propagation of the dissection islgaitributed to the lamel-

lar structure of the aortic wall. Peeling tests, which is that sole appropriate method,
can provide us with the delamination strength of the walliffiecent locations. The
‘strength’ of the wall is typically quantified in terms of fo per width F/w) and the
dissection energyWisg). On the basis of some studies Tablg 4.3 provides an overview
of these values for the aorta, and Figl4.7(c) shows a ské&ipeeling test.

Higher force per width for axial strips compared to circurefdial strips of the abdom-
inal aortic media was reported by Sommer et al. [304] — nadetthis diference was not
significant. Furthermore, the authors observed that theaganwas spread over six to
seven lamellae. Figure 4.9(a),(b) depicts the histoldgieetions of circumferential and
longitudinal strips under peeling. Pasta etlal. [244] itigaged the dissection properties
of human ascending aortas in aneurysmal BAV and TAV pati€bwsnpared to the con-
trol group, both aneurysm groups required significantlydoferce per width, where the
TAV group was significantly stronger than the BAV group. Tlatols showed a strong
anisotropy, where the axial direction was significantlpsger, which was not observed
in neither aneurysm group. Scanning electron microscomsiigation showed a larger
number of ruptured elastin fibers, which is in accordancé e fiber bridging failure
mode, see Fid. 4.9(c).

Kozun [166] showed that the dissection properties are directegendent also for stage
Il atherosclerotic aortas (classification according ta\sfa12]), in particular the force
per widthF/W and the dissection enerljyyisswere higher in the longitudinal direction.
In addition, a significantly higher dissection enefdjss for the adventitanedia +
intima (A-MI) interface compared to the adventittamedigintima (AM-I) interface
was reported. Following [166], Kozwet al. [167] found the dissection energy for A-Ml
and AM-I interfaces in both circumferential and longitualidirections to decrease with
later stages of atherosclerosis (classification accorifigl2]) until stage 1V, whereas
stages V and VI were characterized by an increase in thegnerg

Tong et al.|[328] reported a decreased dissection enerdiidanediantima (MI) com-

posite as well as a decreased anisotropy with increasingagd. In addition to the
values provided in Table 4.3, the authors performed peédists on the ILT. Histologi-
cal investigations showed smooth peeling surfaces in thallle to single fibrin fibers
or smaller protein clots within the ILT. In addition, the sliem content in the wall de-
creased as the thrombus age increased, whereas the catlagiemt did not change
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Table 4.3 Overview of peeling test results on aortas: A, atitra; ABA, abdominal
aorta; Age*, age of intraluminal thrombus; AM, adventitiamedia; AN,
aneurysmatic; AT, atherosclerosis; ASA, ascending ad&y, bicuspid
aortic valve; Circ, circumferential/w, force per width; Long, longitu-
dinal; H, healthy; MI, media+ intima; TA, thoracic aorta; TAV, tricuspid
aortic valve;Wyiss, dissection energy,; according tol[312].

Study| Specieg Location| Healthy Additional Direction| n F/w Wiiss
Diseased| information (MN/mm) | (mJcm?d)
[304] | Human| ABA H Media Circ 5] 229+29 51+0.6
Long 7 |348+155| 7.6+27
[244] | Human| ASA H Control Circ 7| 126+6.6 -
Long 7 | 149+7.6 -
AN TAV Circ 8 | 1091+5.2 -
Long 8 | 1168+6.1 -
BAV Circ 16| 884+4.1 -
Long |16| 100+4.1 -
[328] | Human| ABA AN Age* I, A Circ 11 - 101+17
Long 9 - 9.3+09
Age* I, A Circ 8 - 9.2+20
Long 7 - 83+13
Age* IV, A Circ 6 - 86+14
Long 7 - 78+1.0
Age* I, MI Circ 12 - 6.7+1.2
Long |12 - 84+19
Age* llI, Ml Circ 8 - 55+1.1
Long 8 - 6.8+17
Age* IV, Ml Circ 7 - 42+11
Long 6 - 51+14
[166] | Human| TA AT A-MI Circ 26| 245+75 | 56+09
(stage It) Long 7| 324+65 | 76+17
AM-I Circ 22| 265+£6.7 | 41+10
Long 8 | 342+35 4.7+0.9
[229] | Porcine| TA - Control Circ 16| 674+117| 1518+2.70
Long | 16| 76.7+259| 1833+6.42
Collagenase Circ 171 493+119|1081+2.80
Long |14|539+122|1358+3.12
Elastase Circ 16| 588+17.3| 1324+ 4.00
Long |14|691+27.0|1718+7.12
Glutaraldehyde Circ 13]912+282| 19.01+6.05
treatment Long |14|836+137 | 1863+3.35

significantly. The authors reported a rate-dependent ahamtipe dissection properties
of both the ILT and the ILT-covered wall. Noble et al. [229]adyred the influence
of collagenase, elastase, and glutaraldehyde treatmetiiteodissection properties of
porcine thoracic aortas. Collagenase significantly deedhe resistance to dissec-
tion, whereas glutaraldehyde increased it and elastasedsidnificant &ect. In terms



4.4 Tissue Strength Quantification 93

of anisotropy, their results were similar @04].
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Figure 4.9 Histological images (Elastica van Gieson) ofdissection tips obtained

from a peeling test of an aortic media during peeling in (Quanferential
and (b) longitudinal directions. Reprinted with permissfoom Sommer
et al. ]. The images highlight the irreversible meckanbf the sep-
aration at the microscopic level. (c) Schematic of fiber dping failure;
the matrix is already separated but still connected by anptared fiber
(above); force—separation lawr (vs A) for a collagen fiber bridge with
nonlinear loading and linear post peak behavior startingnatx and re-
lated Ap (below) — modes of fiber deformation and failure are depiated
the insets. Shaded region represents the endygequired for failure of
the fiber bridge. Adapted from Pal et al. [238].

4.4.4 Other Tests Quantifying Tissue Strength

Trouser tests, as illustrated in Fig.4.7(d), in additiommdaxial tensile tests, were per-
formed on porcine descending thoracic aortas by Pur@][%he author reported
that the longitudinal direction is more resistant to tegrihan the circumferential di-
rection, such that some longitudinal test samples showacksrthat deviated to the
circumferential direction making data from these testssable for further analysis. In
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addition, the author found that the circumferential touggmincreased with increas-
ing distance from the heart. The study of Chu et lall [36] shibdiat the sttness
and the fracture toughness of aortas decreased with imegeagigue by using cyclic
loading tests followed by biaxial and guillotine tests. (e basis of the guillotine
method documented by Chu et al.|[36], Shahmansouri et &] [28ed a custom-made
toughness-tester apparatus for tests on control and asreati ascending aortic tis-
sues taken from four quadrants, and the authors measuretdhmferential toughness
and the incremental elastic modulus at 10% Green-Lagrangi@.sNeither parameter
showed regional dependency, however, both correlatedwitll the total amount of
structural proteins (collagen and elastin). More spedificéhe toughness decreased
with increasing collagen content. The average toughnessneticorrelated with the
average circumferential or longitudinal moduli.

Curves of direct tension tests (see Figl 4.7(e)) on abddraoréas [304] and thoracic
aortas |[308] showed three characteristic regions, nanastie, damage, and failure.
The average radial failure stress for human abdominal serées 140l + 15.9 kPa and
for diseased human thoracic aortas 36 kPa. Comparing these values with the data
from uniaxial tests in Table 4.1, itis clear that the aortaémkest in terms of the failure
stress under radial loading due to its lamellar structuws@lso pointed out by MacLean
et al. [189], see Fig. 4.2.

In-plane and out-of-plane shear tests until failure inwinéerential and longitudinal
directions were performed on diseased human thoracicsaabyt&ommer et all [308].
The sheared plane and the direction of shearing during ataime shear test is depicted
in Fig.[4.7(f). Out-of-plane shear strength was almostdl@-higher compared to the
in-plane shear strength, which is a result of the lamellarcstire and the collagen ar-
chitecture of the aorta. The shear-lap test results of \Wiiagy et al.[[367] were similar
to the in-plane shear tests of Sommer etlal. [308], althohghgeometry of the sam-
ples were slightly dterent. The authors reported that circumferential sampleibited
significantly higher peak stresses (nominal) than longiaidsamples.

4.5 Biomechanically Motivated Models to Predict Rupture Rsk

There may be dierent reasons for the similar locations at which traumaiieries and
the initiation of aortic dissections occur, as pointed outie introduction. One reason
may be that since the aorta is attached to the left pulmon&eyyaby the ligamentum
arteriosum at the isthmus and to the vertebral column bydhkeid, it cannot deform
as extensively as other locations leading to local stressergrations. Another reason
may be that the aortic wall has an inherentlffelient strength in these locations due to
its microstructure, e.g., due toftérences in collagen and elastin content, orientation,
or cross-linking proteins. Since the aorta may be subjaastiess concentrations and
has heterogeneous strength distributions along the tresssand strength are frequently
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used in models to predict rupture risk. Next we summarizerageisting models de-
signed to evaluate the risk of rupture.

Doyle et al. [60, 61] performed inflation tests on siliconblyar to mimic the inflation of
abdominal aortic aneurysms (AAA), and observed rupturdategions of inflections
instead of maximum diameter. They also reported rupturesak [stress locations in
80% of the cases using computational models. Nathan et2f]] fferformed finite ele-
ment analyses on 47 normal thoracic aortic geometries lyasg that the aortic wall
is homogeneous, incompressible, isotropic and lineadgtal, a rather rough assump-
tion. The results showed that the mean wall peak stressesredabove the sinotubu-
lar junction (043+0.07 MPa) and distal to the left subclavian artery2(0+ 0.07 MPa),
which is in line with the common locations of dissection ietiion. This led to the
conclusion that the stress distribution is the main coatdbto the dissection process.
Biaxial extension tests on aneurysmatic{18) and healthyr{= 19) ascending aortic
samples showed that aneurysmatic samples are mti@h stnder physiological loading
conditions [9]. Hence, the authors suggested that thergegpeecific wall stress could
be a good predictor of rupture risk. The study did not find amyedation between the
maximum diameter and the patient-specific stress leveldréssing the large variations
in strength and the uncertainties in wall stress predisti®olzer and Gasser [252] de-
veloped a probabilistic rupture risk index (PRRI), caltethby using the wall strength
and the peak stress distribution. The authors were ablestmguish between the intact
and ruptured AAA cases. PRRI values were strongly correlai¢gh the mean arterial
pressure, but not with the maximum diameter.

On the basis of heterogeneous strength distribution inrgeeuwalls, Vallabhaneni
et al. [338] suggested that the locations with increasegraatic activity within the wall
could be responsible for a local weakening making the arsenrmore prone to rupture.
Vande Geest et al. [342, 343] reportedrelient statistical risk prediction models con-
sidering the heterogeneity of both the wall stress and tHestr@ngth. Simulations
using the model of [342] indicated that the unruptured AAA&s! Isignificantly higher
failure stresses compared to the ruptured group. Even ththug model could not be
validated by Reeps et al. [265], it involves a non-invasstneation of patient-specific
wall strength, and it was used by Joldes et al. [145] to devalaupture risk calculation
software. The approach of Joldes et al. [145] eliminatesi&®al to use patient-specific
material parameters as the stresses are only determindtelsxternal load and the
geometry, depending only weakly on the material paramé¢ters detailed discussion
see[366],[220] and [144]).

Trabelsi et al.l[333] compared thredtdrent rupture risk assessment methods, in partic-
ular, maximum diameter, rupture risk index, and the ovesguee index (see definitions
therein). The maximum diameter criterion was only weaklyrelated with the other
two, and, remarkably, the patient with the smallest anenrgemmeter had the highest
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rupture risk index. Duprey et al. [65] suggested a ruptigiecriterion for aneurysms of
ascending aortas based on a maximum stretch paramgtesithe authors introduced.

It indicates that the failure is reached when the stretcingacin the tissue is larger than
its maximum extensibility. The data obtained via bulge tnflatests therein showed a
strong correlation betweenyeichand the physiological elastic modulus. Trabelsi et al.
[334] were able to further correlate this rupture risk iradar with the membrane i
ness using the analysis of CT-scans, concluding that tiseolbslasticity increases the
rupture risk. However, the authors stated that the coroslatas not strong enough for
this criterion to be suggested for use in clinical practice.

Martin et al. [199] quantified the rupture diameter risk ahe yield diameter risk de-
fined as the diameteDsys at systolic pressure divided by the diamelgrat rupture
pressure Dsys/Ds) and by the diameteDy at yield pressureldsys/Dy), respectively.
Both risk indicators were related with increases in theichltly measured parameters
such as systolic blood pressure, age, systolic wall terenahpressure-strain modulus
(rupture diameter risk was additionally correlated witk Hortic size index; for the re-
lated definition see Davies et al. [50]), but not with the agsmn diameter. Building on
this framework, Martin et al. [200] performed patient-sfiedinite element analyses
using geometries reconstructed from CT scans and clinicaldbpressure measure-
ments, in addition to mechanical data from these aortagtegbpreviously by Pham
et al. [249]. The rupture diameter risk was correlated with simulated peak wall
stresses and with the tension-strain modulus, but not Welsystolic hoop tension and
the overall aneurysm diameter. The predicted rupture presslecreased dramatically
with increasing rupture diameter risk.

4.6 Concluding Remarks

Despite the advances in medical, biomedical and biomechhrgsearch, the mortal-
ity rates of dissections and aortic aneurysms remain higte gresent review article
summarizes experimental studies that quantify the aomit strength and it discusses
biomechanically motivated models to predict rupture riglallowing the description
of the aortic microstructure and the pathological changeslihng to dissection and
aneurysm in Section 4.2, we summarized experimental ilga&ins that were de-
signed to better understand failure mechanisms involvedigsection and rupture in
Sectiorf4.8. In the case of aortic trauma, we have seen il8&:P that there may be
different global load cases on, e.g., the chest resulting initasioad on the aortic wall
leading to a similar material failure. As suggested by Rnshet al. [[267], multivariate
hypotheses are more suitable to explain under what loadingitons the aorta rup-
tures. Such hypotheses can bring the global mechanismh&gee. shearing, torsion
and stretching, and suggest which stresses play a moreyroed role during rupture.
Various loads acting on the aortic wall prior to rupture éatlthe strength identification
under diterent loading modes.
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In Section[ 4.4 we focused on uniaxial tensile, bulge inflatimd peeling tests while
briefly touching upon trouser, direct tension and sheas t&%e identified contradictory
observations and a large variation within and between datig svhich may be due
to biological variations, dferent sample sizes, ftkkrences in experimental protocols,
etc. However, we pointed to the underlying structural saniiegdifferences as the
main contributor to the similaritiggdifferences of the strength values. Considering the
pathological microstructural changes, aneurysmatic asskdted tissues are expected
to exhibit diferent strength properties compared to control tissuesuaith this is not
always the case according to the mechanical test resulpmiated out in Sectioh 4.4.
However, it seems that the micro-architecture, in pardictiie content and organization
of collagen and elastin and their cross-linking proteiresy@n important role during
failure.

Finally, in Section. 45 we looked at what is proposed in tterditure to predict the risk
of rupture as an alternative to the maximum diameter cateriRealistic geometries
and appropriate constitutive models are crucial to idgntiéll stresses and zones of
stress concentration. Martufi and Gasser [201] elaboratedyall-averaged stress state
(membrane stress state) to be a more realistic AAA ruptakeimdicator, also pointing
out the importance of using appropriate constitutive metepredict wall stresses. As
mentioned before and addressed by several risk predictamels, not only the stress
state at a point in time but also the strength distributiolikidly to be heterogeneous.
Although rupture risk prediction models address an impaitsue in clinical practice,
they do not model material failure.

Let us finally consider a few more recent findings on tissuleiai Converse et al.
[44] showed that ‘arterial yielding’ was closely correldteith the onset of collagen
damage, which is indicated by the binding of collagen hyibid) peptide to undulated
collagen [381]. In addition, damage accumulation incrdaséh increasing stretch
beyond the ‘yield threshold’, and it occurred primarily metfibers along the loading
direction [44]. This suggests that orientation and dispersf collagen determine the
strength of, e.g., aortic tissues [293] and the pericard8@®]. Marino et al. [195]
proposed a damage model considering interstrand delaomsats a source of inelastic
deformation, as suggested by multiscale models of colldipeits [193,1194] and by
atomistic computations [26, 337]. Employing the experitagprotocols documented
in [44], [195] showed that damage onset and excessive da@agenulation agree
well with the predicted evolution of the model parameteg thescribe tissue softening
associated with permanent molecular elongation, andetifeslure associated with loss
of fibril structural integrity.

Mored advanced failure criteria for fibrous biological tiss are of pressing need to bet-
ter understand aneurysm rupture and propagation of aassections, and to substan-
tially improve clinical decision making; should also go dan hand with developments
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in clinical biomarkers an@r suitable imaging modalities. In the light of this reviewe
suggest that an ideal failure criterion should include tihength of the material under
different loading cases and th@eet of the tissue microstructure on the strength at dif-
ferent length scales. In particular, a failure criteriongld be based on microstructural
properties including the content and organization of regtedl collagen and remnant
elastin and their cross-linking proteins, especially urile influence of proteolytic ac-
tivity. Such failure criteria may also improve G&R modelsassary of addressing the
key issue of rupture-potential.
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5 FAILURE PROPERTIES AND MICROSTRUCTURE OF
HEALTHY AND ANEURYSMATIC HUMAN THORACIC
AORTAS SUBJECTED TO UNIAXIAL EXTENSION WITH A
FOCUS ON THE MEDIA

Abstract Current clinical practice for aneurysmatic interventiansften based on the
maximum diameter of the vessel godon the growth rate, although rupture can oc-
cur at any diameter and growth rate, leading to fatality. Zomedial samples ob-
tained from 12 non-aneurysmatic (control) and 9 aneuryisrhaiman descending tho-
racic aortas we examined: the mechanical responses up tiarewpsing uniaxial ex-
tension tests of circumferential and longitudinal specimehe structure of these tis-
sues using second-harmonic imaging and histology, inqaati, the content propor-
tions of collagen, elastic fibers and smooth muscle cellhémedia. It was found
that the mean failure stresses were higher in the circumti@tedirections (Control-
C 1474 kPa; Aneurysmatic-C 1446 kPa), than in the longitaldiiirections (Aneurys-
matic-L 735kPa; Control-L 579kPa). This trend was the ofipa® that observed
for the mean collagen fiber directions measured from theitgaexis (Control-L>
Aneurysmatic-L> Aneurysmatic-C> Control-C), thus suggesting that the trend in the
failure stress can in part be attributed to the collagenitacture. The dierence in the
mean values of the out-of-plane dispersion in the rddiagitudinal plane between the
control and aneurysmatic groups was significant. THiince in the mean values of
the mean fiber angle from the circumferential direction was aignificant between the
two groups. Most specimens showed delamination zones heauptured region in
addition to ruptured collagen and elastic fibers. This stuahyvides a basis for further
studies on the microstructure and the uniaxial failure proes of arterial walls towards
realistic modeling and prediction of tissue failure.

Statement of significanceA data set relating uniaxial failure properties to the mi-
crostructure of non-aneurysmatic and aneurysmatic huhwaadic aortic medias under
uniaxial extension tests is presented for the first time.al$ found that the mean failure
stresses were higher in the circumferential directionan tim the longitudinal direc-
tions. The general trend for the failure stresses was Cle@tre Aneurysmatic-C>
Aneurysmatic-L> Control-L, which was the opposite of that observed for theame
collagen fiber direction relative to the loading axis (Cohtr > Aneurysmatic-L>
Aneurysmatic-C> Control-C) suggesting that the trend in the failure stressio part
be attributed to the collagen architecture. This study iolexs/a first step towards more
realistic modeling and prediction of tissue failure.

99
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5.1 Introduction

Aneurysms and dissections of thoracic aortas are life tané@g conditions with high
mortality rates even though clinical procedures have begiraved in recent years
[234,1243, 318]. Current practice guidelines recommendisal repair of large tho-
racic aortic aneurysms (with maximum diameter of the lesibB.0 cm in women or
5.5cm in men or if the maximum diameter increases more thas1.0 cm in one year
[97,1104/) 175]) to prevent fatal aortic dissection or ruptunut observations have shown
that adverse aortic events may already occur at smallerad@asi[161]. Interestingly,
more than 80% of aortic dissections develop in the absenaguod-existing aneurysm,
indicating that aneurysm formation and dissection are mega diferent pathophys-
iological conditions|[242]. Since there is a variety of casigor the development of
thoracic aortic diseases, a greater knowledge of patmedHsc biomechanical prop-
erties reflecting the influence of the microstructure is ingoat for predicting adverse
events.

The healthy thoracic aorta has a unique structural conipoditat enables it to with-
stand the large tissue stresses created mainly by the blesdyre![35]. Of the three
main layers, the innermost layer, the intima, consists ahgle layer of endothelial
cells in a healthy young artery, and its solid mechanicatrdoution is negligible[[124].
However, intimas, especially from older patients, oftehibi a considerable thickening
due to intimal hyperplasia, fibrosis and sclerotic changesd, therefore have a signif-
icant solid mechanical influence [127]. The medial layereisponsible for the main
structural and functional properties of the thoracic afit&8, 297]. It consists of many
medial lamellar units each having a thickness of about 1331,5wvith smooth muscle
cells in the lamellar unit interconnecting the elastic laas, and interspersed collagen
fibers (mostly of type I and 111).[235]. The outer layer, thevadtitia, consists mainly of
thick bundles of wavy collagen fibers (mostly type 1) in théaaued state, and is there-
fore very compliant at small strains but changes tof&‘gtket-like’ tube at high strains
so that the artery is prevented from over-stretching anturepl24, 1217, 347]. Schriefl
et al. [286] described the media and the adventitia of agextic aortas as displaying
two collagen fiber families organized in separate sublayéfs different orientations.
The media incorporates two symmetric fiber families with méber angles closer to
the circumferential direction, while the adventitial layeas collagen fibers oriented
closer to the longitudinal direction. In the intima, howewdis organization in layers
is less clear with sometimes a third or a fourth family of fdobeing apparent, and in
general displaying a carpet-like structure [286].

Pathological changes leading to dissection and aneurysnafmn in the thoracic aorta
typically alter the microstructure and weaken the media.disledegeneration (cystic
medial necrosis) is a characteristic of dissections amgalves smooth muscle cell loss,
elastic fiber fragmentation and accumulation of glycosamglycans|[18, 70, 134, 3/71].
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A weakened aortic wall due to medial degeneration is als@&por aneurysms and
aneurysms combined with dissections of the ascendingdiwaarta [21]. Although
similar collagen contents were observed in control and seu samples [146], the
organization of collagen may nevertheless be significacitgnged during aneurysm
development in the thoracic aorta [19]. An increased cellagontent![34, 354, 355]
or a decreased collagen content with increased disruptese veported for aortic dis-
sections|[19, 21]. Thus, pathological changes are oftahtsaveaken the aortic wall,
thereby increasing the likelihood of rupture.

(a) (b)

|

Figure 5.1 Second-harmonic generation images of two aorédial specimens cut
out from adjacent regions: (a) load applied along the magxtion of fiber
reinforcement for a circumferential specimen; (b) loadlegeborthogonal
to the main direction of fiber reinforcement for a longituaispecimen.
Collagen fibers are represented in green, while the arrogisdte the di-
rection of the load. Images were enhanced for visualizatibhite scale
bars correspond to 1(@n.

Figure[5.1 shows two aortic medial specimens witffiedlent collagen microstructures
cut out from adjacent regions. As is well-known, fibrilladlegen plays an important
reinforcing role in fibrous tissues and the mechanical pitogeeof the tissues are signif-
icantly different in directions along and orthogonal to the mean cafidiper direction.

This motivated the present study of the failure propertiesomtrol and aneurysmatic
human thoracic aortic medias. These were investigated usiiaxial extension tests in
the circumferential and longitudinal directions. The nmeadbal testing was combined
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with second-harmonic generation imaging and histologimadstigations to study the
influence of the collagen architecture on the mechanichir&aproperties.

5.2 Materials and Methods

Control samples were obtained from non-aneurysmatic hudaacending thoracic aor-
tas i = 12) by the Diagnostic and Research Institute of Pathologdibhl University
of Graz, Austria. Aneurysmatic samples<9) were obtained from patients undergoing
ascending aortic surgical repair at the Division of Cardacgery, Medical University
of Graz, Austria and the Division of Cardiothoracic Surgeéspiversity of North Car-
olina at Chapel Hill (UNC). The use of the donor samples was@ped by the local
Ethics Committee at the Medical University of Graz (27-2%014/15) and the Univer-
sity of North Carolina at Chapel Hill Institutional ReviewoBrd (Study no. 14-2529).
For the aneurysmatic samples, informed consents werenaltarior to sample collec-
tion. Upon explantation, donor samples obtained from theilbé University of Graz
were placed in phosphate fbered saline (PBS) prior to freezing, whereas donor sam-
ples from UNC were placed into a tube containing Ringer’saecwith 10% dimethyl
sulfoxide (DMSOQ) to preserve mechanical properties dutiagsportation. This tube
was placed in another container filled with isopropanol sotuwhich was surrounded
by dry ice to ensure slow freezing. Samples were placed ieezér at-24°C upon
arrival and kept therein until testing for varying time el$ (minimum= 8, maximum

= 154 days).

5.2.1 Mechanical Testing

Following unfreezing overnight at’€, each donor sample was cut open along its lon-
gitudinal axis, and separated into intimal, medial and atltzal layers using scalpel
and scissors; Fids 5.2(a) and (b). Dog-bone shaped spexiwene then punched out
from the circumferential and longitudinal directions otkasample using a template;
see Fig[5.2(c). After the initial thickne§swas measured optically using the system
described inl[126], for each specimen black markers wereeglapproximately 5 mm
apart on the gage region for video tracking, and the specim@anmounted on the ap-
paratus. The initial length and widthW values were then measured using the videoex-
tensometer described in [309]. Each specimen was precomelit to 50 kPa (engineer-
ing stress) in five loading-unloading cycles. Subsequentntrol and aneurysmatic
specimens in the circumferential and longitudinal di@asi were extended until failure
guasi-statically with a cross-head speed of 2/mim. The testing protocol was similar
to that used in [305, 306, 308] and took place in a PBS filledaiaer heated up to and
maintained at 37C. Tests were regarded as unsuccessful if failure occunreside the
markers, and the results for these cases were discarde#igs8.2(d) and (e) for a
successful and an unsuccessful test, respectively. Ateceessful test, the specimen
was fixed in 4% formaldehyde in preparation for microstruegitinvestigations.
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Figure 5.2 Sample preparation, template and examples o@ireiin uniaxial tests:
(a) donor sample ready to be cut open along its longitudixes endi-
cated by the dotted white line; (b) media of the sample afuétirgy open
and separation of the layers; (c) schematic of dog-bonesshigmplate in
the circumferential and longitudinal directions with taoarkers placed
approximately 5 mm apart for video tracking; (d) and (e) ephas of a
successful and an unsuccessful test, respectively. Theded millimeter
scale provides a dimensional reference.

The uniaxial Cauchy stressand the related stretchwere calculated for each specimen
using the force—displacement data from the formulastF /A, whereF is the measured
force,A=TWthe initial cross-sectional area, while- 1+d/L, whered is the measured
displacement and is the initial length. The failure stress was defined to be the value
of the Cauchy stress at the maximum force. The corresporstietch at failure is
denoted byi;s.

5.2.2 Microstructural Investigations

Half of the successful test specimens were optically ctbdoe subsequent second-
harmonic generation (SHG) imaging in graded ethanol semesa solution of ben-
zyl alcohol to benzyl benzoate (BABB), as described.in [28The imaging set-up
was the same as in [287] except that the in-plane image sta¢ks circumferential—
longitudinal plane CL 4z) were acquired using 620620x 5um sampling instead of
620x620x 1um. The out-of-plane images were acquired from the radiedaoiferential
plane RC (6) and radial-longitudinal plane RltZ) orthogonal to the RC plane. Note
that the word ‘fiber’ in mean fiber angle and in fiber dispersiefers to ‘collagen
fiber'.

Following the SHG imaging, image stacks of the CL plane weseduto obtain the
mean fiber angler, measured with respect to the circumferential directionteNhat
the mean fiber angle from the specimen loading axis corresptmw and 90 — « for
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the circumferential and longitudinal test specimens, @esyely. The fiber dispersion
parametekip in the @z) plane is given by the formula

1 11(a)

P =27 200(@)’ &4

wherelg and |, are the modified Bessel functions of the first kind of order @ an
respectively, whila is a concentration parameter from the von Mises distrilnjtl&0]
obtained using maximum likelihood estimation. The coroggpng out-of-plane fiber
dispersion parametekg% andxgy, were calculated according to

1 1 1 [2exp2b)
Kop==——=—+ -/ ————, 5.2
T2 8 4 anerf(@) (5-2)
which is again based on the von Mises distribution, erf béegerror function defined
by [130]

I
erf(x) = \/77fo expE&9)dé. (5.3)

Images from the RC and RL planes were used to obtain the ctratien parameter
b via least-square fitting. This distribution function is exated with a diferent con-
centration parametdr for the two planesé andrz. Note thatxg% andxgp, relate to the
(r6) and §z) planes. An indication of the four structural parametersip, KE,Zp andk[)%
relative to the coordinate systan®,z can be found in Fid. 513.

The other half of the specimens were used to obtain whole klgtologicalimages. The
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Figure 5.3 lllustration of four structural parametetscip, KE,Zp andkgfO with respect to
the coordinate axes(radial),d (circumferential) ana (longitudinal). The
mean fiber direction is denoted by the solid line with the wrtocated in
the @z) plane, and making an angtewith the circumferential direction.
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clamped ends of the specimens were marked with a dye pricartfip embedding to
distinguish the rupture zone (area near the ruptured endyfditative evaluations. Fol-
lowing the par&in embedding, Hematoxylin and Eosin (H&E) staining was penfed
together with Elastica van Gieson (EvG) on adjacent sestionthe identification of
collagen, elastic fibers (with all their proteins, not onlgsin [6], p. 1065; for an in-
structive illustration see Fig. 1 in [371]) and smooth masmll (SMC) nuclei. Whole
histological slides were scanned using a 3DHISTECH P10@@ sicanner (3DHIS-
TECH Ltd., Budapest, Hungary), and the whole slide image®websequently evalu-
ated using the software CaseViewer (v2.1; 3DHISTECH Ltddd&pest, Hungary). In
particular, the specimens from the successful tests weaattjied for collagen, elas-
tic fibers and SMC content (total content 100%), withoutrigkihe ground substance
into account. Content evaluations were performed indepathdby two experienced
pathologists in a semiquantitative manner. In addition,ttlickness of the media was
evaluated as a percentage of the specimen thickness.

5.2.3 Statistics

The one-way analysis of variance (ANOVA) followed by Tuketest was employed for
statistical analysis. More specifically, the structuraigpaetersy, «ip, K[)%, K[)Zp, as well
as collagen, elastic fiber and SMC content percentages veenpared between the
control and the aneurysmatic groups of specimens. In aadithe mechanical failure
parametersy, Az, the structural parameters, and the content percentagesampared
between the four groups (Controj@ontrol-L and Aneurysmatic/Bneurysmatic-L).
The groups were significantly filerent if p < 0.05. Mean ¢ standard deviation), me-
dian, first and third quartile values (Q1,Q3) of the aforetitered groups were com-
puted. Linear regression was performed to see if there wasamelation between
failure stress and failure stretch, and failure siffagare stretch and aneurysm diam-
eter. Only the specimens for which the media constitutecastl 75% of the total
thickness were included in the statistics, because the foairs of the present study is
a comparison of medial mechanics and structure.

5.3 Results

Tablel5.1 depicts the anamnesis of all donors labeled b€k for control and A—Ax
for aneurysmatic specimens. In total 27 uniaxial tests (&€, n = 7; Control-L,n =
10; Aneurysmatic-Qn = 4; Aneurysmatic-Ln = 6) from 21 thoracic aortas (Contnok
12, Aneurysmatia = 9) were included. Table 5.2 contains a summary of the folhawi
values: the failure stress; and the failure stretchy; the structural parametets «ip,
K[)%, K{)Zp; the collagen, elastic fiber and SMC content percentagesthibkness of the
media after layer separation as a percentage of the whobenspe thickness; and the
identification of the layers which remain attached aftergégaration.
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Table 5.1 Anamnesis of donors for control|{Cx; ) and aneurysmatic (AAix)
specimens including the cause of death (COD) for the cqmnisll factors,
age and gender. Samples were provided by the Medical UntivefsGraz
(MUG) and the University of North Carolina at Chapel Hill (@)

Donor Hospital COD Risk Factors Age Gender
C MUG Myocardial infarction - 59 m
Ci MUG Tumor progression - 56 f
Cu MUG Myocardial infarction D, HL, HT, SM 68 m
Cwv MUG Metastasis — 59 f
Cv MUG Multiorgan failure, sepsis - 52 f
Cvi MUG Tumor progression D, HT 83 m
Cwi MUG Tumor progression - 69 f
Cvii MUG Cardiogenic shock - 65 f
Cix MUG Epileptic shock - 19 m
Cx MUG Tumor progression HT 65 f
Cxi MUG High brain pressure HT 68 f
Cx MUG Aspiration - 52 m
A MUG - D, HL, HT, SM, KI 66 m
Ay UNC - UAV, GERD, Al, AS 51 m
An UNC - UAV, Al, AS,HL,LVH 56 m
A UNC - HT 68 m
Av UNC - AS, Al, BAV, GERD,O 45 m
Avi UNC - HT 63 m
Awi UNC - GERD, O 71 f
Avni UNC - ED, HT, SM 46 f
Aix UNC - Al, AR, HFrEF 44 m

Al, aortic insuficiency; AR, aortic regurgitation; AS, aortic stenosis; BAWscuspid aor-
tic valve; D, diabetes; ED, Ehlers-Danlos syndrome; GER&stipesophageal reflux disease;
HFrEF, heart failure with reduced ejection fraction; HL peylipidemia; HT, hypertension; KiI,
kidney insuficiency; LVH, left ventricular hypertrophy; O, obesity; S¥moking; UAV, unicus-
pid aortic valve.

5.3.1 Mechanical Testing

Table[5.8 provides a summary for the mean, median and (Q¥&33s of the mechan-
ical and structural data, and the collagen, elastic fibedsSMC content percentages of
the four groups from Table 5.2 with exclusion of the specisaarircumferential ¢,
circumferential and longitudinalyCand circumferential A

With reference to Table 5.3 the Control-C group showed tigadst mean failure stress
ot (1474+ 1131 kPa), followed by Aneurysmatic-C (144®75 kPa), Aneurysmatic-
L (735+ 227 kPa) and Control-L (579172kPa). The groups were not significantly
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Table 5.2 Overview of the failure properties, the strudtpaameters, the content
percentages for collagen, elastic fibers and SMC, the thigkof the media,
and the visible layers for each specimen identified.

Donor GL o7 A @ ki K[)% kop Collagen Elastic SMC Thickness of Visible
kPal -1 I°1 1 [[1 [ [%] fibers [%] [%] media[%)] layers

Cui C 1200 1.39 43 0.20 0.49 0.47 30 30 40 65 M
Cv C 3418 3.20 7 0.20 0.49 049 30 30 40 80 MA
Cv C 1502 2.03 17 0.32 049 045 30 30 40 87 M
Cwi C 848 14212024048 049 25 40 35 100 M
Cuin C 655 1.30 330.230.480.49 30 40 30 76 IM
Cix C 948 297 24 0.29 041 049 25 45 30 100 M
Cx C 1541 1.59 20 0.22 0.48 0.48 30 30 40 71 M
G L 222 1.77 11 0.20 0.48 0.46 20 30 50 100 M
Ci L 679 241 11 0.21 0.48 0.48 25 40 35 100 M
Cui L 776 1.23 15 0.18 0.49 049 20 30 50 76 IM
Cv L 750 2.14 9 0.250.48 049 30 40 30 100 M
Cui L 413 1.26 20 0.28 0.49 0.49 30 25 45 84 IM
Cwi L 566 1.62 6 0.21 0.49 0.50 40 50 10 100 M
Cix L 610 247 7 025049048 30 50 20 100 M
Cx L 700 1.41 51 0.22 0.49 049 20 50 30 62 IM
Cxi L 564 2.16 25 0.19 0.48 0.49 20 30 50 100 M
Cxi L 633 2.02 8 0.230.47 048 30 40 30 84 MA
A C 297 1.17 48 0.28 0.45 047 70 20 10 46 IM
Ay C 2300 1.65 10 0.19 0.48 0.47 25 35 40 100 M
A C 1487 151 31 0.29 0.47 0.46 25 35 40 100 M
Aix C 552 1.61 22 0.26 0.46 0.40 50 30 20 84 IM
Ay L 636 1.81 13 0.17 048 0.46 20 30 50 100 M
A L 572 1.83 20 0.26 0.46 0.44 35 35 30 85 MA
Ay L 988 1.95 34 0.350.47 044 30 30 40 80 MA
Ay L 501 2.19 24 0.24 0.47 0.47 30 30 40 100 M
Awvii L 666 1.74 31 0.18 0.47 0.46 30 40 30 86 MA
Avim L 1046 2.26 14 0.22 0.47 0.46 20 30 50 100 M

C/L, testing direction (circumferential or longitudinalyy, failure stressy;, failure stretchy,
mean fiber angle measured from the circumferential directig, fiber dispersion in th&z
plane;K[)%, fiber dispersion in thed plane;K{)Zp, fiber dispersion in thez plane; SMC, smooth
muscle cells; M, media; IM, intima—media; MA, media—advismt

different. From Tablg 512 it can be seen that the highest faitvesssvalue is for the
circumferential specimen ¢ (3418 kPa), whereas the lowest value was observed for
the longitudinal specimen; G222 kPa).

Control-C showed the highest mean failure stretc{2.18+0.87) followed by Control-
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Table 5.3 Mean, median and (Q1,Q3) of the failure propettjess, structural param-
etersa, «ip, K[)%, KE,Zp and collagen, elastic fibers and SMC content percentages
of the four groups. The following specimens were excludedhfthe statis-
tical analysis: circumferentialfg, circumferential and longitudinalyCand
circumferential A.

or A& a Kp K{)% kgp Collagen Elastic SMC

kPa] [1 [1 [ [ [ [%] fibers[%] [%]

Control-C Mean 1474 2.18 19 0.26 0.47 0.48 28 37 35
SD 1131 0.87 10 0.05 0.04 0.02 3 7 5

Q1 800 1.39 11 0.22 0.46 0.48 25 30 30

n=>5 Median 948 2.03 17 0.24 0.48 0.49 30 40 35

Q3 1981 3.03 26 0.30 0.49 0.49 30 41 40

Control-L Mean 579 19 13 0.22 0.48 0.48 27 37 36
SD 172 0.46 6 0.04 0.01 0.01 7 9 14

Q1 526 153 8 0.20 0.48 0.48 20 30 28

n=9 Median 610 2.02 11 0.21 0.48 0.49 30 40 35

Q3 697 2.22 16 0.25 0.49 0.49 30 43 50

Aneurysmatic-C  Mean 1446 159 21 0.25 0.47 0.44 33 33 33
SD 875 0.07 11 0.05 0.01 0.04 14 3 12

Q1 785 1.54 13 0.21 0.46 0.42 25 31 25

n=3 Median 1487 1.61 22 0.26 0.47 0.46 25 35 40

Q3 2097 1.64 29 0.29 0.48 047 44 35 40

Aneurysmatic-L Mean 735 1.6 23 0.24 0.47 0.46 28 33 40
SD 227 0.22 8 0.07 0.01 0.01 6 4 9

Q1 572 1.81 14 0.18 0.47 0.44 20 30 30

n=6 Median 651 1.89 22 0.23 0.47 0.46 30 30 40

Q3 988 2.19 31 0.26 0.47 0.46 30 35 50

ot, failure stressj, failure stretchyy, mean fiber angle from the circumferential directieg;
fiber dispersion in théz plane;K{)‘{), fiber dispersion in thed plane;K{)Zp, fiber dispersion in the
rz plane; SMC, smooth muscle cell; SD, standard deviation; @3}, first and third quatrtiles.

L (1.9+0.46), Aneurysmatic-L (5+0.22) and Aneurysmatic-C (39+ 0.07), see Ta-
ble[5.3. There were no significantfiirences between the groups. The highest failure
stretch valuel; was observed for the circumferential specimep (3.2), whereas the
lowest was observed for the circumferential specimeflAL7), see Table5.2.

The Cauchy stress versus stretch plots for the specimehs &tir groups are depicted
in Fig.[5.4, but the failure stress; revealed no significant correlation with the failure
stretchs, as shown in Fid. 515. It was found that the aneurysm dianakdiemot corre-
late with either failure stress or failure stretch.
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Figure 5.4 Cauchy stressversus stretchl plots for all specimens in the circumfer-
ential and longitudinal directions: (a) and (b) control gpo (c) and (d)
aneurysmatic group.

5.3.2 Microstructural Investigations
Second-Harmonic Generation

Table[5.4 summarizes the mean, median and (Q1,Q3) valubks sfructural data from
Table[5.2 for the control specimens and separately for tleirgsmatic specimens
with more than 75% of the media present. The mean fiber dnectiis closer to
the circumferential direction and more aligned for the colrgpecimensd = 15° + 8°,
kip = 0.23+ 0.04) than for the aneurysmatic specimems-(22° + 9°, ki, = 0.24+ 0.06).
The means of the two groups were significantlffetient fora (p = 0.0496) but not
for «ip (p =0.743). Mean values for the out-of-plane dispersions in edahepwere
higher for control £, = 0.48+0.02, kg, = 0.48+ 0.01) compared to aneurysmatig =
0.47+0.01, g = 0.45+ 0.02); but the diference was significant only in thre plane
(p<0.001).
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Figure 5.5 Failure stress; versus failure stretcl; for all the specimens. The solid
line corresponds to linear regression with= 0.15. The dotted curves
correspond to the confidence bounds.

With reference to Table 5.3 there were no significaffedences i andxip between the
four groups; Control-Cq = 19° + 10°; «jp = 0.26+0.05), Control-L r = 13° +6°, jp =

Table 5.4 Mean, median and (Q1,Q3) of the structural parammand content percent-
ages of collagen, elastic fibers and SMC form the Control haddneurys-
matic groups of specimens obtained from SHG and histologg.féllowing
specimens were excluded from the statistical analysisuniferential G,
circumferential and longitudinalyCand circumferential A

@ Kip Ko kgp ~ Collagen Elastic SMC
[°] [-] [] [-] [%] fibers [%] [%]
Control Mean 15 0.23 0.48 0.48 28 37 35
SD 8 0.04 0.02 0.01 5 8 12
n=14 Median 12 0.23 0.48 0.49 30 40 35
(Q1,Q3) (8,20) (0.20,0.25) (0.48,0.49) (0.48,0.49) (@%,3(30,40) (30,45)
Aneurysmatic Mean 22 0.24 0.47 0.45 29 33 38
SD 9 0.06 0.01 0.02 9 4 10
n=9 Median 22 0.24 0.47 0.46 30 30 40

(Q1,Q3) (14,31) (0.19,0.27) (0.46,0.48) (0.44,0.47) 32%, (30,35) (30,43)

a, mean fiber angle from the circumferential directiep; fiber dispersion in théz plane;K{)%,
fiber dispersion in thed plane;xgp, fiber dispersion in thez plane; SMC, smooth muscle cells;
SD, standard deviation; (Q1,Q3), first and third quartiles.
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(a) 0 Circumferential specimen C,, (b) Longitudinal specimen C, |

Depth [um]
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Figure 5.6 Intensity plots for four specimens: (a) circurafgial Gy has highly
aligned fibers along:-7° relative to the circumferential direction, with a
dispersion parameter a§, = 0.20; (b) longitudinal & has aligned fibers
along +6°, with «jp = 0.21; (c) longitudinal A has aligned fibers along
+13°, with «jp = 0.17; (d) longitudinal Ay has fibers along14> with
less alignmentsp = 0.22) in comparison to (c). The abscissas refer to the
angle measured from the circumferential direction at thgio(0°), while
(£90°) refers to the longitudinal direction. The red color idéas angles
at which there are fibers with that orientation, while thesdolor indicates
the absence of fibers.



112 5  Failure Properties and Microstructure of Human Thora@ctés

0.22+0.04), Aneurysmatic-Cd = 21° + 11°, «jp = 0.25+ 0.05), Aneurysmatic-L¢ =
23 +8°, kip = 0.24+0.07). The fiber dispersior[)% in therd plane was not significantly
different between Control-C @7 + 0.04), Control-L (048+ 0.01), Aneurysmatic-L
(0.47+0.01) and Aneurysmatic-C (87+0.01). Howeverkgy, in therz plane was signif-
icantly lower in Aneurysmatic-C (84+0.04) compared to Control-C @8+0.02, p =
0.0456) and Control-L (@8+0.01, p = 0.02). The mean fiber angle from the load-
ing direction was significantly highep(< 0.001) in the Control-L (77+6°) and the
Aneurysmatic-L groups (64 8°) than for Control-C (19+ 10°) and Aneurysmatic-C
(21° +£11°). The general trend, namely highest in Control-L, folloviegdAneurysmatic-
L, Aneurysmatic-C and Control-C, was the reverse of thatfor

With reference to Table 5.2, the circumferential specimgna®d the longitudinal spec-
imen Gy showed the lowest (J and highest (89 angle relative to the loading direc-
tion, with similar i, of 0.20 and 021, respectively. The intensity plots in Figs]5.6(a)
and (b) depict the fiber architecture of these specimensabbeissa corresponds to the
angle measured from the circumferential direction at thgim(0°), while +90° refer to
the longitudinal direction. The red color identifies fibeghas at which there are fibers
with that orientation, while the blue color indicates theeatce of fibers. The slightly
higher value ofki, for the specimen @ is evident from Fig[5l6(b). Figurés5.6(c)
and (d) show the in-plane fiber distributions of the longitudinal specimens,A(77,

kip = 0.17), and Ay (76°, kip = 0.22), respectively.

Histology

In regard to Tablé 514 the mean content percentages of eol)agastic fibers and SMC
were not significantly dferent between Control (285%, 37+ 8% and 35t 12%, re-
spectively) and Aneurysmatic (29%, 33+4% and 38 10%, respectively). The whole
iImage slides of the specimens did not show significant cysédial degeneration for
aneurysmatic specimens, or freezing artifacts, in generam Tablé 5.8 it can be seen
that the mean collagen content was highest in Aneurysn@a(@3+ 14%), followed by
Control-C (28+ 3%), Aneurysmatic-L (28 6%) and Control-L (2% 7%). The mean
elastic fiber content was similar in Control-L (2B%) and Control-C (3# 7%), fol-
lowed by Aneurysmatic-C (383%) and Aneurysmatic-L (384%). The mean SMC
content was highest in Aneurysmatic-L (#@%) followed by Control-L (36 14%),
Control-C (35+5%), and Aneurysmatic-C (3812%). The means of the groups were
not significantly dfferent for collagen, elastic fiber or SMC contents.

Figures 5.7 (a) and (b) show the lamellar organization ofibdia with a disruption (3
and with a packed rupture zone|()Z while Fig.[5.7(c) shows that layer separation was
not complete for that particular circumferential specir(@an;, ), see also Table 5.2 (last
column). In regard to Fid. 5.7 the related colors for collagelastic fibers and nuclei
are pale pink, blagkrown and orange, respectively, while the nuclei can onlgden
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Figure 5.7 Representative histological images: (a) lamfjital specimen Cconsist-
ing only of the media; (b) longitudinal specimen, €onsisting only of
the media; (c) circumferential specimery,f indicating presence of the
intima. Black and white scale bars correspond tarB0

with a higher magnification. Most specimens showed shog delamination zones
near the ruptured region in addition to ruptured collagehelastic fibers at the rupture
ends, see Fi. 5.8.

5.3.3 Uniaxial Failure Properties and Microstructure

Figure[5.9(a) and (b) depict the failure stregsand the failure stretch; values in
relation to the mean fiber angle relative to the loading dioac While the failure stress
exhibits a strong dependence on the mean fiber angle, thecatretch did not show
any such clear dependence. The influences of the fiber digpgrarameters and the
collagen, elastic fibers and SMC content percentages;aand As did not show any
clear trends.

5.4 Discussion

We have provided a unique set of data relating the uniaxikiréaproperties of aor-
tic tissues to their microstructure, which shows that tseue is able to carry higher
loads when stretched in the mean fiber direction compared tivé cross fiber direc-
tion, see Fig§ 511 arld 5.9, and Tablel 5.2. The general treseinadd for the failure
stresses (Control-& Aneurysmatic-C> Aneurysmatic-L> Control-L) was the oppo-
site of that observed for the mean fiber angle from the loadingction (Control-L

> Aneurysmatic-L> Aneurysmatic-C> Control-C). Figuré 5]9(a) confirms that tissue
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200 pm

Figure 5.8 Ruptured regions with black arrows indicatinfadenations: (a) circum-
ferential specimen A with a small delamination length of approximately
1.2 mm; (b) magnification of the delamination in (a); (c) cirdenential
specimen Cwith a rather long delamination of approximatelg inm; (d)
magnification of the delamination in (c).

strips are stronger when the load is applied close to the rfibandirection, while
the failure stretch does not show any specific correlatiadh e mean fiber direction,
see Fig[5.9(b). Neither the failure stress nor stretch sldaany clear correlation with
the other structural parameters investigated herein. Mervgroup trends indicate that
in-plane fiber dispersion (Control-€ Aneurysmatic-C> Aneurysmatic-L> Control-
L) and collagen content (AneurysmaticxGControl-C> Aneurysmatic-L> Control-L)
also call for further discussion in relation to failure sses (Control-G Aneurysmatic-
C > Aneurysmatic-L> Control-L) on the basis of specific cases.

5.4.1 Mechanics
Failure Properties

With respect to Tablie 5.3 the mean failure stress from ual@xtension tests of medias
from the control group are higher in the circumferentiahtivathe longitudinal direction
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(1474 versus 579 kPa). A higher mean failure stress in tloaiiferential than in the
longitudinal direction was also found for intact healthyrran thoracic aortas by Mohan
& Melvin [221] (1720 versus 1470 kPa), Vorp et al. [351] (1888sus 1710kPa), and
Garcia-Herrera et al. [36] (2180 versus 1140 kPa), the la¢ieg significantly dierent.
The mean failure stress of the aneurysmatic media testdrbipresent study was also
higher in the circumferential than in the longitudinal ditien (1446+875 versus 735
227 kPa), but this dierence was not significant. However, significantlffetent mean
failure stresses of aneurysmatic human thoracic aorticdasea the circumferential and
the longitudinal direction (1282 versus 565 kPa) were oleseimn a previous study by
our group [[308].

Several other studies also found higher failure stresseninircumferential than in the
longitudinal direction of the intact wall of human aneuryia thoracic aortas, i.e. 1190
versus 880 kPa in [86], 961 versus 540 kPa_ in [251], and 144€u8e940 kPa in [75].

In contrast, the study [351] found almost isotropic failpreperties of thoracic aortic
aneurysms with similar mean failure stresses in the cirevenitial and longitudinal

directions (1180 versus 1210kPa). Most studies observesttaopic failure stresses
for healthy and aneurysmatic human thoracic aortic medsawedl as for the intact

wall, with higher stresses in the circumferential than ie lingitudinal direction. The

anisotropic failure stresses can be explained by the gitricollagen fiber assembly of
the tissue, as illustrated in Fig. 5.1.

Interestingly, mean failure stretches of the thoraciciaartedia were determined to
be similar in the circumferential and longitudinal directifor the aneurysmatic group
(1.59 versus B) but diferent for the control group (28 versus B). In contrast, failure
stretches of the intact healthy human thoracic aortic wallexfound to be smaller in
the circumferential than in the longitudinal direction43 versus 47) [221]. Failure
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Figure 5.9 Failure properties plotted against the mean fibgte from the loading
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stretches of human aneurysmatic thoracic aortas were fouha the same in both
directions (152 versus 52) for the media [308] and for the intact wall.8# versus
1.34) [75], but also larger in the circumferential than in tbaditudinal direction (61
versus 147) [251].

Specimens investigated in this study exhibited a wide ramfgtailure stresses and
stretches, and these values were not correlated. The anedigmeter was not found to
be correlated with failure properties. This may in part bplaxed by donors who may
have slowly growing stable aneurysms, and the load thafibeimen can withstand at
different stretches can be venffdrent, as can be seen from Hig.|5.5.

Definition of Failure

It is important to note that the definition of the failure podifters between the above
mentioned studies and the present study. Hence care muskére when interpreting
a failure point. We define the failure stress as the Cauclesstat maximum force
the tissue is able to carry, and the Cauchy stress-stretgksend at this value. After
the maximum force, there was either full or partial separgtand in the latter case
the specimen was still able to carry load at a decreased itapentil full separation
occurred. The studies [[75, 221, 251, 308, 351] defined theréapoint as the point
where the maximum Cauchy stress occurs prior to failureéhérptesent study, only two
specimens showed afférence larger than 1% between these two definitions of &ilur
in particular 8% and 4% for circumferentialyCand longitudinal &, , respectively.

On the other hand, the study [86] defined the failure poinhaditst point where one
of the layers failed, which relates to a sudden drop in thecBastress-stretch curve.
In our study, we observed several of these sudden drops éwemasher low stress
level but these specimens were still able to withstand mugheh stresses to failure.
Consequently, local failure may have already occurred edehsudden drops before
the maximum force value is reached. In addition, for examgble specimens ¢ in
Fig.[5.4(a) and A in Fig.[5.4(d) exhibit changes in the slope of the stresstaitrcurve
but not sharp inflections. Recent studies reported thatrgehia the stress-stretch slope
is related to damage accumulation in collagen moleculesl/g4].

5.4.2 Microstructure

The higher values of the out-of-plane dispersion parar!aeﬁ,%randkggIO of the control
group indicate that the fibers are more aligned within theeléam units in the con-
trol group than in the aneurysmatic group, similarly to tteatnd for abdominal aortic
aneurysms [228]. The in-plane structural paramejgof the specimens investigated
were not significantly dferent between the two groups, which is also in agreement
with that found for human abdominal aortas [228]. Moreokestological investigations
showed that the collagen, elastic fiber and SMC content wasigoificantly diferent



5.4 Discussion 117

between the two groups (Talile b.4), and the same tendencphgasved between all
four groups (Tablé 5]3). The aforementioned similaritieg differences do not neces-
sarily indicate the absence or existence of structuralgésdue to aneurysm formation.
They could also result from the anamnesis of the donors ssi@dge, imperfect layer
separation, imaging after testing andfeient sections of the aorta investigated herein.
Moreover, the structure of the specimens obtained from owbo had sfiered from
tumors may not correspond to healthy structure, as arifidning has been reported
in cancer patients [7, 98, 223].

5.4.3 Uniaxial Failure Properties and Microstructure
Influence of the Fiber Angle Relative to the Loading Directio

We observed an inverse relationship between the failuessi; and the mean fiber
angle relative to the loading direction, as depicted in[&if(a). Specifically, the higher
the mean fiber angle from the loading direction the lower tikife stress. Further
investigation is needed to clarify the possible influencefstructural parameters other
than the mean fiber direction even though the failure pragsedid not show any clear
dependencies on these parameters.

With respect to Table 5.2, the circumferential specimgnshowed the highest failure
stress ¢ = 3418 kPa) and the lowest mean fiber angl@®). It is likely that this very
high failure stress is not only a result of the mean fiber ahgtelso due to the presence
of the adventitia (20% of the thickness). It is well accepttest the adventitia acts as
a protective layer against tissue failure due to its higtegain content. This specimen
revealed also the highest failure stret@dh£ 3.20), which may in part be explained by
the waviness of the collagen fibers in the unloaded state.

The longitudinal specimenGevealed the lowest failure stress; (= 222kPa) and a
high mean fiber angle relative to the loading direction°§79rhe highest mean fiber
angle relative to the loading direction (84vas identified for the longitudinal specimen
Cvi with a failure stress ofr; = 566 kPa. The higher failure stress ofCmight be
explained by the slightly more aligned out-of-plane stuvetindicated by the values of
K[)Zp, and the higher collagen and elastic fiber content since $yhimens have similar
kip values; see Table 5.2.

Influence of Collagen and Elastic Fiber Contents

Consider now the circumferential specimeng Aos = 552 kPa, A = 1.61, a = 22°,

kip = 0.26, 50% collagen) and A (of = 1487 kPajs = 1.51,a = 31°, «jp = 0.29, 25%
collagen). These two specimens suggest that an increalagesocontent correlates
with lower failure stress but this is counterintuitive irethense that it might be expected
that higher collagen content would increase the streng#tialthe increased reinforce-
ment. However, the presence of the intima in the circumteakspecimen A (16%),
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may have reduced the failure stress. In addition, the higbep¢age of the collagen
and the low percentage of elastic fiber content may lead togidre failure by limiting
the extensibility of the tissue [246], as in the case of tleurnferential specimen A
(of =297 kPajs = 1.17,a = 48, kip = 0.28 and 70% collagen).

Influence of Fiber Dispersion

The longitudinal specimens;Aand Ay show very diterent failure stress values,

636 and 1046 kPa, respectively, despite similar valued®niean fiber angle am@%,

and the same values ftaﬁfp and the content percentages. Since they consist of only the
media they provide a good basis for discussing the influefickex, values on the
failure stress. Figurds 5.6(c) and (d) depict the in-plaberfdistributions of A (a =

13, kip =0.17, 100% media), andw (o = 14°, «ip = 0.22, 100% media), respectively.
The more aligned the fibers are in a direction further awagnftbe loading direction,

in this case the longitudinal direction, the lower is thegbsity of finding fibers which

will be able to support the load, and hence the lower failuress for the specimen

A|| .

Note that the mean fiber angle and the dispersion paramgtbave a considerable
influence on the failure stress, hence the dispersion paearjeshould not be omitted
from constitutive formulations.

Other Influences

There are some data points in Hig.15.9(a) that have similaréastresses but fier-

ent mean fiber angles. For example, by comparing the cirawmii@l specimen ¢,

(@ =33, «ip = 0.23) to the longitudinal specimen (o = 8°, kjp = 0.23) and the lon-
gitudinal specimen & (o = 31°, xjp = 0.18), one would expect that the specimepC
exhibits the highest failure stress followed by Ay, and G, which is not the case.
These specimens have similar content percentages, and baaexplanation for the
lower failure stress for ¢4 being unexpected is the decreased fibrillar reinforcement
due to the presence of the intimal collagen, and the pressredventitial collagen in
the other two specimens.

Although we did not investigate the influence of substruegusuch as collagen cross-
links, their dfect on the uniaxial failure properties and; could be significant. The
longitudinal specimen Qwith the lowest failure stress has very similar values of the
structural parameters to those of the longitudinal speci@e However, the specimen
Cy has a much higher failure stresg & 679 kPa). As indicated in Table®.1, dongr C
passed away due to myocardial infarction whereas dopgaSsed away due to tumor
progression. The substructures of the aortic wall pfr@ght be significantly dterent
than those of ¢ resulting in a decreased extensibility and a lower failduress. Dis-
ruptions to the lamellar organization in the rupture zongpefcimen €when compared
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to the neatly packed rupture zone of specimen & depicted in Fid. 5.7(a) and (b),
indicate that the interlamellar connections likely playgngficant role.

Although the mean fiber direction has a clear influence ondleré stressrs, it is not
the only parameter that should be taken into account wherelimgcfailure properties.
As discussed above, the values of the dispersion paranagtéithie collagen and elastic
fiber content seem to have a considerable influence on thedasitress. Although
their combined #ects are not obvious to assess and afigcdit to estimate, all these
parameters should be considered when attempting to matiekfaf soft collagenous
tissues.

5.4.4 Rupture Zone

The rupture zone is characterized by ruptured collagen stiefibers. In some speci-
mens delamination of the lamellas was also visible. Theksraas illustrated in Fig. 5.8,
were also observed in [110] under uniaxial tensile loadmmisined with X-ray micro-
tomography, and suggest that failure initiation and pregiag are complex mecha-
nisms. Figuré 5]8 shows ruptured collagen and elastic fiaetbe rupture ends, as
expected under loading. In addition, the delaminationsakasible in Fig.[5.8(a)—(d)
suggest that both interfiber collagen cross-links and lentegllar cross-links are bro-
ken.

Although the specimens are stretched along their main dkedjbers which are not
perfectly aligned with these axes may enhance ffeceof shear which contributes to
delamination. In the study [339] pulsatile pressure expents were performed. The
authors concluded that cracks between the lamellas irdibat shearing mechanisms
are involved in the process, and the follow-up study [31]atoded that the links be-
tween the lamellas are weaker than the lamellas themselesh leads to the cracks
between them. The study [206] suggested that collagen filéyup from the matrix
and peeling-like processes also result in broken bondsdsgtuhe collagen fibers, and
therefore play an important role. In addition, interfibenss-links are possibly under
higher tension than they can sustain, which also contréxgtelelamination [207, 208].
Based on the experimental observations in [110], the smmd25] investigated the ef-
fects of shear delamination strength on tissue failure uodexial loading by means
of finite element analyses. The authors concluded that \eakhdefects may contribute
directly to the initiation of dissection by reducing the ahdelamination strength.

The aforementioned studies useéfelient experimental methods, but resulted in simi-
lar histological observations to those presented herenofitjh we cannot identify the
initial failure zone, as imaging and loading were not perfed simultaneously, the
delamination zones suggest that not only the collagen filolitacture but also the dif-
ferent types of cross-links should be considered whilergiteng to model soft tissue
failure under uniaxial extension loading.
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5.4.5 Limitations

Due to the small sizes of the donor samples especially thergsmatic ones, it was
not always possible to obtain circumferential and longiatidata for each sample.
Hence, we have not provided extensive details of the amigptrRegions with alter-

ations such as calcification and atherosclerosis were itab$ei for our investigations,

thus reducing the amount of tissue available for testingaddition, some tests failed
as the rupture occurred outside the markers instead ofrwiitie gauge region. Where
there was more tissue available in a sample, more specimenesprepared for testing.
This also resulted in small and unmatched group sizes maikdifficult to generalize

the findings of the study.

The conditions from explantation to arrival werdfdrent between donor samples, and
all samples were frozen until testing, as mentioned in 8efi2. The mechanics of
the biological tissues may be influenced by the durationedZing, solution they were
kept in, and the rates of freezing and thawing due to osmoéssure imbalances and
intracellular ice formation [209, 210, 376]. Solutions B&s Ringer’s lactate [313] and
PBS [1] have been shown to help preserve the mechanical piegpd~urthermore, the
use of DMSO reduces the intracellular ice formation duedeZimg[210], although the
effect is concentration dependent [376]. It is assumed, thexethat the influence of
different solutions and duration of freezing on the mechanicgigaties is negligible.
Regardless, cell functionality may still be damaged duthmegving [210]. Aortic en-
dothelial and smooth muscle cells, for example, are regadesignificantly lose their
functionality due to thawing, but no significant influences abserved for the aortic
mechanics [169]. Such damage to cell functionality credéssrable &ects in fact, and
are discussed later.

Arteries are residually stressed in both circumferentrad bongitudinal directionsn
vivo, for which elastin is mainly responsible [279]. When an aadled arterial ring is
cut radially, it springs open and a longitudinal strip befudsher away from the main
vessel axis due to the release of stresses. As the donoresamw@ie either received in
several pieces or as a ring which was then cut open during@pgpn, residual stresses
were partially released. Furthermore, residual stredsesdepend on the contraction
state of the SMCs, i.e. the basal tone [204]. However, SMCtfanality is likely to be
significantly impaired due to thermal injury, as discussefibie, which further reduces
the possible influence of residual stresses.

As the histological investigations revealed, layer sefp@amavas not complete for all
specimens, and the uniaxial testing data of a particulacisp® does not necessarily
reflect the mechanical behavior of the media alone. Sinceefidual stresses are layer
dependent [96], they may have an influence on the uniaxiairéaproperties of these
specimens.
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The structural similarities andfiierences between the control and aneurysmatic groups
might arise from the dierent aortic segments which were available for this studly, i
addition to the donor anamnesis. It is assumed here thaifii@eehces in the uniaxial
failure properties between thefiirent regions and age groups are due to the microstruc-
tural differences. [107]. Nevertheless, suclieliences may be present for various com-
ponents at dferent length scales not investigated herein. FurtherntoeeSHG images
were obtained from the ruptured specimens without accogrfor the fiber reorien-
tation and recoil after failure. This might also explain oof the scatter of the data
points presented in Figs 5.9(a) and (b).

The present study and the studies cited in Se€tion]5.4. loymegblquasi-static deforma-
tion rates. However, the aorta is reported to be signifigattbnger under dynamic de-
formation rates [221], so that the influence of the micragtre on the time-dependent
failure properties needs to be further investigated. Nbedzss, the identification of
failure properties under quasi-static uniaxial extensi@md the influence of the mi-
crostructure on these properties constitute an importapttewards the development
of a more realistic failure criterion for soft biologicatsues. Another limitation is the
use of uniaxial extension tests instead of biaxial testh@asatter would provide a more
realistic estimation of tha vivostresses in the aortic wall when dilated due to aneurysm
or dissection. However, to our knowledge, there are nobidialanar biaxial testing
methods available for obtaining failure properties. Onab®er hand, bulge inflation
tests were employed in several studies, and the findingsralszate the important role
the microstructure plays in tissue failure|[65, 1188,/246].

5.5 Conclusions

The present study provides a unique set of mechanical amctstal data that highlight
the strong influence of the aortic media microstructure srfailure properties under
uniaxial extension loading. The data presented show thadmiyg the mean collagen
fiber angle from the loading direction, but also the disgerdias a clear influence on
the failure properties of the specimens subjected to ualiaxtension. Furthermore,
contents of collagen and elastic fibers should also be ceresid- specially in the cases
where they are extremely higbw. It would be of interest to investigate the influence of
the microstructure on the failure properties undéfedent loading modes, isolated and
mixed. Such investigations could help predict not only whendilated wall is likely
to rupture, but also when an aorta (aneurysmatic or appwptesdlthy) might develop a
dissection. More research is required in order to charaeténe interlamellar strength
under diferent loading modes, and the influence of the microstrucaoréne strength
to inform the prediction of possible dissection.

In line with recent studies on aortic tissue [323] and boyedcardium[360], the re-
sults of this work suggest that the microstructure shouldalken into account when
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developing failure criteria. This study should be consideas a basis for further re-
search that focuses on the predictive capabilities of trerasiructural parameters for
the failure properties of soft biological tissues, and #istep towards realistic model-
ing of tissue failure. In addition, it might help to addredisical challenges of rupture
prediction of dilated aortas with appropriate imaging teghes.
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