Jianhua Tong

Biomechanics of Abdominal Aortic Aneurysms



Monographic Series TU Graz

Computation in Engineering and Science

Series Editors

G. Brenn Institute of Fluid Mechanics and Heat Transfer

G. A. Holzapfel Institute of Biomechanics

W. von der Linden Institute of Theoretical and Computational Physics
M. Schanz Institute of Applied Mechanics

O. Steinbach Institute of Computational Mathematics



Monographic Series TU Graz

Computation in Engineering and Science Volume 18

Jianhua Tong

Biomechanics of Abdominal Aortic Aneurysms

An Experimental Approach towards a Better Understanding of
Pathological Progression

This work is based on the dissertation “Biomechanics of Abdominal Aortic
Aneurysms: An Experimental Approach towards a Better Understanding of
Pathological Progression Cardiovascular Mechanics”, presented by Jianhua Tong at
Graz University of Technology, Institute of Biomechanics in March 2013.
Supervisor: G. A. Holzapfel (Graz University of Technology)

Reviewer: T. Cohnert (Medical University of Graz)



Bibliographic information published by Die Deutsche Bibliothek.
Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available at http://dnb.ddb.de.

© 2013 Verlag der Technischen Universitat Graz

Cover photo Vier-Spezies-Rechenmaschine
by courtesy of the Gottfried Wilhelm Leibniz Bibliothek —

Niederséchsische Landesbibliothek Hannover

Layout Wolfgang Karl, TU Graz / Universitatsbibliothek
Christina Fraueneder, TU Graz / Biiro des Rektorates

Printed by TU Graz / Blroservice

Verlag der Technischen Universitat Graz
www.ub.tugraz.at/Verlag

ISBN: 978-3-85125-279-8 (print)
ISBN: 978-3-85125-280-4 (e-book)

DOI: 10.3217/978-3-85125-279-8

This work is subject to copyright. All rights are reserved, whether the whole or part of
the material is concerned, specifically the rights of reprinting, translation,
reproduction on microfilm and data storage and processing in data bases. For any
kind of use the permission of the Verlag der Technischen Universitat Graz must be
obtained.



JIANHUA TONG

Jianhua Tong was awarded Bachelor’s degree in Engineer-
ing Mechanics at Tongji University, Shanghai, P. R. China.
Then he moved to the Royal Institute of Technology
(KTH), Stockholm, Sweden, to pursue his Master's de-
gree. During two years of his master program he switched
his research direction to biomechanics and worked on
several projects that focused on arterial wall biomechan-
ics. After completing his Master Thesis, he immediately
started his PhD in Biomedical Engineering at the Institute
of Biomechanics, Graz University of Technology, Austria,
supervised by Professor Gerhard A. Holzapfel. His PhD
research mainly focused on experimental investigation of

the mechanical properties of arteries in health and dissaseifically in human abdomi-
nal aortic aneurysms. His effort was also towards an ingastin of the pathological pro-
gression of cardiovascular diseases by correlating bibamdcs with tissue morphology
and associated microstructural characteristics. He tmeagd four peer-reviewed journal
papers and two book chapters, and has presented on severahtional conferences.






Abstract

An abdominal aortic aneurysm (AAA) is a complex vasculahpéigy which leads to a
localized and asymmetric dilation of the abdominal aortaptRres of untreated AAAs
are common and catastrophic events which may account forrhgytality rates, partic-
ularly in elder males. It is well known that biomechanicaittas play fundamental roles
in AAA lesion growth, remodeling and rupture. Compared toie@dous advances during
the past decade in our understanding of the biomechanics@dgskd aneurysmal tissue
and healthy aorta, it is more important to explore changdlerbiomechanical proper-
ties of aneurysmal tissue in the AAA pathological progressihis provides us a basis to
better understand AAA degeneration and the associatedrauptechanism, from a me-
chanical point of view.

This PhD thesis mainly focuses on experimental investgatof the biomechanical prop-
erties of two major types of tissues within the AAA, i.e. adtrminal thrombus (ILT) and
thrombus-covered wall. By performing biaxial extension aeéling tests, we systemati-
cally explore biaxial mechanical responses and quamgtdetermine dissection prop-
erties of ILTs and the thrombus-covered walls, and furtlesetbp a more appropriate 3D
material model to characterize the biaxial mechanical Wehsof both tissue types. An-
other key contribution of this thesis is to determine thatreé thrombus age within the
AAA by characterizing the microstructure of ILT samplesngshistology and by inves-
tigating changes in the biomechanical properties of thrmnldissues. As a novel factor
in the AAA research, the relative thrombus age is criticaiyportant to show the initia-
tion and progression of the ILT and its potential effects dhAwall mechanics. Further,
we find that ILT aging relates to wall weakening in the AAAs. $ddraction analysis is
aiming to quantify dry weight percentages of two protein poments elastin and collagen
within the AAA wall, which, in turn, determine mechanicalperties at the tissue level.
Moreover, gender differences in biomechanical propedieSAA are also discussed.






Zusammenfassung

Ein abdominales Aortenaneurysma (AAA) ist eine komplex&Gerkrankung, bei der es
zu einer lokalen und asymmetrischen Ausweitung der abdalemnAorta kommt. Ruptu-
rierungen unbehandelter AAAs sind haufige und katastrepBetignisse, die besonders
bei alteren Mannern eine hohe Sterblichkeitsrate bedingemst wohlbekannt, dass bio-
mechanische Faktoren eine fundamentale Rolle fir das Wanhstie Remodellierung
und den Bruch eines AAAs spielen. Verglichen mit den enornatsEhritten des letzten
Jahrzehnts beziglich des Verstandnisses der Biomechasikrideankten aneurysmati-
schen Gewebes und der gesunden Aorta, ist es nun wichtiyedienderungen der bio-
mechanischen Eigenschaften von aneurysmatischem Gevédivervd der pathologischen
Entwicklung des AAAs zu erforschen. Dies liefert uns einrgliegendes und besseres
Verstandnis der AAA-Degeneration und den damit verbundérechmechanismen vom
mechanischen Gesichtspunkt aus.

Diese Doktorarbeit konzentriert sich hauptsachlich aef @perimentelle Bestimmung
der biomechanischen Eigenschaften von zwei Gewebehaeptiynerhalb des AAAs -
dem intraluminalen Thrombus (ILT) und der mit dem Thrombaddckten AAA-Wand.
Mittels biaxialen Zug- und sogenannten Peeling-Versudoemten wir die biaxialen me-
chanischen Eigenschaften und die Dissektionseigengschédtr ILTs und der thrombusbe-
deckten AAA-Wande systematisch erforschen. Ferner konmiietiamit ein geeigneteres
3D Materialmodell fiir die Charakterisierung des biaxialeechmanischen Verhaltens bei-
der Gewebstypen entwickeln. Ein weiterer wichtiger Beitdagser Arbeit ist, dass wir
als erste das relative Thrombusalter innerhalb des AAAsrdKorrelation der Anderung
der mechanischen Eigenschaften von thrombotischem Gemgloessen mikrostruktu-
rellen Charakteristiken in der Histologie bestimmten. Alsea neuartigen Faktor in der
AAA-Forschung kann das vorgeschlagene relative Thronersabn entscheidender Be-
deutung fir die Entstehung und Progression des ILT und itirgliohe Auswirkung auf
die Mechanik der AAA-Wand gesehen werden. Dartber hinaussia wir eine Beziehung
zwischen Alter des ILT und der Wandschwachung des AAA. Eirsssénanteil-Analyse
wurde durchgefihrt, um das relative Trockengewicht deri maerhanisch relevantesten
Proteine Kollagen und Elastin im AAA bestimmen zu kdnnens Bdeiteren wurden ge-
schlechtsspezifische Unterschiede der biomechanisclyemé&tihaften der AAAs disku-
tiert.
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1 INTRODUCTION AND MOTIVATION

1.1 Arterial Structure

It is well known that the normal arterial wall consists ofdhrdistinct layers: the intima
(tunica intimg, media {unica media and adventitiat(nica externa[77,79, 85, 86], see
Fig. 1.1 for a schematic illustration. As the innermost lagiee intima consists of a mono-
layer of endothelial cells attached to a basement membramg@ased of collagen (type
IV) and laminin [79, 88]. The intima plays a key role in regirg agents from blood flow
to reach the media. During aging process, the thickeningséfiening of the intima may
contribute significantly to the mechanical responses oatherial walls. The pathological
changes of the intima may result in severe cardiovascussades such as atherosclero-
sis, which involves atherosclerotic plaque consistingattf/fsubstances, calcium, collagen
fibers, cellular waste products and fibrin [79, 82]. The pltiical changes of the intima
leads to alterations in the mechanical properties of aftesll tissue.

The middle layer media is separated from the intima and thergdia by two thin layers
(interfaces) called internal elastic lamina and exterfedtee lamina [79, 86]. From a his-
tological point of view, the media is a complex three-dimenal network which consists
of smooth muscle cells (SMCs) embedded in an extracellulamxnaith elastin and mul-
tiple types of collagen (types | and Ill). It has been longgesjed that the fibrils in the
media (both SMCs and collagen) are almost circumferentalgnted. A recent paper by
Schriefl et al. [163] quantitatively determined the laypedfic distributed collagen fiber
orientations of human non-atherosclerotic thoracic amtbabnal aortas and common il-
lac arteries. Specifically in all human aortas, two fiber fa@siwere present for the media
and were almost symmetrically arranged with respect to jfieder axis closer to the
circumferential direction in the media. This structuraggaiment of fibrils also brings the
media anisotropic mechanical properties when subjectetitt-axial loadings. From the
mechanical point of view, the media is the most significag¢tan a healthy artery.

The adventitia is the outermost layer of the arterial watl aansists of fibroblasts embed-
ded in a network of collagen (mainly in type I) mixed with élasand nerves. Surrounded
by loose connective tissue, the adventitia is much ledsastibw pressures as compared
to the media. In the high pressure domain, however, thegaidibers within the adven-

titia straighten to resist loads and to prevent the artdreaa overstretch and acute rup-
ture [79, 82]. For example, in human coronary arteries, &jafizl and his colleagues [82]

reported that ultimate tensile stresses of the adventitiddcbe in average three times
higher than those of the intima and media.
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Figure 1.1: Schematic illustration of an elastic arterielcture consisting of three layers:
intima, media and adventitia. Adapted from Holzapfel ef#9).

1.2 Abdominal Aortic Aneurysm

An aneurysm is classically defined as a focal dilation of thergl wall. According to
Humphrey and Taylor [88], the most common types of aneurymmtracranial saccular
aneurysms (ISAs) and abdominal aortic aneurysms (AAA#s|& e focal outpouchings
of the wall of a proximal intracranial artery, typically atsde of bifurcation, and mainly
pointing in the direction of blood flow in the absence of thieitmation [8]. AAAS mainly
occur in the human infrarenal aorta, i.e. the aortic portietween renal arteries and aorto-
illac bifurcation, approximately 12 cm long, 2 cm in dianreded 02 cm thick [87, 88].

The AAA, characterized by localized, asymmetric balloike-bulge of the infrarenal aor-
tas, represents a significant disease in the western papuéspecially for elder men over
65 years [52,142,196,197]. The lesion may lead to dilatida®rtas which exceed the nor-
mal diameter by more than 50% (&Jor more fold increase). Previous studies [16, 25, 87]
estimated AAA expansion rates, i.e. betweeh 1@ 0.8 cm/year, which is independent of
the AAA size. For example, both Solberg et al. [172] and Mdadidal. [128] proposed that
female AAA with a relatively smaller size may have a muchdagxpansion or growth
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rate than that of males with a larger size.

1.2.1 Morphology

The shape of an aneurysm is frequently described as beiifgrfus saccular (see, e.g.,
Fig. 1.2) or hourglass. It should be noted that most AAAs airgférm and they are
shaped like a spindle with widening all around the circumfee of the human abdominal
aorta. The more common fusiform shaped aneurysm bulgedloobs out on all sides of
the aorta, while saccular shaped aneurysm bulges or balloginonly on one side. The
aneurysm shape significantly influences the biomechanicalittons especially the stress
distribution within the AAA, as discussed and emphasizedigarly study [42].

The mean wall thickness of AAAs was measured and averagesl@dbcm [145], which
was, in general, lower than that of the normal human aogaQR cm. Note, however, that
wall thicknesses of AAAs varied regionally and between AA#&m as low as 23 mm at
a rupture site to £6 mm at a calcified site [145]. Also, the wall thickness wasgiibto be
slightly lower in the posterior and right regions.

1.2.2 Risk factors

Primary risk factors in developing AAAs include male gena@aing, smoking, hyperten-
sion, inflammation and atherosclerosis [87]. Grootenboel.g66] reported that older
men were 6 times more likely than older women to have an AAAasuinilar conclusion
was derived by Singh et al. [171], suggesting a prevalende tfmale to female ratio sus-
ceptible to developing the AAAs. However, reasons for geddé&rences remain unclear.
Cigarette smoking is summarized as the leading self-infligsk factor for cardiovascular
diseases [35] and it causes arterial stiffening with sergmguelae such as atherosclerosis
and AAAs [43]. As further suggested by Brady et al. [16], srmgkincreases AAA growth
and thus the rupture risk. Another factor, i.e. hypertemdeads to stiffening of the human
aorta and local hemodynamic environmental change [99, ¥86th is regarded as one of
the causes to initiate aneurysmal formation. Besides thertsmsion, atherosclerosis also
correlates directly with arterial wall stiffening, whiclters the hemodynamics of blood
flow and further develops aortic aneurysms [86, 88]. Moreofeeus has also been on
the investigation of genetic factors that play a key rolexplaining AAA formation and
rupture mechanism, see, e.g., Choke et al. [25] and Sakafiretsal. [159].

1.2.3 Intraluminal thrombus

AAAs have complex structural and morphological charastes. An intraluminal throm-
bus (ILT) presents in most AAAs (approximately 75% of AAAsithwa clinically relevant
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Aneurysm types

Fusiform

Pseudoaneurysm

Figure 1.2: Representative sketch of saccular and fusifévaped aneurysms in contrast
to pseudoaneurysm. Image taken from www.jeffersonhdspita

size [25,71,181], see, e.g., Fig. 1.3. The ILT is a threeedtisional fibrin structure with
blood proteins, blood cells, platelets and cellular defgi®}. The heterogeneity of the ILT
structure can be distinguished by its three individual tayem the lumen to the ablumen
side: luminal (red), medial (a bit white) and abluminal (dgellow) layers, see Fig. 1.4.
According to Kazi et al. [93], the presence of the ILT influeathe proteolytic degradation
of the underlying aneurysmal wall segment. Prior to that,\tarp group [199] indicated
that the ILT also served as a barrier to attenuate the oxyggpysfrom the lumen, leading
to hypoxia of the aortic wall. The role of the ILT within an AAgtructural stability, specif-
ically in relation to the risk of rupture, has not been cladfiet. For example, computed
tomography (CT), as documented in [209], suggested that@eased AAA thrombus
load was associated with a higher likelihood of rapid exgansSatta et al. [160] sug-
gested that thrombus thickness was associated with thareugsk, since the ruptured
AAAs had thicker ILT when compared to the non-ruptured ofidgse findings exist in
the clinical observations, however, whether they can béiexbto other AAA cases is still
a debate.

1.2.4 Rupture assessment

Most AAAs are typically asymptomatic until the catastrapbvent of rupture. However,
a rapidly expanding AAA can cause a sudden onset of severstaady mid-abdominal
pain and back pain. Rupture of AAA is defined as the end-staghamécal failure of the
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AAA wall ILT

Figure 1.3: Representative image of a AAA including the ILT ahe thrombus-covered
wall after open surgical cut.

diseased aneurysmal aortic wall and may cause an overdihlityprate of between 75%
and 90% [52]. According to Powell and Brady [141], rupture &&&s rank as the 13th
leading cause of death in the US. From a biomechanical pbwitwa, AAA rupture oc-
curs when the local strength of the degenerated aortic wailufficient to withstand the
pressure-induced peak wall stress (PWS) [199]. The rupiskef AAAs is thought to be
associated with increased levels of wall stress [193]. &there is no reliable technique
to quantify the risk of rupture for individual AAA, clinicassessment of rupture risk and
decision to electively repair an AAA is still commonly basmdthe unreliable ‘maximum
diameter criterion’, i.e. 5 to.5cm. According to this criterion, the AAAs with the di-
ameters reaching or exceeding this value range should Istdewad for elective surgical
repair [40,103]. However, several previous studies indidéhat aneurysms with a diame-
ter less than % cm can also rupture [26, 135], in particular for female guaits [19, 20, 74]
and some of large AAAs do not [30]. The ‘maximum diametereridn’ is established
based on the Law of Laplace [197], stating that the stredsaMAA wall is proportional
to its diameter. However, it should be emphasized that thé& Aall has a complex 3D
geometry including major and minor wall curvatures [42,]188ther than a simple cylin-
drical tube. Therefore, mechanical stress in the aneuryathisvnon-homogeneous and
the highest stress within the entire AAA wall, defined as téS? can be distributed into
several points on the wall surface. Moreover, simply cosrsndy wall stress is insufficient
to predict material failure. The local wall strength is a#skey factor which can determine
the likelihood of rupture. Hence, the stress to strengib redther than the AAA maximum
diameter, is a more rational criterion in the current assess$ of biomechanical rupture
risk.

Over the last decade, an effort has been made to find othersachich are more appropri-
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Luminal (L) Medial (M) Abluminal (A)

Figure 1.4: Representative images of three individual Ilyeta: luminal (L), medial (M)
and abluminal (A).

ate to assess the AAA rupture risk. For example, aneurysrarskpn rate was estimated
SO as to be linked to lesion development and rupture [16,1187], In particular, Sten-
baek et al. [177] showed that aneurysm expansion rate wasiatsd with the ILT growth
and Parr et al. [137] further observed that the median oefaligl' volume ¢ 25.0 cn¥)
was associated with rapid AAA volumetric growth £5.0 cn/yr) independent of the ini-
tial AAA diameter. If these conclusions are available forsnBAA samples, quantitative
measurements of the thrombus volume in a patient-speciimgey could be an effective
tool to evaluate AAA dilation and associated rupture pogrnBased on two-dimensional
CT scans, Fillinger and colleagues [47] found relations ketwaortic tortuosity, diameter
asymmetry and rupture risk. By analyzing anatomic charesties of 259 patients, rup-
tured AAAs tend to be less tortuous, yet have greater cressesal diameter asymmetry
when matched for age, gender and diameter. More recentiyel al. [37] introduced
vessel asymmetry as an additional diagnostic tool to ags®adesion. Based on realistic
geometries, posterior wall stress was found to be propwtimcreased with AAA asym-
metry, i.e. excessive bulging on the anterior surface. Waois is the very first to link the
AAA morphology on the one surface with wall stress on the @ecsurface. Since stress
level on the anterior surface increased faster than thdteoposterior surface, considera-
tion of morphological characteristics alone is not essdigthelpful to provide an overall
prediction of rupture risk.

1.2.5 Pathogenesis

Investigators also made an effort to interpret pathogenefsihe AAA. Blood flow pat-
tern, i.e. the reversal flow in early diastole in the humamairgnal aorta, was thought to
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be the main cause to initiate AAA dilations from a hemodyrapwint of view [124].
However, such a reversal flow was not observed in the mouskinis]. Increased dy-
namic strain of the anterior wall due to increased elastiigd&, may also help explain
why human AAAs’ dilations initially develop anteriorly [$3n addition, the AAAs were
suggested as a consequence of a ruptured atherosclemgigepand formation of the
ILT [4, 25, 159, 183]. Therefore, the process of the AAA fotioa can be interpreted
sequentially as first atherosclerosis within the abdomawatic walls due to pathologi-
cal changes, then formation of the ILT, and finally aneurystiations. This hypothesis
needs further investigations from a biochemical point efwiElastin and smooth muscle
loss [73, 86, 93, 111] within the aortic media is commonlyutlot to be the main reason
to trigger instability of the aortic wall and thus, leads &alignment of collagen fibers
accompanied by an increase of old collagen cross-links astdgpage of new collagen
biosynthesis [25,86,88,93,111,159]. Such an imbalantedan degradation and biosyn-
thesis of the collagen is, in part, responsible for AAA depehent and rupture.

1.3 AAA Biomechanics

The stresses and strains exerted on blood vessels haverhm®em &s important factors in

the initialization and development of cardiovascular dsss [191]. Accordingly, there is
a need for investigators to study how these mechanicalaatfiluence the progression
of certain vascular pathologies. Over the past few decad®8, biomechanics has been

widely used to characterize the mechanical properties efiygsmal tissues and to quan-
titatively assess AAA rupture risk based on finite elemeralysis (FEA). Compared to

clinical and biochemical data, patient-specific biomeatefactors may be more reliable
in predicting AAA rupture [115,123, 200].

1.3.1 Experimental characterization and constitutive modeng

Experimental biomechanics and related constitutive nmiogelf AAA is an effective meth-
odology to characterize mechanical responses of the asmatytissues. An analysis of
these data does allow a better understanding of changes imelchanical properties of
aneurysmal aortic tissue when compared with healthy hurbdorainal aortas. For exam-
ple, early studies [111,179] investigated non-invasivieé/pressure-strain elastic modulus
or aortic stiffness, suggesting the notable stiffness elasticity of dilated or aneurysmal
vessels. Other mechanical measurements [73] showed thas Are less distensible and
much stiffer than non-aneurysmal aortas. Moreover, areas® of the volume fractions of
collagen and ground substance and a decrease of the volaatieffis of elastin and mus-
cle were noted. A later study by Vorp et al. [201] reportedrtheeasures of AAA wall
stiffness by using uniaxial tensile test. By developing arostructure-based constitutive
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model, Raghavan and colleagues [148] characterzedvobiomechanical behaviors of
AAA wall. Note, too, that parameters of this constitutive aebrepresent the separate
contribution of elastin and collagen to total aortic tisstifiness as well as a collagen re-
cruitment. To estimate wall stresses in intact, three-dsmnal vessels, a two-parameter
hyperelastic continuum-based constitutive model [14@heform of

W =a(lg—3)+B(lg—3)? (1.1)

was further utilized to quantify experimental data obtdifrem one-dimentional uniaxial
tensile tests on human AAA specimens. In Eq. (113)is the first invariant oB and it
can be further determined g = trB = tr(FF'), whereF is the deformation gradient.
Despite limitations such as inaccurate prediction of raulél constitutive relations of
aneurysmal tissue, the model associated with the quantifiednechanical parameters
o andf has been widely used in later studies on computationalsséneslysis of AAAs
[46,48,122,147,204].

Since both non-aneurysmal and aneurysmal aortic tisseesyder multiaxial loading con-
ditionsin vivo, the uniaxial tensile test is insufficient/inappropriadethe characterization
of mechanical responses. Hence, experimental protocaks aeveloped to perform biax-
ial tensile tests [156,157]. In order to compare the medahbiehaviors of the aneurysmal
aorta to the native aorta, Vande Geest and his colleagué$fii€ performed biaxial ten-
sile tests on human infrarenal aortic tissue and correlkastcdata with age, showing that
aging may lead to a significant shift in peak wall stretch atifteaing of normal aortic
tissue. Subsequently, they performed the same protocohenrgsmal aortic tissue, sug-
gesting that aneurysmal degeneration of the abdominad eoaissociated with an increase
in mechanical anisotropy with preferential stiffeninge tcircumferential direction [192].
Due to the exhibited mechanical anisotropy, they also &shkaal constitutive relations of
AAA tissues by utilizing an anisotropic exponential straimergy function developed for
canine pericardium [24], i.e.

W = bg { exp[(1/2)b1EGg] + expl(1/2)bEZ] + explbsEgeE-] — 3} . (1.2)

whereE;j andb; are components of Green-Lagrange strain tensor and nigtarameters,
respectively. Compare to the Fung elastic model for the Sk88], the constitutive param-
eters derived from the model (1.2) are physically reasandalie biaxial experimental data
and constitutive relations in [192] have been extensiveid.in related material modeling
of aneurysmal aortic wall and computational stress arafl€l, 45,152, 153, 194]. Other
comprehensive biaxial data for the AAA wall were recentlyided by our lab [184] and all
chosen specimens were aneurysmal aortic walls coveredeby ThA three-dimensional
strain-energy function based on an arterial wall model§2fwas used to characterize the
mechanical behaviors of aneurysmal tissues. As an impaa@nsion to previous biaxial
data [192], our work can better understand the potentiakemag effect of the ILT on its
underlying wall segment.
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The ILT plays a key role in AAA pathogenesis and rupture. berg biomechanical inves-
tigations, more attention has been paid to the mechanioglepties of the ILT since the
mechanical role of the ILT on wall stress distribution andieirying local wall strength
Is unclear yet. Mechanical cushioning effect of the ILT hasiibemphasized by both In-
zoli et al. [89] and Wang et al. [204]. Using non-invasiveasionographic measurements,
Vorp and colleagues [198] reported that the ILT underwemiinear strainsn vivo and
was virtually incompressible. The first complete mechdnieaa regarding the ILT was
documented by DiMartino et al. [121], who suggested a lirsta@ss-strain relation of the
ILT. Later, Wang et al. [203] reported the most comprehenstudy on the biomechanical
properties of the ILT by using uniaxial tensile tests. Itegaled that the ILT was slightly
nonlinear over large strains and nearly isotropic, but lyiglonhomogeneous indicating
that tissue from the luminal region was stiffer and strortgan that from the middle re-
gion, i.e. medial plus abluminal layers. The constitutigiation was derived based on a
one-dimensional material model

W = ci(llg — 3) +co(llg — 3)?, (1.3)

wherellg is the second invariant & and it is determined by g = [tr(B)? —tr(B?)]/2. Two
material parameters, i.ey andcy, within the luminal and middle regions were found to be
statistically equivalent between the circumferential Eomgjitudinal directions, suggesting
mechanical isotropy of the ILT. Biaxial mechanical behasiof the ILT were first mea-
sured by Vande Geest et al. [193]. The peak stretch and maxitangential modulus at
the equibiaxial tention-controlled protocol were recarded statistically compared. Their
results were consistent with the conclusions drawn fronptiegious uniaxial study [203]
and, therefore, the ILT was suggested to behave in an isomegnner during biaxial ex-
tension. If the time course of the ILT evolution within the AAs taken into account, the
above-mentioned conclusion needs to be redefined. Ourab@daia [184] showed a clear
indication of mechanical anisotropy for several lumingHis of the ILT. Hence, we intro-
duced another key factor, i.e. thrombus age, to provide & memprehensive assessment
of the ILT progression within the AAA. Moreover, our expegnts first documented biax-
ial mechanical responses of fresh thrombi. To model evgluiechanical properties of the
ILT, Karsaj and Humphrey [92] proposed a mathematical mbdsé&d onn vitro test data
on fibrinogenesis, the stiffness of fibrin gels, and fibristdyas well as histological and
mechanical data of clots retrieved from patients at surgeautopsy. This evolving model
can better characterize the rapndvitro production of fibrin from fibrinogen and degra-
dation of fibrin. Another mathematical model for studyingatmbus formation involved
more blood flow induced factors and chemo-mechanical aaiivaof platelets [211].

In addition to multiaxial extension, experiments have bperformed to examine other
mechanical properties of the aneurysmal tissue such asdatompressive, and dissec-
tion properties. Failure properties are important to esteltimate tensile strength of wall
tissue, in which uniaxial tensile tests are frequently u3én firstex vivomeasurements
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of AAA wall strength were conducted by the Vorp group [1481RGvho reported that
the AAA wall strength was approximately 50% weaker than tifahe non-aneurysmal
aorta, and suggested wall degeneration within the AAA. Bimesults were derived from
biomechanical investigations of AAA walls exposed to itifee [208]. Differences in fail-
ure properties between ruptured and electively repaired Aalls were also noted, and
the tensile strength of the ruptured AAAs was, in generalelothan that of the electively
repaired tissue (54 6 N/cn? vs 82+ 9 N/cn?; P =0.04) [120]. The AAA wall strength
was associated with spatial variations and the matrix hogtadteinase (MMP) production
within the aneurysmal tissue was regarded as the main ca88g Pbove findings remind
us that the AAA wall strength involves complicated cases tdudifferent types of tissue
samples, which needs a more careful consideration in the Afture predictions.

The most complete mechanical data regarding failure ptiggesf the ILT are provided by
Wang et al. [203]. They suggested that the ultimate tensgagth of the luminal layer was
higher when compared to the degraded medial and ablumipalidaSuch a continuous
decrease of the ILT strength from the luminal to the abluirieger is probably related to
deposition of cellular components during thrombus fororatnd platelet activation due
to shear stress is considered to be the first step in the whotegs. However, a more
systematic interpretation is needed from a pathophysicédgoint of view.

The ILT is a poroelastic material and thus, its porous stméctay significant influence
fluid transport from lumen to aortic tissue. The compresgikaerties of the ILT was
investigated by Ashton et al. [7]. These authors appliedpressive strains of 5%, 10%,
and 15% to native and engineered ILT samples, and recoraetinie-dependent load
relaxations. Moreover, the water content of the ILT samplas documented.

Aortic dissection starts with an intimal tear typically oacgng when the wall stresses ex-
ceed the adhesive strength between individual arteriaraj27]. The intimal tear, which

allows for entering of blood to the aortic wall, will progsigely split/dissect the media

layer to form a ‘false lumen’, which may lead to acute ruptafehuman aortas due to

sudden increase of the wall stresses. Experimental ige&tn was once performed on
the human abdominal aortic media, see, for example, Sominaér[#73]. Using the same

method, i.e. peeling/delamination test, Pasta et al. [1883ntly reported a set of dissec-
tion data based on ascending thoracic aortic aneurysm (ATAAwever, no study has

guantitatively determined dissection properties of thedissue in the literature.

Experimental techniques are also used in predicting AAAurgsites and characterizing
ruptured morphology. Using an vitro setup, Doyle and co-workers [37] inflated exper-
imental AAA model manufactured by silicon rubber and fouhdttruptures of the ide-
alized silicone models occurred predominantly at the itif\@cpoints. Later, the same
methodology was executed to identify rupture locationsilida AAA models with a
patient-specific geometry and the result was consisteft tivét previous one, i.e. the in-
flection point rather than regions of maximum diameter [B@jmpared to the silicon AAA
models, Raghavan et al. [144] characterized rupture sitdse0AAA samples, harvested
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from fresh cadavers, particularly emphasizing the redivagaations in tissue properties.
Another representative study [95], with the aim to chanmdmterupture sites, performed
inflation tests on AAA tissues up to failure, and full-field aserements were achieved
using stereo digital image correlation (SDIC). This techeigan better characterize mor-
phology of local rupture especially the cracks within theanysmal tissue. However, the
whole experimental measurement is just based on a piecauafesdtshaped AAA tissue
and relevant results cannot be applied to the real AAA regptasse.

1.3.2 Computational analysis

Computational analysis serves as an important tool in détergnAAA wall stress dis-
tribution and assessing relevant rupture risk potentiadstvearly computational stud-
les [42,89,132,178,202] were based on two-dimensiondysisdy assuming, for exam-
ple, the Law of Laplace, idealized axisymmetric geometrg lmear elastic constitutive
relations. Note, however, that these inappropriate assangpmay lead to inaccurate or
erroneous predictions of wall stress distributions. Tfoees a recent effort has been made
to develop more appropriate constitutive models of anenaysissue and to utilize patient-
specific AAA geometries. It has also been suggested that A& geometry influenced
the stress distributions more significantly than variationmaterial parameters of consti-
tutive tissue models [122, 146]. Using a hyperelastic maar model, three-dimensional
geometry reconstructed from CT scans and blood pressurdiehfs Fillinger et al. [48]
underscored more accuracy of pressure-induced biomediatiesses in predicting rup-
ture risk of the AAA when compared to other clinical indic&ge similar conclusion was
drawn by their later study [46], which showed that peak wa#ss was better to differen-
tiate patients who later required emergent repair as cozdp@r diameter and peak wall
stress higher than 44 N/émvas correlated with rupture potential. To simplify the calc
lation of peak wall stress in patient-specific AAA models,ariomated algorithm was
further developed by Raghavan et al. [143]. However, the tif@algorithm on a larger
population size still needs to be verified. Despite improsets, above studies [46,48,143]
involved assumptions of isotropic constitutive relatibnmogeneous aortic structure and
uniform wall thickness. More importantly, the ILT was newecorporated into computa-
tional FEA.

The mechanical role of the ILT on wall stress distributiobasically controversial. Early
studies using measurements [32,164] suggested that thenme=of ILT did not reduce the
pressure acting on the AAA wall. However, other early corapiahal analysis [89, 121,
132] based on both simplified material models and idealiz&& geometry all suggested
that the ILT would reduce the wall stress level. The first gttalinvestigate the effect of
ILT on the wall stress distribution in realistic patientesific AAA models was conducted
by Wang et al. [204], who supported the viewpoint that the #liered wall stress dis-
tribution and reduced peak wall stress. Here, two pointsilshbe noted for this paper.
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First, a three-dimensional reconstruction based on CT snages allows for a more re-
alistic AAA geometry and patient-specific ILT thicknessc8ed, the same constitutive
model was applied to both the ILT and the AAA wall and all meteparameters were
determined byex vivotissue tests [146, 203]. Despite limitations, the resulktsmaore re-
liable when compared with previous computational FEA. Besithe ILT, another factor,
i.e. calcification, is also incorporated into computatidfidA for stress analysis. Calcified
deposits exist in almost all AAAs and are composed primanilgalcium phosphate with
other assorted constituents, showing a complicated nracisre [116]. The mechanical
measurements indicate an average elastic modulus in tige @ncortical bone and an
average hardness similar to nickel and iron. Thereforesitpificant difference in stiff-
ness between these hard deposits and the compliant aoftimasaresult in local stress
concentrations and increase the risk of AAA rupture. Spaalet al. [175] reported that
calcification may lead to an increase of local stresses by @2%, emphasizing that the
location and shape of the calcified regions should be induleupture risk assessment.
Further studies [107, 112] considered both the ILT and thef@ation in their patient-
specific computational FEA, however, the conclusions wéferdnt. Li et al. [107] sug-
gested that the presence of calcification increased the\paklstress and decreased the
biomechanical stability of the AAA. In contrast, Maier armlleagues [112] indicated that
the peak wall stress decreased when taking calcificati@anaotount probably due to its
significant load-bearing effect. However, both agreedtt@atncorporation of calcification
altered stress distributions of the AAA wall.

To capture the anisotropic nature of the AAA tissue [192], Rpekz et al. [153] first
developed a five-parameter exponential strain-energytim¢o model the anisotropic
mechanical behaviors of the AAA tissue. Two families of agkn fibers were assumed
to determine the anisotropic contribution in the modeloPto this work, an evolving
mathematical model by Watton et al. [205] described the ldpveent of AAA due to
microstructural changes, in which collagen remodeled tomensate for loss of elastin.
In order to develop a more reliable predictor for AAA ruptuisk, Rissland and co-
workers [151] subsequently applied an anisotropic wall ehdd their FSI simulations
of patient-specific AAA geometries, indicating that thesamtiopic material model led to a
broader range of stress values as compared to the isotr@perial model. Another com-
putational work [55] examined the influence of model comipjern the assessment of
peak wall stress and peak wall rupture risk in FEA. Four diife types of FE models,
including with and without the ILT as well as uniform and \etiwall thickness, were
compared between ruptured and non-ruptured AAAs. Thisyspadticularly emphasized
the importance of including the ILT and patient-specific Agéometry and thickness into
a more sophisticated FEA. As previously mentioned, the H& poroelastic material, in
which fissures can be created within the structure. Invatstig attention is thus paid to
examine impact of the ILT failure mainly due to fissures onAl#eA wall stress distribu-
tions in terms of FEA. Polzer and co-workers [140] showed tihe ILT fissures increased
the stress field in the underlying wall but increase of streagnitude was dependent on
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how large part of the ILT is involved by the fissures. For exbaniie worst case is that the
ILT fissures connect the lumen with the wall, causing a twbfacrease of the stress for
the underlying wall.

Previous computational hemodynamic studies [50, 51, 1B2), Rvestigated blood flow
patterns of the AAAs. In addition, a fluid dynamic approaclswaed to advance our un-
derstanding of the ILT formation and growth [13, 14] due tatplet activation. It should
be noted that a few studies focused on fluid solid interast{®®l) of AAAs in the lit-
erature. Representative works in this aspect [151, 165]iareetl by simplified assump-
tions in many key points such as geometry, constitutive rnsoaied boundary conditions;
see the recent reviews on AAA biomechanical research bydga&arakos et al. [58] and
Humphrey and Holzapfel [87] for more detailed discussions.

1.4 Histology and Pathophysiology

Elastin and collagen (type | and Ill) are the key structurait@ins of the human abdom-
inal aortas. As an extracellular matrix protein, elastimstdutes about 30% of the dry
weight of the arteries. Elastic fibers consist of elastinenoles and are organized in long
cross-linked filaments: their crosslinks are desmosineS)dnd isodesmosine (iSODES).
Organs containing elastin such as aorta, lungs, blood lgessd ligamentum nuchae, can
stretch out and recoil. Collagen fibers represent the pretmmiconnective element in
arterial vessels as well as the major component of AAA wallature collagen is stabi-
lized mainly by two forms of stable, non-reducible crossgei: pyridinoline (PYR) and
deoxypyridinoline (DPD); the former being mostly represehn

Relative content of both fibrous proteins is markedly altaredAA tissues. Early his-
tological examination of AAAs revealed a thinning of the nadlisruption of medial
connective tissue structure, and the loss of elastin [2B]chvis the most striking his-
tological features of AAA tissue. The study conducted by Héd &oach [73] quanti-
tatively determined that, within AAAs, the volume fractiah elastin decreased from
22.7%+5.7% to 24%+ 2.2%, and the volume fraction of smooth muscle cells decreased
from 226%+5.5% to 22%+ 2.0%, whereas the volume fraction of collagen and ground
substance combined increased from884+ 4.5% to 956%+ 2.5% when compared with
non-aneurysmal aortas. A similar conclusion was drawn byd3aet al. [11]. Therefore, it

is commonly accepted that the loss of elastin and smoothImuasatributes to the initia-
tion of AAA dilation. Thus, the aortic wall thickens as a résaf remodeling and involves
the deposition of new collagen and perhaps other matrixepre{4].

The main reason and mechanism of elastin loss within thecaeat! has not been clarified,
although atherosclerosis is probably a key factor [4, 88].15is suspected that persistent
hemodynamic, oxidant, or other forms of stress could indzlastin damage and initiate
dysfunctional remodeling of the wall through the stretoticed production of atypical
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collagen and elastin by vascular smooth muscle cells [34kt&lysis, induced by inflam-
matory processes, arterial trauma, medial stress and,agiagother factor which plays
an active role in aneurysmal dilation. In particular, aditexi elastolysis was suggested as
a primary event in the AAA formation, see, for example, thedgtby White et al. [207].
They observed that the inner portion of adventitia of noramatic wall was composed of
densely compacted alternating lamellae of elastin andget, which were grossly dis-
rupted in all aneurysms. Furthermore, Krettek et al. [98fdthat the human AAAs have
4 to 6 fold more tropoelastin protein but a 9 fold lower levéldesmosin than normal
aortas, confirming an ongoing but ineffective elastogenbgismooth muscle cells and
macrophages. The abnormal integration of new collagen mstiefibers may severely
impair the integrity and biomechanical properties of aovialls, rendering these com-
ponents more susceptible to further enzymatic degradf2ia®]. Moreover, elastase and
collagenase activity have been found in AAAs, and both haenlpositively correlated
with aneurysm size [21,214].

Loss of elastin is accompanied by an increase in the collagatent of the aortic wall,
resulting in an overall decrease in the elastin to collageio [68]. Another consequence
caused by elastin and smooth muscle loss is turnover ofgsoilarepresenting a more
disorganized microstructure of tissue which correlatds Vasion enlargement. Since the
orientations of collagen fibers in AAA walls are widely disped and vary between dif-
ferent patients, histological data based on a larger pgagi@up are needed in order to
provide an overall characterization of collagen distiidmsg when compared to healthy hu-
man aortas [163]. Histological data by Carmo et al. [23] shibtie notable increase of
collagen cross-links and hence, they deduced that biosgistlof new collagen stopped
and old (aged) collagen accumulated cross-links, see ausnpaof old collagen between
normal aorta and AAA by histology in Fig. 1.5. The balancea®sstn matrix degradation
and new biosynthesis is responsible for local wall wealkgnamd, thus, affects eventual
AAA rupture.

Inflammation is an important feature of AAAs and there is ewick that inflammatory
cells mediate connective tissue degradation [168]. Anydaidtological examination of
the AAA tissue [154] has shown an obvious inflammation witihdgis in 725% of spec-
imens and a moderate inflammatory reaction itV ¥ of specimens. It involves a promi-
nent infiltration within the adventitia and outer media, sisting of inflammatory cells,
cytokines, and immunoglobulins [12,17, 96, 154]. Anotherkwegarding inflammation
and cellular immune responses in the AAAs [170] showed theicallografts deficient
in interferon-gamma (IFN-gamma) signaling played a keylagry roles for Th1/Th2
cytokine balance in modulating wall matrix remodeling, dn@hce was treated as an im-
portant implication for the AAA pathophysiology. Note, @lgshat MMP-2 and MMP-9
are not only responsible for elastolytic activity, but agomote the degradation of other
matrix proteins such as laminin, fibronectin, and protecaghs [134].

The ILT is biologically active rather than being an inert stamce [2, 180]. Although the
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(a) Normal aorta

Figure 1.5: Histological images (Novelli’s stain): preserof newly biosynthesized colla-
gen (colored in blue) and old collagen (colored in red) witf@) normal aorta
and (b) AAA. Original magnification 200. Adapted from Carmo et al. [23].

structure of ILTs may differ largely among AAA patients, fibassociated with platelets,
erythrocytes, leukocytes, and neutrophils are the maistd¢aents of the ILT within the
AAA. It holds a complex structure and is traversed from theaihal to abluminal sur-
face by a continuous network of interconnected canali@}liThis morphological feature
allows for cellular passage and most circulating cell tyjpetuding T-cells, neutrophils,
macrophages, platelets, and erythrocytes that are olasdureng cellular penetration by
histology. The ILT is apparently fluid-permeable, as alsggasted by Adolph et al. [2],
and, therefore, fluid and smaller molecules may pass fréebugh the thrombus via the
canaliculi network. It should be noted that fibrin depositimccurs throughout the ILT
thickness, but more active degradation of fibrin is conegatt toward the abluminal re-
gions. This key finding may explain how the layered structafrthe ILT forms with dif-
ferent material stiffness. Electron microscopic imagifithe ILT obtained from a female
AAA patient showed that the luminal layer was relativelyhria fibrin fibers forming an
irregular compact structure with low amounts of erythresydnd platelets, while the ablu-
minal region was composed of densely packed fibrin with ecdinit17]. The large dense
fibrin-rich areas may impair fibrinolysis and stabilize theoimbus size.

The degradation of media by means of proteolytic processm®s to be the basic patho-
physiologic mechanism of the AAA development. Hendersai.¢75] reported that many
medial SMCs in AAAs held signs of apoptosis or being capablmithting cell death.
Apoptotic death may contribute to the reduction of cellijaand to the impairment of
reparative maintenance of the aortic extracellular matriXAAs. Investigating potential
roles of the ILT in the proteolytic process is of fundamentaportance in AAA patho-
genesis. The ILT contains large amounts of neutrophils hi® involved in the regu-
lation of MMP-9 activity and prevents its inactivation, thhaugmenting the proteolytic
effect, which has been identified in all layers of the ILT [180he presence of MMP-9
complexes throughout the ILT and in the thrombus-coverdtimay contribute to the in-



16 1 Introduction and Motivation

creased proteolytic degradation seen in the wall segmexzi.é€ al. [93] compared the his-
tological characteristics between the thrombus-free Badhrombus-covered walls. The
latter was found to be thinner and contained fewer cellsa@atam with disrupted struc-
tural orientation. Quantitative analysis revealed thtdltoollagen content did not change
significantly between two wall types, however, the thrombagered wall contained re-
markably less elastin, with disorganized elastic lamedlag broken elastin bands. Also,
decrease of SM@-actin was found in the thrombus-covered wall samples. dsiec-
tron microscopic imaging techniques, the thrombus-calveralls were discerned as more
heterogeneous with a mixture of SMCs and inflammatory cellgielr numbers of dying
or dead cells and cell debris (typical signs of cell apogst@sid necrosis). The features
at the cellular level implies that the thrombus-coveredl| Wwak less structural integrity
and more severe tissue destruction than the thrombus-fadle ence, these two types
of AAA walls are basically different, and in order to advarme understanding of AAA
pathological progression, there is a need to distinguismti future research.

1.5 Organization of the Thesis

The thesis is a compilation of four scientific papers and ameklchapter related to the
experimental investigations of vascular tissue at the luoaaotid bifurcation and within
the AAA, covering topics of biaxial experiments, tissueseistion, microstructural char-
acterization, mass fraction analysis and gender differémbiomechanical properties.

1. J. Tong, G. Sommer, P. Regitnig and G.A. HolzapfelDissection properties and
mechanical strength of tissue components in human cardtidchtions Annals of
Biomedical Engineering, 39 (2011), 1703-1719.

The studyDissection Properties and Mechanical Strength of Tissuem@onents in
Human Carotid Bifurcationsinvestigates the dissection properties and radial me-
chanical strength of arterial wall tissue at human caroffidréation using two ex-
perimental methods: direct tension (DT) and peeling té&sults suggest that the
intima-media interface rather than the adventitia-medtarface or the media, is
more likely to dissect due to its lower radial failure strasshe DT test and lower
dissection energy required in the peeling test. The amipmdissection properties
of the media at the carotid bifurcation are described, aag ¥ary significantly with
the location. Histological investigations demonstratd thterfacial ruptures mainly
occur in the media in both types of tests but are only 2-5 ielésnhellae away from
the external and internal elastic laminae. A remarkablygdtter’ dissection surface
is generated during axial peeling tests when compared ests pperformed in the
circumferential direction.
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2. J. Tong, T. Cohnert, P. Regitnig and G.A. Holzapfe| Effects of age on the elastic
properties of the intraluminal thrombus and the thrombosered wall in abdomi-
nal aortic aneurysms: biaxial extension behavior and matenodeling European
Journal of Vascular and Endovascular Surgery, 42 (2011);-219.

The study'Effects of Age on the Elastic Properties of the Intralunhimarombus
and the Thrombus-Covered Wall in Abdominal Aortic Aneury8iaxial Extension
Behavior and Material Modelingtharacterizes biaxial mechanical responses of the
three individual ILT layers and the thrombus-covered wadlsed on 43 human AAA
samples. Histological investigations of all tested throarb performed to determine
the different age phases and to correlate with the chandeeimechanical proper-
ties. A 3D material model is fitted to the experimental datae Tuminal layers of
the ILT exhibit anisotropic stress responses, whereas trgiahand the abluminal
layers are isotropic materials. Based on histological amky four-phase evolution
of the thrombi is proposed. The thrombi in the third and foyshases contribute
to wall weakening and to an increase of the mechanical anppbf their covered
walls. The material models for the thrombi and the thromtosered walls are in
excellent agreement with the experimental data. This wadgssts that thrombus
age might be a potential predictor for the strength of the waderneath the ILT and
AAA rupture.

3. J. Tong, T. Cohnert, P. Regitnig, J. Kohlbacher, R. Birner-Gruenberger, A.J.
Schriefl, G. Sommer and G.A. Holzapfe| Variations of dissection properties and

mass fractions with thrombus age in human abdominal aorteuaysmssubmitted,
(2013).

The studyVariations of Dissection Properties and Mass Fractionshwithrombus
Age in Human Abdominal Aortic Aneurysmslows a correlation between dissection
properties of the aneurysmal tissues with the relativentfes age. Peeling tests
are performed to dissect the material (i) through the ILEKhess, (ii) within the
individual ILT layers and (iii) within the aneurysm wall uaectheath the thrombus by
using two extension rates. Results indicate that a remarlktaber fracture energy
Is needed to dissect within the individual layers and thiotige thicknesses of the
old thrombi. With increasing ILT age the dissection enerbthe underlying intima-
media composite continuously decreases and anisotrogsection properties for
that composite vanish. Moreover, there is a notable deergasass fraction of
elastin within the thrombus-covered intima-media comigosith ILT age, whereas
no significant change is found for that of collagen. Theseirigsl suggest that an
increased ILT age leads to a higher risk of dissection imndtnafor the ILT and the
intima-media composite of the aneurysmal wall, in which@yaunced elastin loss
is identified.
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4. J. Tong, A.J. Schriefl, T. Cohnert and G.A. Holzapfe| Gender differences in
biomechanical properties, thrombus age, mass fraction @mical factors of ab-
dominal aortic aneurysm&uropean Journal of Vascular and Endovascular Surgery,
45 (2013), 364-372.

The study'‘Gender Differences in Biomechanical Properties, Thrombge, Mass
Fraction and Clinical Factors of Abdominal Aortic Aneurysnirsvestigates differ-
ences in the biomechanical properties, thrombus age, ma®h and key clinical
factors of AAAs between male and female patients. The lumagers of the fe-
male thrombi and the female AAA walls show a significantly émissue stiffness
(modulus) in the longitudinal direction when compared tdernaGender differences
are also shown in the dissection properties of the intimdianeomposite within the
AAA walls, in which a statistically significantly lower erggyr to propagate a dis-
section is quantified for females than males. Moreover, 82%roale thrombi are
relatively older thrombi (ILT age phases Il and 1V), twoddhat of the male thrombi
(43%). A pronounced lower elastin content is identified fog intima-media com-
posites of the male AAA walls, whereas female AAA walls hagmsicantly lower
dry weight percentages of collagen. Regarding clinicaldiagtnicotine pack years,
serum creatinine and AAA expansion rate are found to be migttehfor male pa-
tients. These findings may help to explain higher risks for3gkowth in males and
the ruptures of smaller sized AAAs in females.

5. G.A. Holzapfel, J. Tong, P. Regitnig and T. Cohnert Recent Advances in the
Biomechanics of Abdominal Aortic Aneurysms. In: N. Chakfé, Birend and W.
Meichelboeck (eds.) ESVB 2011 - New Endovascular Technologies - From Bench
Test to Clinical Practicg Chapter 3, Europrot, Strasbourg, France (2011), 23—40.

The book chaptéRecent Advances in the Biomechanics of Abdominal Aortatin
ysms’reviews key advancements of AAA biomechanics over the pasde includ-
ing both experimental and computational contributionse Thapter begins with an
overview of the biomechanical behaviors of the ILT and thetaippsm wall, and then
summarizes and compares corresponding material modedssulfsequent section
focuses on predicting the rupture risk and effort is devdtethe review of a se-
ries of representative studies in the literature coveringide range of important
findings and developments based on experimental and cotigmatianvestigations.
Histological section mainly discusses methodology inithibpas age determination.
Finally, the current situation of AAA biomechanics is bryeflummarized and open
questions in future AAA research are mentioned.

In addition, the following 9 conference contributions, anrh of abstracts, are also included
as a part of the thesis:



1.5 Organization of the Thesis 19

J. Tong, T. Cohnert and G.A. Holzapfel Gender differences in the biomechanical prop-
erties of abdominal aortic aneurysm¥XVI Annunal Meeting of European Society of
Vascular Surgery, Bologna, Italy, September 19-21, 2012.

J. Tong, T. Cohnert, P. Regitnig and G.A. Holzapfe| Biomechanics of abdominal aortic
aneurysms: biaxial experiments and related modelinguéssissection and microstruc-
tural characterization23rd International Congress of Theoretical and Applied hedics,
Bejing, China, August 19-24, 2012.

J. Tong, T. Cohnert, P. Regitnig G. Sommer and G.A. HolzapfelRelation between the
thrombus age and the tissue dissection in abdominal aonsguaysms8th European Solid
Mechanics Conference (ESMC 2012), Graz, Austria, July 92032.

G.A. Holzapfel, J. Tong, P. Regitnig and T. Cohnert Recent advances in the biome-
chanics of abdominal aortic aneuryspi®th Symposium on ‘Endocardiovascular Biome-
chanics Research’ (EBR 2012), Marseille, France, May 3-42201

T. Cohnert, J. Tong, P. Regitnig and G.A. Holzapfe| Biomechanics of AAA and treat-
ment consequences—elastic properties of aneurysm wallrdaraduminal thrombus12th
International Vascular Endovascular Course & 5th Europ&afsl Congress, Milan, Italy,
October 27, 2011.

J. Tong, T. Cohnert, P. Regitnig and G.A. Holzapfe| Association of thrombus age with
the dissection properties of the intraluminal thrombus &mel thrombus-covered wall in
abdominal aortic aneurysm82nd Annual Meeting of the International Association of
Applied Mathematics and Mechanics (GAMM 2011), Graz, Aastpril 18-21, 2011.

J. Tong, T. Cohnert and G.A. Holzapfel Experimental investigation and modeling of
the intraluminal thrombus and the thrombus-covered wallbd@minal aortic aneurysms
XXIV Annunal Meeting of European Society of Vascular Suggémsterdam, The Nether-
lands, September 16—-19, 2010.

J. Tong, P. Regitnig and G.A. Holzapfe| Dissection properties and mechanical strength
of tissue components in human carotid bifurcatidgdth World Congress on Biomechanics,
Singapore, August 1-6, 2010.

J. Tong, P. Regitnig and G.A. Holzapfe| Quantitative determinations of tissue dissection
in human carotid bifurcations3rd Viennese Symposium on Biomaterials, Vienna, Austria,
November 19-21, 2008.
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1 Introduction and Motivation




2 DISSECTION PROPERTIES AND MECHANICAL STRENGTH
OF TISSUE COMPONENTS IN HUMAN CAROTID
BIFURCATIONS

Abstract  Carotid artery dissections can be triggered by severalfacide underlying
biomechanical phenomena and properties are unclear. fthlg Bwvestigates the dissec-
tion properties of 62 human carotid bifurcations using twpezgimental methods: direct
tension and peeling tests. Direct tension tests study tlethamécal strength of the tissue
components in radial direction, while peeling tests quritie fracture energy required to
propagate a dissection in a tissue. Results show that thiéaiceebetween the healthy ad-
ventitia and media has the highest radial failure stres3-{13) kPa, mean- SD,n = 25),
whereas the lowest value occurs between the diseased iatichanedia (104- 24 kPa,

n = 18). The radial tissue strength at the bifurcation is higlcesnpared with locations
that are away from the central region of the bifurcation.ceéwidth values required to
separate the individual layers and to dissect the mediaeigitcumferential direction are
always lower than related values in the axial directiongesting anisotropic dissection
properties. Dissection energies per reference area gedestaring the peeling tests are
also lower for strips in the circumferential direction thim axial strips, and they vary
significantly with the location, as shown for the media. Blisgical investigations demon-
strate that interfacial ruptures mainly occur in the medibath types of tests and are only
2-5 elastic lamellae away from the external and internadteldaminae. A remarkably
‘rougher’ dissection surface is generated during axialipgdests when compared with
tests performed in the circumferential direction.

2.1 Introduction

Carotid artery dissection can be triggered by a variety &f fastors but a dissection is

mainly classified as spontaneous or traumatic. The incelehspontaneous carotid artery
dissection is low [104, 130], although case reports andiesuthve shown that it may go
along with some severe vascular diseases such as strokémmiccsystematic hyperten-
sion [109]. Some patients with spontaneous internal chestery dissection may also have
hereditary connective tissue disorders [119]. Compare@dataneous incidence, carotid
artery dissection is more likely to occur when caused byniato the head and/or neck, in
which a tear forms in the innermost lining of the arterial wWdile tunica intima [104,129].

21
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An estimated 76% of patients who were found to have bluntthigury (including inti-
mal dissections, pseudoaneurysms, thromboses, or fistullagspital after motor vehicle
accidents suffered from intimal dissections, pseudoams@us, or a combination of the
two [44, 131]. Moreover, nowadays multiple forms of catindtased diagnostic methods
or well-established interventional treatments to the huegrotid artery have been iden-
tified as an alternative way to initiate arterial dissectidhis kind of intimal defect leads
to an imbalance of distribution of mechanical stresses ertiman arterial wall and may
propagate the medial dissection [57, 86]. In clinical dizgjg, the dissection may propa-
gate by running to either the lumen side or the adventitia tadform a false lumen or a
dissecting aneurysm, which is potentially lethal [31, 29,1161].

In physiology, the human common carotid artery (CCA) servearagnportant vessel
which bifurcates into an internal carotid artery (ICA) andeaternal carotid artery (ECA).
While both branches travel upward, the ICA takes a deeper (mtamnal) path, eventually
traveling up into the skull to supply the brain [65, 69]. ThEA travels more closely
to the surface, and sends off numerous branches that supplyeck and the face [65].
Carotid bifurcation, i.e. the assembly of ICA, ECA and CCA, is ayvepecial site in
the cardiovascular tree. The hemodynamic environmentah riegion, to some extent,
affects the atherosclerotic plaque formation [61]. Thdsgues, if large and unstable, are
a predisposing factor to cause ischemic strokes [109].

In the past few decades, biomechanical properties of theahuwrarotid artery have been
explored using several methods, from the solid and fluid rmeicis point of view. Specif-
ically, at the carotid bifurcations, hemodynamic analysisl modeling of the interaction
between the blood flow and the arterial wall are performed [223]. As for the carotid
artery dissection due to spontaneous or accidental traumagver, related data seem to be
not yet existent. A recent experimental study by Sommer. € aB] provides us with novel
and effective experimental methods (direct tension antiqgeests) to quantify radial fail-
ure stresses and the fracture energy that is needed to ctersa dissections, although the
study was executed on the human abdominal aortic media. iféa tension and peeling
tests are important not only in the quantitative deternnomabf dissection properties of
arterial wall tissues, but may also be helpful in studiesh@napeutic treatments.

The purpose of the present study is to explore the disseptioperties and mechanical
strength of tissue components in human carotid bifurcatiming the same methodology
as proposed by Sommer et al. [173]. The direct tension teGt€Bt) is designed to obtain
data of dissection strength across the lamellae of theartessues in the radial direction,
while the peeling test studies the fracture energy thatéslee to propagate a dissection.
By carrying out DT tests, we also aim to not only measure thgeditson strength of the
media in the radial direction but also the dissection stiteagthe interfaces between two
arterial layers, i.e. the interface between the intima aedtedia (M), and the interface
between the adventitia and the media+(¥). In addition, a region-divided protocol that
we designed on the basis of the carotid bifurcation is impleted as a key reference
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during the testing procedure, which is helpful to comparkiaterpret experimental results
according to different regions. For the peeling test, wesueaand quantify the fracture
energy required to propagate a dissection that goes thribwagihterface between the two
arterial layers. We also investigate the important issumedfe fracture energy is required
to cause a rupture in the media or at the interfaces.

2.2 Materials and Methods

2.2.1 Material

In this study, 31 pairs of human carotid bifurcations (agegeafrom 32 to 91, but most
patients between 58 to 85) were harvested during autopsynwait hours of death. Each
pair consists of two human carotid bifurcations (left arght) which were taken from the
same patient, including both healthy (without plague) asdaked (severe atherosclerotic)
specimens. However, for the peeling test, we have only chiosalthy specimens selected
by a pathologist, while either diseased or non-diseasecirapes contributed to the DT
tests. All specimens in our experiments were strictly icspe by an experienced patholo-
gist after harvesting. They were then stored in a phosphdterbd saline (PBS) solution
at £C until use, which was less than 4 hours. Use of autopsy naafesim human subjects
was approved by the Ethics Committee, Medical UniversityzGRaistria. All tests were
finished within 5 to 6 hours after the specimen defrosted fitoenstorage.

2.2.2 Specimen preparation

To begin with the DT test, we cut along the central line on thpar surface of the artery
using surgical scissors, until the cut reached the bifionafThis central line is thought
to be parallel to the vessel axes throughout the CCA portiohebtfurcation. Similarly,
two axial cuts were then performed in the ICA and the ECA alowrgy ttentral lines, and
stopped when they arrived at the previous cutting track @n@ICA. The cutting strategy
is illustrated by three dashed curves, labeled by the nusnbe? and 3, in Fig. 2.1(a).
Therewith, a clear open-cut structure of the human caretehabifurcation is achieved.
Figures 2.1(b) and (c) illustrate images after the cuts odalthy carotid bifurcation and
of a diseased specimen with severe plaques, respectivédge§uently, we removed the
peripherally attached adipose and loose connective 8sBoen the adventitia, and the
specimens were immersed into a container with phosphaterbdfsaline solution [81,
82, 173]. Coin-shaped specimens for the DT test were punchedsing a cylindrical
cutting tool with a diameter of.6 mm. Further details on the sequence and location of the
specimen extractions are illustrated in the forthcomirgqwol part.
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ICA

- Plaque

CCA
(@ (b) (€)

Figure 2.1: Representative images of (a) an intact humarnidaidurcation — donor: fe-
male, 75 yrs, (b) a healthy carotid bifurcation after an opain- donor: male,
63yrs, and (c) a diseased specimen with severe plague aftepen cut —
donor: male, 69 yrs. The cutting strategy and trails for tAet&st are denoted
by three dashed lines in (a). A typical structure of a humaatwhbifurcation
with atherosclerosis is shown in (c). Three regions of ptadeposits can be
observed. ICA, ECA and CCA represent internal, external and comuarotid
arteries, respectively.

The performed DT tests can be divided into two parts: (i) thydlssues involving DT tests
of the media, the interface between the intima and mediM{l and the interface between
the adventitia and media (AM); (ii) diseased tissues with atherosclerotic plaquesneh
the adventitia was removed and the remaining intima-meaiaposite was used for me-
chanical failure testing (for the atherosclerotic specigiewas not possible to separate the
intima from the media). Particular attention was taken tmgut the medial layer during
anatomical separation of the three arterial layers sintte @ufew coin-shaped specimens
from the ICA or the ECA adjacent to the bifurcation were quiietifherefore, the media
could be easily lacerated even though we tried to removeriti@ma and the adventitia
away very carefully. That was also the case for the medipsstribtained from the ICA for
the peeling tests.

Moreover, in order to better control the initiation of thestie failure it was required to
equip the coin-shaped specimen with an initial cut. In patfér, incisions of about.0 mm
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Initial incision

Adventitia  Media

F-— /—»F

Sandpaper Sandpaper

Sandpaper

Figure 2.2: Prepared rectangular strip for the peelingdesie interface between the ad-
ventitia and media with a 3D sketch for illustration, on tight hand side.

depth were cut around the circumferences of the circulatiahsplecimens using a surgical
knife after mounting them in the testing machine. For the &5ld at the interfaces between
the two arterial layers, the initial cuts were performedptd mounting onto the testing
machine in order to identify the interface. After a subtléiah cut, the diameter of all
specimens reduced from®(original dimension) to 4 mm. All DT tests were performed
in open air because these tests could be performed relefastl At the beginning of a DT
test the specimen was moistened with PBS solution so thatrgimgdcould be avoided.

For the peeling tests a dimension of the rectangular strgssalout 18 x 6.0 mm (Length

x Width), a dimension established by the geometrical streafithe human carotid bifur-
cation. In an analogous manner as by Sommer et al. [173],daatbmferential and axial
rectangular strips were given an initial cut (incision obab30 mm in length) by means
of a surgical scalpel so that two ‘tongues’ were obtainedrfounting them into the testing
machine. To avoid slippage of the specimens during loadegangular pieces of sand-
paper were glued with superadhesive gel at both sides otahgues’. A well-prepared
specimen for the peeling test of the interface between therdidia and the media is shown
in Fig. 2.2. All peeling tests performed to propagate a dise in a tissue were executed
in PBS solution at 3D+ 1.0°C.

In the present study the peeling of diseased specimens eesiged due to the presence of
atherosclerotic plaques, which often causes a severetidevieEom the propagation route
or even leads to an acute rupture at the very beginning ofébkng process. The success
rate of DT tests was considerably low. Less than 25% of the tesre successful, whereby
DT tests of the interface (between the adventitia and megiagd out to have the highest
success rate among all DT tests (about 32%).
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2.2.3 Testing machine

A PC-controlled, screw-driven high-precision tensileitestmachine, specifically adapted
for small biological soft tissues, was used for the mechanests. For the DT tests, two
plastic rods (15 mm in diameter) with a small cylindricadligaped recess (deepening) were
mounted onto the testing machine by means of the upper arel liming clamps. To
strengthen the connection between the specimen and the plad, we fixed a sandpa-
per into the small cylindrically-shaped recess using a iagiesive gel. The specimen
was then glued to the sandpaper. During the peeling test $idé#s of two ‘tongues’
were fixed tightly by two clamps of the testing machine in oritekeep the center part
of the specimens in a perspex container filled witB% physiological saline solution
maintained at 3D+ 1.0°C by a heater-circulation unit (type Ecoline E 200; LAUDA,
LAUDA-Koenigshofen, Germany). Tensile forces were meadwvith a 10 N class 1 strain
gauge-load cell. More details regarding the experimemrtalscan be found in Sommer et
al. [173].

2.2.4 Protocol

Direct tension test The protocol we designed is based on a region-divided figagsn,
since we hypothesize that the mechanical properties maygehaithin the geometrical
location of the human carotid bifurcation. After an open, eu¢ marked several regions
on the three parts (ICA, ECA, CCA) of the carotid bifurcation byngsthe dimension
of 6 mm, which is the diameter of the cylindrical cutting toske Fig. 2.3. The inner
circumferences of the ICAs and ECAs of our specimens were medsol be around 13-
15 mm, suggesting that at most two coin-shaped specimensecpunched out along the
circumferential direction in one region of the ICA or ECA. Byeaing to Fig. 2.3, the
two coin-shaped specimens 1 and 2 belong to ICA of ‘region I'.

For the CCA, the inner circumferences were measured betwean®27 mm, implying
that four specimens can be procured in that region. Foulrsees, for example, 3 to 6, as
shown in Fig. 2.3, were punched out one by one from the ICA tdiBA side.

Peeling test For the ICA and the ECA the same cutting method was used asd®Th
tests, see the sketch in Fig. 2.4. This gives four axial regtkar strips with a dimension
of 18.0 mm x 6.0 mm (Lengthx Width). Note here that three strips out of these four were
used to perform the axial peeling tests of the media (calleld Nhe interface between the
intima and media ¢-M), and the interface between the adventitia and mediaN¥, but

the remaining strip served as a backup just in case of anyéadf the other axial peeling
tests. For the CCA, however, the cutting track is differenioagtfe DT tests. It starts from
the ICA and continues until 18 mm is reached (see the sketcligin2(4), which is the
length for the rectangular strips. From this CCA region we iolet&ianother media (called
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6 mm

A coin-shaped specimen

CCA

Figure 2.3: Schematic illustration for the specimen cagttiegarding the direct tension
tests: three regions with.®@mm width is displayed and marked by I, Il and
[ll. In the ICA and ECA regions two coin-shaped specimen® (Bm in diam-
eter) are punched out, while around four such circular specs are cut from
one region across the CCA. An initial cut in the coin-shapedigspen leads to
a reduction of the diameter from@to 40 mm.

M 2) for the axial peeling test, and three circumferentialfiented rectangular strips with
the dimension 1® mm x 6.0 mm (Lengthx Width).

2.2.5 Testing procedure

For the DT tests, a suitable amount of cyanoacrylate gluephased on the sandpaper
into cylindrical recesses of the upper and lower rods of aigflg designed specimen
holder. The coin-shaped specimen was allocated in thedrydel recess of the lower rod,
which was mounted in the testing machine together with tipeupd first. A compression
force of LON was then applied to the circular specimen for approxiipdiee minutes
to strengthen the specimen-rod adhesion. The specimen watemed with phosphate
buffered saline solution until testing. Throughout the the extension rate of. @ mm/min
was maintained and the corresponding resisting forces d@eramented. In most cases
failure was prone to occur at the glued connection betweersplecimen and the holder
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(1) W41

Cutting S< - - - -

CCA ICA

Figure 2.4: Schematic illustration of the experimentaltpcol of the peeling test with a
complementary sketch to show the particular location fating the artery.

rather than the place where the initial cut was performed. gpecimen which separated
at the glued connection was omitted and not sent for furtf#ological analysis.

For the peeling test, the same extension rat@ rfim/min) was used when both ‘tongues’
of the prepared specimen were clamped in the testing madhige 2.5(a) and (b) show
representative images of a specimen mounted in the mackioestthe peeling test and
during the testing procedure, respectively.

2.2.6 Thickness measurement

Data such as diameter, length and width of the specimen sanapé straightforward to
measure during tissue preparation. The key point, hows/ie measurement of the spec-
imen thickness which was performed for all specimens padesting, and for the peeling
specimens also after testing. For the coin-shaped spesiff@nDT tests) the thickness
was recorded by the PC-controlled testing machine. The nies$es of the rectangular
strips used for the peeling tests were measured by a PC-baksmbxtensometer with a
full image CCD camera prior to mounting in the testing machiree strip was placed on
a black object plate with known thickness@mm) and the upper and lower edges of the
strip plus the black object plate below were then detectdidalfy by two perpendicular-
orientated boundary sides of the gage region. Of importeew that both lateral sides
of the strip sample and the black object towards the CCD camelia ¢he same plane. By
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subtracting the thickness of the black objecO{hm) from the average contour thickness
along the gage region, we obtain the resulting thicknessegal

2.2.7 Histological investigation

As a vital part of such a study histological investigatiorisath tested specimens are
required to characterize the morphology of the dissectefdses and the related loca-
tions within the arterial wall. Specimens, either DT or pegkested were fixed in neutral
buffered formalin with pH 7, and then embedded in paraffin. Paraffin blocks were sec-
tioned at um and stained with Elastica van Gieson (EvG), which staiastel fibres
brown to black, collagen red, other tissue elements (mamgoth muscle cells) yellow,
and nuclei brown to black. For the mechanical tests it wasifstgnt to verify that the
prior layer dissection was correctly performed. Therefpresence or absence of layers
was examined by histology. The intima, media and adventidgee measured and listed
in percentages of the whole specimen thickness after tabseguently, delamination of
layers was investigated microscopically. Thereby, mathly locations of the dissected
surfaces within the arterial wall was investigated.

It needs to be emphasized that all tests that relate to tedane (for both DT and peeling)
were given a particular attention during the histologiaslgsis in order to investigate if
the dissection occurred at or around the interface, andaotdy the particular location.

2.2.8 Radial failure stress and dissection energy

The (average) radial failure stress that occurs during tAe t&t is computed by
Fmax/(dzn/4), whereFmax is the maximum force and is defined to be the effective di-
ameter of 4 mm for the coin-shaped specimens after theliniita

The related dissection energy?’sselper reference area generated during the peeling pro-
cess is obtained by subtracting the elastic energy stordekirectangular strips from the
external work. Based on the measured peeling force/widtiotee ad, andFy for an
axial and circumferential strip, respectively, the exémork W during an axial and
circumferential peeling test can be estimated as

Want — 20Fpa| pa chxt — 20ch| pcs (21)

respectively, wherky, andlpc denote the current lengths of the rectangular strips dihieg
axial and circumferential peeling tests just before sdmargcompare also with Sommer
etal. [173]).
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Intima Media Media Adventitia

(a) Before the peeling test (b) During the testing procedure

Figure 2.5: Representative photographs of a specimen nobuntee machine (a) before
the peeling test #M interface, circumferential), shown from the side, and (b)
during the testing procedure ¢ interface, axial), shown from the top.

The elastic energWeast¢stored in an axial and circumferential specimen is detegthin
as

Wiat®"= Fpa(lpa— Lpa),  Weer>"°= Fpc(lpe— Lpc), (2.2)

respectively, wherép, and Ly denote the reference lengths of the rectangular strips in
the axial and circumferential directions, which can be as=iito be about 15 mm after an
approximately 3 mm incision (for two ‘tongues’ mounted ire thnachine) since all rect-
angular strips for the peeling test were cut in the same dsimanFinally, the dissection
energyWdisseclper reference area generated during the peeling procelswised by sub-
tracting (2.2) from (2.1), which gives

Wgéi‘ssect: (Waext_W;éI‘astic) /Lpa, Wgéssect: (chxt_W;éastic) /ch‘ (2.3)

All values in the current study are reported as m&a8D.

2.3 Results

2.3.1 Data for the specimen thickness

The average thickness data for the specimens of the DT tedtshe peeling tests are
provided in the Tables 2.1 and 2.2, respectively.
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Table 2.1: Average thickness of coin-shaped specimen &d&fdrtest.
| Thickness before DT test

A+M Interface 0.63+0.08 mm
[+M Interface 0.52+0.06 mm
Media 0.35+0.05mm

[+M with Plaque 1.16+0.17mm

Table 2.2: Average thickness of rectangular strip beforkadter peeling tests: A, | and M
represent Adventitia, Intima and Media after separatiespectively. The two
separated medial strips are denoted hy(ivbm the upper fixing clamp) and M
(from the lower fixing clamp).

| Thickness before peeling telsThickness after peeling test

A-+M Interface 0.65+0.09 mm A: 0.33£0.03mm
M: 0.38+0.05mm

|4+M Interface 0.58+0.09 mm [:0.274+0.04 mm
M: 0.37£0.03mm
Media 0.40+ 0.06 mm My: 0.214+0.03mm
M;: 0.23+0.06 mm

2.3.2 DT test

For the DT test of the interface between the adventitia ardntedia (A+M interface)
25 force-displacement curves were collected to demoestret (average) evolution of
the mechanical forces of the coin-shaped specimens dwdiglrextension, subsequently
calledu (see the thin grey curves in Fig. 2.6). A mean curve (thick swidl black curve
in Fig. 2.6) was calculated by using the data processingvaodt OriginPro /5. After
complete separation of a specimen the zero load level wabedaand that happens at a
certain radial extension. Note that each individual tissue test has its own endingtpoi
on the displacement axes (range from aba@tn@n to 89 mm). The mean curve was
computed beyond the first ending point.

The force-displacement behavior of the media of all spessmethe DT tests are shown in
Fig. 2.7. Moreover, from Figs. 2.8 and 2.9 the results of tixeotwo types of DT tests can
be seen, i.e. the interface between the intima and the matiahe intima and media with
plaque, respectively. The related maximum forEgsy, the displacements at Fyx and

the computed (average) radial failure stredsgs/ (d?7/4) are summarized in Table 2.3.
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Figure 2.6: Force-displacement responses of all 25 caapesth specimens during DT tests
of the interface between the adventitia and the mediaNinterface). Below
the limit of about 11 N an elastic tissue response occurs. The thick and solid
black curve represents the mean response of the indivicksalet tests. The
thick and dotted red curve shows the mechanical behaviaropge S748/08.
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Figure 2.7: Force-displacement responses of all 25 spesimering DT tests of the me-
dia. The arithmetic mean response is characterized by itietitack curve.
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Figure 2.8: Force-displacement responses of all 21 spesirdering DT tests of the in-

terface between the intima and medi& M interface). The mean curve (thick,
black and solid) is included and the response of sample 8&48iick, red and

dotted).
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Figure 2.9: Force-displacement responses of all 17 spesichgring DT tests of the intima
and media, with atherosclerotic plaque-fl with plaque). The thick curve

characterizes the mean response.
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Table 2.3: Calculated radial failure stress of the coin-sldagpecimen in DT tests.

DT test If:n 23/'?32?/%8 iﬁtlr((;sas Displacement u in mm
A+M interface 1324+ 20 1.0+04
Media 124+ 25 0.4+0.2
|4+M interface 110+12 0.6+0.3
[+M with Plaque 104+ 24 1.1+04

Additionally, it is intriguing to investigate the (averggerce-displacement behaviors of
the specimens in the different regions I, Il and 11l (compaith Fig. 2.3) by calculating the
mean curves for each type of DT test (see Figs. 2.10 and 2lbig.that the atherosclerotic
plague often deposits at certain areas in the region I, th&raderegion of the carotid
bifurcation, and in some cases it also deposits in the rdgjitnt plaques are hardly seen
in the region lll. Consequently, the mean curves only in tlggores | and 1l are shown in
Fig. 2.11(b).

2.3.3 Peeling test

Figures 2.12-2.16 show the measured peeling force per widtbe/width) in mN/mm
versus the path of the dissection in mm that occurs during the peeling telsé fesults

are shown for strips taken from seven different locatiorth@bifurcation, see the regions
indicated in Fig. 2.4. Each jagged curve (thin and grey) attarizes the resisting perfor-
mance of the tissue components during a peeling test, ande¢he response of the tissue
tests is represented by a computed thick black curve. Thienagtic mean values of the
force/width Fpa and Fyc for each type of peeling test are summarized in Table 2.4. The
related external work$*! andWeX, the elastic energgWs2s"andwsis', and the dissec-
tion energy\iissectandwisse!per reference area are summarized in Tables 2.5, 2.6 and
2.7, respectively.

2.3.4 Histology

Two histological images (EvG) of the dissected surfacesvéen the adventitia-media
and the media-intima after DT tests are shown in Fig. 2.1 2s€himages belong to the
samples S748/08 and S148/08 for which the related forqdatisment responses are
shown the thick and dotted red curves in the Figs. 2.7 andTh&8.morphology of the

dissected surfaces and related rupture locations for thamierential and axial peeling
tests at the adventitia-media and media-intima interfzexed within the media are shown
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Figure 2.10: Mean force-displacement response of the sloaped specimens in the re-

gions |, Il and 11l (compare with Fig. 2.3) during the DT tesfga) the inter-
face between the adventitia and media, and (b) the media.
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gions I, Il and Il (compare with Fig. 2.3) during the DT tesfqa) the inter-

face between the intima and media and (b) the intima-mediaatheroscle-
rotic plaque.
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in Fig. 2.18. The mechanical responses during the peelstg,t@ particular the relation
between force/width- /w and the patH, of those sample for which the morphology is
shown in Fig. 2.18, are indicated by the thick and dotted tedes in the Figs. 2.12-2.16.

2.4 Discussion

All tests were performed with an extension rate d hm/min, which may or may not

be a physiological value. No clinical or mechanical dataardmng the speed with which

a dissection propagates in an in vivo situation are yet allil The dissection properties
may be rate dependent.

In Fig. 2.7 the steep slope of the mean curve in the initiadtjfiphase points to an elastic
tissue response under the applied extension force untiliedf about 11 N. Subsequently,
the mechanical response of the tissue components enterensecond phase in which
the resisting force continues to increase but stronglyineal, and some tissue defects
start to generate, mainly on the micro-scale, see MacLeah §10] and Makita et al.
[114]. In this phase the stiffness decreases gradually mwiteasing tissue damage [91,
173]. The mean curve goes upwards until the limit forc&gfx= 1.7+ 0.3N (n=25) is
reached which is at the displacement of ahott1.04+0.4 mm (see Table 2.3). The related
radial failure stress may be evaluatedrasy/ (d27/4) = 132+ 20 kPa ( = 25), see also
Table 2.3. After reaching the limit force, the mechanicsdtie response turns into the third
phase characterized by a decreasing force which is accoetply local dissection until
complete tissue failure.

Similar mechanical responses and the same failure mechawcisur during DT tests of the
media and the interface between the intima and the medidigee2.7 and 2.8, respec-
tively. Thereby, the limit force i$max= 1.6+ 0.3 N (n = 25) which occurs at a displace-
ment ofu = 0.4+ 0.2mm and the related failure stress of the mediByig,/(d?11/4) =
124+ 25 kPa ( = 25), whereas the failure stress at the interface betweeimtinea and
media iSFmax/(d?1/4) = 110+ 12kPa i = 21) (see Table 2.3), which is significantly
lower than for the mediap(= 0.022; Student’d-test with ap-value less than.05 deter-
mining significance).

The tested intima-media specimens with atheroscleratiguss are usually very thick (see
Table 2.1) and stiff due to atherosclerotic intimal thicikepassociated with calcification
and a variety of non-atherosclerotic factors (see GlagaV. ¢80, 62] and Bots et al. [15]).
The mean mechanical response, see Fig. 2.9, shows a nohlideaninated increase in
the first two phases before the maximum forc&gfx=1.3+0.3N (n=17) is reached, at
whichu=1.1+0.4 mm. The related radial failure stress is estimated astIB#kPa (| =
17). Subsequently the decreasing force represents coasndissections of the diseased
intima-media until complete tissue separation.
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Figure 2.12: Force/Width with respect to the dissectiom fpait all 18 rectangular strips in
the axial peeling test of the interface between the advaraitd media. The
thick curve represents the mean responses of the indivithsale tests. The
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Figure 2.13: Force/Width with respect to the dissectior at the 19 rectangular strips
in the circumferential peeling test of the interface betviée adventitia and
media. The thick curve characterizes the arithmetic mesporese. The me-
chanical behavior of the individual sample S496/08 is iathd by the red
dotted line.
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Table 2.4: Mean values of the Force/Widt, and Fyc of all rectangular strips during
peeling tests taken from seven different locations, compath Fig. 2.4. The
axial media strip 1 from the ICA and the axial media strip 2 fritve CCA are
denoted by M 1 and M 2, respectively.

Peeling test ForceNvldth (axial) Force/W|dt‘h (circumferential)
Fpain mN/mm Fpc in mN/mm
A+M Interface 29.1+122 227+45
|+M Interface 23.3+138 16.4+3.3
. M1:269+7.1
Media M 2337 +10.9 215+4.2

Table 2.5: External workVeXt andwWg* of all rectangular strips during the peeling test. M
1 and M 2 represent the axial media strip 1 from the ICA and thal axedia
strip 2 from the CCA, respectively; for the specific arterigioms see Fig. 2.4.

Axial peeling | Circumferential peeling
Ext I Kk : :
xternarwor WEtin mJ/mm WEtin mJ/mm
A-+M Interface 1.08+0.46 0.84+0.17
[4+M Interface 0.86+0.52 0.61+0.12
. M 1:0.994+0.26
Media M 2 1964 0.41 0.80+0.16

Table 2.6: Elastic energWsi2si® and WSt stored in the rectangular strips during the
different peeling tests. M 1 and M 2 represent the axial mettig 1 from the
ICA and the axial media strip 2 from the CCA, respectively; fag 8pecific
arterial regions see Fig. 2.4.

. Axial peeling Circumferential peeling

El . .
astic energy WEasticin mJ/mm WEstCin mJ/mm
A-+M Interface 0.103+0.043 0.080+0.015
[+M Interface 0.084+0.05 0.053+0.010
. M 1: 0.095+ 0.029
M .07 .01
edia | M2:0.121+ 0035 00720013
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Table 2.7: Dissection enerdysasectandWiisseper reference area generated by the rect-
angular strips during the different peeling tests. M 1 and M#esent the axial
media strip 1 from the ICA and the axial media strip 2 from the C@&pec-
tively; for the specific arterial regions see Fig. 2.4.

Axial peeling | Circumferential peeling
Wiissectin mjent | WEsseClin m/cn?

Dissection energy

A-+M Interface 6.5+27 50410

I4+M Interface 52+3.1 3.6+0.72
. M1:6.0+1.6

Media M2 75424 48+1.0

Hence, the radial failure stress (mean value) at the irdei@tween the adventitia and the
media is the highest among the four types of DT tests. Thigr&astress is slightly lower
than that of the human abdominal aortic media, Iﬁﬁax/(dzﬂ/4) = 1401+ 159kPa,
whereFpnax = 1.76+ 0.20 N atu = 0.85 mm, see Sommer et al. [173]. There is no signif-
icant difference in radial failure stress between the médiar at the carotid bifurcation
and the abdominal aortic media [173)€ 0.09) or between the media and the adventitia-
media interface of the present study=€ 0.19). However, the radial failure stress of the
media is remarkably larger than the failure stresses medsuorthe other two types of
DT tests, i.e. healthy intima-media interfage= 0.022) and the diseased intima-media
with atherosclerotic plaquep(= 0.014). Obviously the mean radial failure stress involved
in the diseased intima-media with atherosclerotic plaguthé lowest among all types
of DT tests. This suggests that radial rupture within therat wall at the carotid bi-
furcation is more likely to occur for either the atheroseter intima-media layer or the
interface between the healthy intima and media when cordpaitl the healthy media or
the adventitia-media interface (compare with Table 2.3).

Moreover, as can be seen from Figs. 2.10 and 2.11, the maxianenage force that can
be applied on the specimens from region | (see Fig. 2.3) rsfgigntly larger than those
obtained from the other regions, indicating that the radieéngth of the tissue in that
‘center’ of the human carotid bifurcation is higher tharegikere.

A total of 18 axial and 19 circumferential peeling curvessitewn in Figs. 2.12 and 2.13,
respectively. The average calculated resisting forcesypdth of the axial peeling test
Fpa=29.1+12.2mN/mm § = 18) is significantly larger than that of the circumferential
strips, i.e Fpc = 22.7+4.5mN/mm (1= 19) (p = 0.039). In Addition, as can be seen from
these figures, the standard deviation for the resistingfiermuch higher for axial samples
than for circumferential one.

Similar results are obtained for the peeling test of therfate between the intima and
the media (see Figs. 2.14 and 2.15). The average peeling/fadth of all 17 individual



2.4 Discussion 43

axially oriented test strips 5z = 23.3+13.8 mN/mm fi = 17), whereas in the circumfer-
ential direction this values is much lowépe = 16.4+ 3.3 mN/mm @ = 18) (p = 0.041).
Also here the standard deviation for the resisting force usmhigher for axial samples
than for circumferential one.

Two axial and one circumferential strip from the media warefrom the carotid bifurca-

tion, see Fig. 2.4. Of interest is that the axially orienteedia strip 1, from the ICA, has
a lower resisting force/widthpa; = 26.9+£ 7.1 mN/mm @ = 14) compared with the axial
media strip 2, from the CCA, withpap = 33.7+10.9 mN/mm (1= 17), see Figs. 2.16(a)
and (b). Although the difference between these two valuasetiso statistically significant
(p = 0.054), these results clearly indicate that dissection ptegseof the carotid me-

dia vary with location throughout the bifurcation. As foethircumferential media strip,
the mean force/width value 5, = 21.5+ 4.2 mN/mm f = 16), see Fig. 2.16(c), and
Is strikingly lower than that of the axial media strip @ £ 0.002), which indicates the
anisotropic dissection properties of the media at the hbdfurcation. Note that the same
point has been reported and highlighted for the human abudmortic media by Sommer
etal. [173].

Remarkably, Table 2.7 suggests that a lower dissection gifsect wiissectper refer-
ence area is required for circumferential peeling testspaed with axial peeling tests.
The standard deviation for forces required to peel circuenfigal strips is much smaller
than for related axial strips, and the dissection surfagesifcumferential strips turn out
to be much smoother (compare Figs. 2.18(a),(c),(e) wits.RAdL8(b),(d),(f)).

Moreover, the dissection energy generated by the axialrque#dst of the media strip 2
(from the CCA), which is evaluated ®¢>5¢%'= 7.5+ 2.4 mJ/cnt (n= 17), see Table 2.7,

is almost the same as the dissection energy in the axialngetdst provided by Sommer
et al. [173], i.eWisse®'= 7.6+ 27mJ/cnt (n = 7). Regarding the axial peeling tests
of the media strip 1 from the ICA, nevertheless, the relatedadition energy reduces to
WF‘,’;SSW: 6.0+ 1.6 mJ/cnt (n = 14), suggesting that a remarkably lower fracture energy
is needed to propagate an axial dissection for the mediaeih@A than the media in the
CCA.

Finally, five axial rectangular strips (not shown in Fig. )2wlere cut from the CCA to
perform peeling tests of the interface between the advemiitd the media. Intriguingly,
the results demonstrate that the average peeling fora/widhich is evaluated as 34+
9.2mN/mm ( = 5), is not significantly differentg = 0.41) with respect to the mean
force/width values of the axial strips, with 29t 12.2 mN/mm { = 18), that were cut
from the ECA.

In the histological analysis we verified that the samplexWhre considered in the present
study were correctly separated. That means, for exampe thle media tissue did not
contain any parts from the intima or the adventitia and theVAinterface did not contain
any parts from the intima.



44 2 Dissection Properties and Mechanical Strength of Tissusg@oents

Figure 2.17: Histological images (EvG): morphology of thesdcted surfaces between
(a) the adventitia and the media, and (b) the media and thmedrdafter DT
tests. The related force-displacement responses of tlaesgles are shown
by dotted red curves in the Figs. 2.6 and 2.8. A, M and | reprtesgventitia,
media and intima, respectively. Original magnificatiork20

The number of involved elastic lamellae during the dissetithat occur due to the peel-
ing tests is in average about 3-4 (see, for example, Fig(R))L8he interfacial ruptures,
including both the adventitia-media and the intima-medtarifaces, mainly occur in the
media in both the DT and the peeling tests. However, mostasghuptures are quantified
to be only about 2-5 elastic lamellae away from the externdliaternal elastic laminae,
which are defined as the two interfaces (boundaries) amaittee arterial layers [78,79].
This is reasonable, primarily because the external ornatezlastic lamina is just one thin
layer within the arterial wall such that an initial cut usiagurgical scalpel and our hands
in the specimen preparation is almost impossible to be exdaxactly at that location.
Our study might perhaps be improved by using a microscopgever, executing an ini-
tial cut into the interface manually under the microscopelide another challenge. In
summary, from a quantitative viewpoint, compared to thekihness of the whole medial
layer (approximately 40-50 elastic lamellae), the resufitthe histological analysis imply
that the ruptured locations (2-5 elastic lamellae away ftioenexternal and internal elastic
laminae,< 8%) are pretty close to the interface.

Microscopical images of the peeling tests indicate thatnaar&ably rougher dissection
surface is generated by peeling axial strips when compaittdpseling strips in the cir-
cumferential direction (compare the right images in Fid.82with the left images). Ta-
ble 2.4 indicates also that there occur much higher regifbirtes per width with strikingly
higher standard deviations during the axial peeling pr®edsgen compared to the other di-
rection. More precisely, it illustrates that the dissettio the circumferential direction
disseminates mainly along or between elastic laminae gvthé axial peeling frequently
crosses elastic layers and even some of them cross theaxtethe internal elastic lam-
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Nr: S496/08 (b) Nr: S731/08

Nr: S1469/08

s

TR, TR

Nr: S79/08

rupture locations due to peeling tests for circumferergahples (left im-
ages) and axial samples (right images). Peeling the adzeintm the media
(a),(b), the media from the intima (c),(d) and peeling téstshe media (e),(f)
showing a relatively rough dissection surface for stripetaalong the axial
direction. The related mechanical responses of these sardpting the peel-
ing tests are shown by the thick and dotted red curves in tje Ri12-2.16.

A, M and | represent adventitia, media and intima, respeltivriginal mag-
nification 20x.
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ina. Furthermore, for the medial layer the circumferehtialigned smooth muscle cells
and collagen fibers may lead to more resistance to the dissetiring the axial peeling
test [150, 166, 173].

As for the diseased specimens with atherosclerotic plagtleeiDT tests, it is much more

difficult to interpret the histology of the dissected suegaaue to several factors such
as the used glue, morphologic alterations of elastic fiketcs, However, we found that

some ruptures propagated around the plaque basicallyviolipthe elastic fibers. A more

detailed investigation of the biomechanical propertiebaan atherosclerotic plagques
are described in Shah [169] and Holzapfel et al. [83].

2.5 Conclusion

The results presented in this study demonstrate the dissqmioperties and radial me-
chanical strength of arterial wall tissue at human caroifidrbation, and specifically for

the tissue components at and around the interfaces betweearterial layers. This is a

first and novel attempt to identify the mechanical strendgthumman carotid bifurcations.

By comparing and analyzing these data, it is suggested tkaihtima-media interface

rather than the adventitia-media interface or the mediamase likely to dissect due to

its lower radial failure stress in the DT test and lower die® energy required in the
peeling test. Moreover, the quantified dissection enenggeseference area vary for the
media from the CCA to the ICA. The anisotropic dissection prigeiof the media at the

carotid bifurcation is also depicted in the present studymily, a lower dissection energy
is required for circumferential tissue peeling comparethwakial peeling.

As we mentioned at the beginning of this work, carotid arthsgections can be caused by
a variety of factors, and in several cases the dissectionie complicated than we expect,
however, the finding of this study may improve clinical diagis and assessment [67],
stent-assisted balloon angioplasty [1, 28], relevant nadievice design and cardiovascu-
lar medicine.
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3 EFFECTS OF AGE ON THE ELASTIC PROPERTIES OF THE
INTRALUMINAL THROMBUS AND THE
THROMBUS-COVERED WALL IN ABDOMINAL AORTIC
ANEURYSMS: BIAXIAL EXTENSION BEHAVIOR AND
MATERIAL MODELING

Abstract  The intraluminal thrombus (ILT) present in the majority did@minal aortic
aneurysms (AAA) plays an important role in aneurysm wall kegeng. Studying the age-
dependent elastic properties of the ILT and the thrombwetea wall provides a better
understanding of the potential effect of ILT on AAA remodeji A total of 43 AAA sam-
ples (mean age 6% 6 yr) including ILT and AAA wall were harvested. Biaxial extan
tests on the three individual ILT layers and the thrombugeoed wall were performed.
Histological investigations of the thrombi were performedietermine four different age
phases, and to correlate with the change in the mechanmag¢pres. A three-dimensional
material model was fitted to the experimental data. The laiayers of the ILT exhibit
anisotropic stress responses, whereas the medial andtimeiadl layers are isotropic ma-
terials. The stresses at failure in the equibiaxial prdteootinuously decrease from the
luminal to the abluminal side, whereby cracks, mainly aeeralong the longitudinal di-
rection, can be observed in the ruptured luminal layers.tiitanbi in the third and fourth
phases contribute to wall weakening and to an increase ah#whanical anisotropy of
their covered walls. The material models for the thrombi tredthrombus-covered walls
are in excellent agreement with the experimental data. €sults suggest that thrombus
age might be a potential predictor for the strength of the waderneath the ILT and AAA
rupture.

3.1 Introduction

Aortic aneurysms are localized balloon-shaped expansitiiiie aorta. About 75% of aor-
tic aneurysms are located in the abdomen. Most abdominat @sreurysms are asymp-
tomatic, are associated with smoking and high blood pressad occur primarily in men
over age 60. An untreated AAA is at high risk of rupture, whigs an overall mortality
rate of 90% [200]. Several factors including maximum AAAmeter, expansion rate of
AAA [106,177], peak wall stress [106,204], and geometriaators of the aneurysm [37],
were explored to assess the likelihood of rupture. To dallenstreliable criterion can
predict the risk of AAA rupture in the final clinical decisioHowever, there is increasing
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evidence that patient-specific biomechanical factors neynbre reliable in predicting
AAA rupture than currently available clinical and biochealiparameters [115].

An intraluminal thrombus (ILT), present in the majority oAAs, is a three-dimensional
fibrin structure incorporated with blood proteins, blootisseplatelets and cellular debris
[72]. Many previous studies suggest that the presence ofLihalters the wall stress
distribution and reduces the peak wall stress in AAA [89, 138, 204]. Thus, ILT serves
as a mechanical cushion [197,198, 204] and ILT is usuallyndoat the rupture site of the
AAAs [118]. Vorp et al. [199, 202] proposed that the ILT alsenges as a barrier to the
oxygen supply from the lumen, possibly causing hypoxia efdbrtic wall, and local ILT
thickness might be a potential predictor of AAA wall stremgt

To investigate the influence of ILT on the biomechanics of AAAis pivotal to study and
establish its biomechanical behaviors. Wang et al. [208], earried out uniaxial exten-
sion tests to evaluate the mechanical properties of theaihd three individual layers (i.e.,
luminal, medial and abluminal layers) were identified, ®sjong that ILT is a heteroge-
neous, nonlinear elastic and isotropic material. Latexiblaxtension tests [193] showed
that the luminal layer of the ILT behaves in an isotropic mamwhich was consistent with
the finding of previous uniaxial extension tests. Other mecgechanical studies focus on
a variety of aspects regarding the ILT and correlation betwtbe ILT and aneurysm wall
weakening [93, 194]. However, the role of ILT in a rupturekrassessment of AAAS is
still elusive and relevant data are lacking. Moreover, lalde experimental data show the
biomechanical properties of the aneurysm wall [192], hawvei is not clear if the wall
was covered with thrombus or not.

There are three aims of the present study. The first aim is stesyatically investigate

the biomechanical properties of the ILT and the AAA wall undeath the thrombus via
biaxial extension tests. Such experimental data lead tdtaertend more comprehensive
understanding of the complex structure of the ILT and iteptal influence on growth

and remodelling of AAAs. Based on these data, the developofenbre appropriate 3D

material models, which are able to characterise the mechlaand growth (remodelling)

behaviours of the ILT and the AAA wall, is then feasible, whis the second aim. The
third aim is that we seek to identify the thrombus age by me&hsstology, which seems

to be a first attempt within AAA research.

3.2 Materials and Methods

3.2.1 Material and specimen preparation

In total, 43 AAA samples (mean age &/ yr) including ILT and AAA wall were har-
vested from open surgical aneurysm repairs at the departvheascular surgery, Medical
University Graz, Austria. Use of AAA material from human gedis was approved by
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the Ethics Committee. The maximum AAA diameters of theseepédiwere mostly above
5.5cm, which is the most commonly used criterion to assesgased risk of AAA rup-
ture [103] by clinicians. All samples, primarily from thetanor portion of the aneurysm,
were stored in Dulbecco’s Modified Eagle’s Medium (DMEM) a@adted within 6 h after
retrieval. Square specimens, approximately 2 cm, were cut from the thickest part of
the ILT sample and the corresponding AAA wall, where the ldocagitudinal direction
was marked with a colored thread sewn by surgeons. The mie&ndiss of each specimen
was measured using the same method as by Sommer et al. [173].

ILT heterogeneity has been reported and highlighted byraévepresentative studies
[193, 203]. In this study, for most ILT samples three induadi layers (luminal, medial,

abluminal) could easily be distinguished and peeled o#,5g. 3.1. Four nylon sutures
were fixed to each side of the square specimen with fish hoot§am markers were

placed in a distance of approximately 6 mm from each othdreaténter of the specimen
forming a diamond, see Fig. 3.2(a).

3.2.2 Biaxial extension tests

Square specimens were mounted in a biaxial testing devéceorinecting four carriages
by hooked nylon sutures (Fig. 3.2(b)), and were then subedengto a bath filled with
DMEM and maintained at 30+ 1.0C by a heater-circulation unit (Ecoline E 200; LAUDA,
LAUDA-K06nigshofen, Germany). The initial lengths betweée two markers in each di-
rection were also measured by a CCD camera before the stare dfidlxial extension
tests.

A stress-driven protocol was used during the testing pre@dvhere the engineering
stresses (i.e. the first Piola-Kirchhoff stresses) senged aeasure [76]. The non-zero
stresses have the form

o o
ﬁ? H_L_TX97

where fg and f_ denote the measured forces in each direcfiors the mean thickness in
the unloaded configuration, ang andX_ are the initial dimensions of the square spec-
imen, i.e. 2cm, see Fig. 3.2. In this study the shear defoomavas treated as negli-
gible [80]). Each specimen was tested using the followingtquols:Pgg : AL = 1: 1,
0.75:1,1:075,05:1,1:05,025:1,1:025and 1: 1. For each protocol the ratio be-
tween the applied engineering stresBgs: A | remained constant. We started with 15 kPa
to do the biaxial protocol for the luminal, medial and abloaiilayers, while the initially
applied stress was determined to be 150 kPa for the degeded®tA wall. Each time
the load level increased by 5 kPa for the ILT and 50 kPa for tAé Avall, based on the
previous stress values until mechanical ruptures occufreughout the test 2 kPa/sec
and 20 kPa/sec were maintained during the loading cycleh®tliT and the AAA wall,

Pog = (3.1)
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H

ILT

Luminal Medial Abluminal

Figure 3.1: Representative photographs of cross-secti@ansofuare ILT specimen (top)
and its three individual layers: luminal (L), medial (M) aalbluminal (A) (bot-
tom).

respectively. The testing was performed with ten loading anloading cycles for each
stress ratio, and the last (tenth) cycle was used for subkséqunalysis.

3.2.3 Data analysis

The Cauchy strese and stretchA were computed to quantify the biaxial biomechani-
cal response of the tissue. With negligible shear compsnéim¢ Cauchy stresses were
determined as
fo fL

00 =5 L= g (3.2)
wheret is the mean thickness of the tissue in the current configamaindx,_ and xg
indicate the current dimensions of the square specimerg ah@longitudinal and circum-
ferential directions, respectively. The assumption obmgressibility then gives xg =
T X Xg and the Cauchy stresses can be rewritten as

foAg fLAL

R, (0] - — 3.3
X L= Ty (3.3)
whereAg = Xg/Xg andAL = x_ /X represent the tissue stretches in each direction, which
are measured at the markers.

Opg =
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7Y

Figure 3.2: Schematic sketch of a square specimen fixed I;ysfdad nylon sutures asso-
ciated with four markers (a); representative image of tlezspen mounted in
a biaxial tensile testing device (b).

3.2.4 Biaxial mechanical evaluation

For the equibiaxial stress-controlled protocBiq : AL = 1: 1), the mean peak stretch
(MPS) valuesAg max ALmax) for the three individual ILT layers and the thrombus-c@eer
AAA walls in the circumferential and longitudinal directis were recorded and compared
using paired-test. The maximum tangential modulus (MTM) in the equibahstress-
controlled protocol was also calculated to assess stéfreg$yg = B | = 20 kPa for the
thrombus and aPyg = A | = 150 kPa for the AAA wall. The applied engineering stress
values, which caused the specimens to rupture for the exugthiprotocol, were averaged
for each tissue type. The cracks of the ruptured specimésrsadxial testing were studied
in order to summarize some key features in this regard, Bpalty for the ILT. All values
were statistically expressed as measD.

3.2.5 Material model

To model the mechanical characteristics of both ILT andrttives-covered wall, we used
a strain-energy functio which is based on a model developed for arterial walls [7P, 82
le.

W= H(|1—3)+%(eXp{szl_P)(ll—3)2+P(|4—1)2]}_1)7 (3.4)

wherepu > 0 andk; > 0 are stress-like parameters with dimension (kPa) aado, 1] and
ko > 0 are dimensionless. By neglecting shear deformations tlaiamtsl; andls > 1
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can be written as
l1=A3+A2+A%  la=Aicos +A2sirt ¢, (3.5)

whereAg, A, Ar in Eq. (3.5) are the principal stretches in the circumferential, loundjihal
and radial directions, respectively. Both the ILT and thethibus-covered wall samples
are assumed to be incompressible, which requiresAigtA. = 1. In Eq. (3.5), ¢ is a
geometrical parameter that represents the angle betwesnfdmer reinforcement and the
circumferential direction; her¢ is treated as a phenomenological variable.

The Cauchy stresses in the circumferential and longitudlimattions areggg = Agd¥/
OdAg, 0L = AL0W/dAL. Hence, with (3.5) and the incompressibility we get [80]

O00 = 2(A5 — Ag A2 ) + 225 cOS ¢ s, (3.6)
and

oL = 2(AZ = A 2Ag 2 P+ 2AZSir? ¢ Y, (3.7)
where the abbreviatiog = dW/0dl;, i = 1,4, has been used. Note that the stress relations

(3.6) and (3.7) are valid for zero shear deformation. Thateel shear stresg, then has
the formag. = AgAL Sin 29 Y4, see Holzapfel and Ogden [80].

The data from the five biaxial protocolBsp : AL =1:1,075:1,1:075,05:1, 1:
0.5) for each ILT and wall specimen associated with the cir@rsritial and longitudinal
directions were simultaneously fit to the material moded) Ry using the optimization
toolbox ‘Isgnonlin’ in Matlab 70. Consequently, the five parametemsks, ko, ¢, p) were
obtained. To measure the ‘goodness of fit’ the square of thesBe correlation coefficient
was computed for both the circumferential and the longrtablCauchy stresses.

3.2.6 Histology

After mechanical testing the specimens were fixed in 10%rakbtffered formalin (pH
7.4), embedded in paraffin using standard techniques andneckfi histological investi-
gations. Consecutive histological sections were cutiandand stained with Hematoxylin
and Eosin (HE), Prussian blue (PB), Elastica van Gieson (E@8mdri methenamine
Silver stain (G) or Mallory-Cason Trichrome (also known asO&F to determine dif-
ferent specimen compositions. Subsequently, the secti@ne examined under a light
microscope to study the thrombus compositions with regaptésence or absence of ery-
throcytes (SFOG), vital lymphocytes (HE) remaining frora biood stream, macrophages
(HE), iron deposits (PB) from degraded erythrocytes, rétidibers (G), collagen fibers
(G and EvG) and fibrin compositions (SFOG) with morpholobistierentiation between
loose fibrin network or homogenized fibrin and other homogeshiproteins. Statistical
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analysis was then performed to quantify the relative paeggnof cellular contents for
each specimen. We postulate a four-phase thrombus evolitbin the AAA; phase |
(very fresh), phase Il (young), phase Il (intermediatégage IV (old).

3.3 Results

In total 33 luminal, 22 medial, 12 abluminal layers and 14thbus-covered walls were
tested and analyzed. The mean (outer) diameter of the AAdEsmwas +0.9cm (=

43) with a mean patient age of &6 yr. The mean measured thicknesses for the individual
luminal, medial and abluminal layers werés2+ 0.45 mm, 286+ 0.37 mm and 215+
0.29 mm, respectively. The thickness of the AAA wall under theoinbus was 27 +
0.23mm. Highly degraded abluminal layers were often founddovéry weak, greatly
increasing the possibility of mechanical failure even aégyYow load level. Clinical data

of 36 patients are summarized in Table 3.1.

3.3.1 Biaxial mechanical response

Intraluminal thrombus (ILT). The MPS and MTM values in the equibiaxial stress-
controlled protocol Ryg = R = 20kPa) for the luminal, medial, abluminal layers and
the fresh thrombi are summarized in Table 3.2. There is a ahelication of mechan-
ical anisotropy for several luminal layera £ 10), where the MPS\g max and AL max
for the equibiaxial stress-driven protocol werd 7+ 0.03 and 109+ 0.02, respectively
(p < 0.01). The MPSA| max Was found to be significantly smaller than for samples which
behaved isotropically= 0.01), whereas there was no significant differenc&gdmay be-
tween both groupga(= 0.25). For the medial(= 22) and abluminal{= 12) layers, there
was no significant difference in both MPS and MTM values indineumferential and the
longitudinal directions. Furthermore, the MPS for the aftuhal layers were found to be
significantly larger than those of both luminal and medigkls at the same stress level
(all pvalues less than.01), suggesting a continuous increase in extensibilitydewlease

in stiffness from the luminal to the abluminal side in thexXth mechanical behavior of
the ILT. The Cauchy stress-stretch plots in Fig. 3.3 show taeidl data (symbols) of the
different ILT tissues.

Fresh thrombus. In this study 4 pieces of dark-red fresh thrombi harvestethffour
different patients (66 3.6 yr, 4 males) were tested. The mean thickness wag 6
0.51 mm. Intriguingly, they were all not layer specific and haaoeous; they behaved
isotropically under biaxial loading. Their biaxial mecl@al behaviors were quite similar
to the abluminal layers of old thrombi, see Figs. 3.3(g)&md subsequent Fig. 3.6.



54 3 Effects of Age on the Elastic Properties

Table 3.1: Clinical data of 36 patients whose AAA samples vgeizeeded in testing.

No. Age Gender Max.D Thromb. Age Approx. time TC CRP FIB Status

(yr) (cm) (phases) (from CTtoOP) (G/I) (mg/l) (mg/l)

14 64 M 5 Il > 3 months 199 32.9/+  695/+ a
15 53 M 8 v 1 day 274 86.1/+  709/+ S
16 67 M 5.8 I 1 month 276 5.9 464/+ a
17 60 M 6 =) 2 weeks 246 2.8 410/+ a
18 67 M 6.5 I, 10, 1V 4 days (Rup) 212 114.9/+ 553/+ s
20 71 M 6.5 Il > 1 month 272 11.3/+  574/+ a
21 69 M 7.8 I, 1 1 month 194 21.8/+ 624/+ a
22 63 F 55 Il > 6 months 280 5.1 271 a
23 73 M 6.5 11 1 day 299 24.1/+  590/+ a
24 68 M 5.3 I > 3 months 192 <1.0 239 a
25 69 F 5 =) > 1 month 209 6.1 461/+ a
26 66 M 6 I > 1 month 294 3.8 433/+ a
27 74 M 6 1] 6 days 134/- 1.1 237 s
28 68 M 6.6 v 5 days 171 3.0 481/+ S
29 67 M 6 1] 1 week 278 18.2/+ 570/+ S
31 59 M 6 =) 1 week 249 3.8 318 a
32 64 M 6 I > 2 months 184 3.0 384 a
34 61 M 55 I, 11 > 3 months 168 1.8 364 a
35 66 M 6 Il 2 weeks 225 4.7 327 a
37 69 M 5 \ 6 days 161 <10 299 a
38 63 M 5.3 I 2 months 284 5.1 401/+ a
39 68 M 5 -) 3 months 203 <10 358 a
40 71 M 5 I 5 months 184 15.6/+  543/+ a
41 68 M 7 I 12 days 187 1.9 334 a
42 75 M 4.2 =) > 2 months 251 <0.6 353 a
43 72 F 7 v 3 days 222 9.3/+ 403/+ a
44 65 M 6.6 I 1 month 234 2.0 383 a
46 71 M 7.5 I 1 week 210 5.9 359 a
47 50 M 6 1] 1 month 228 4.7 441/+ a
50 59 M 7.5 1Y 5 days 293 14 425/+ a
51 69 M 5.7 =) > 1 month 290 11.0/+ 381 a
53 79 M 6.5 Il > 1 month 137/- 7.6 398 a
54 67 M 5.0 Il 2 months 215 4.7 346 a
55 66 M 5.6 1 1 week 192 2.2 371 s
57 56 M 6.2 =) 1 month 140 5.8 379 a

Max. D, maximum diameter; Thromb. Age in terms of phases WIlIIV, i.e. very fresh,
young, intermediate, old thrombus; (-) means no thrombubkigpatient or age deter-
mination failed; CT, X-ray computed tomography; OP, opergti{Rup) means ruptured
aneurysm; TC, preoperative count of thrombocyte (normalezal40— 440 G/I); preop-
erative CRP, C-reactive protein (normal value8.0 mg/l); /+ and /- denote values out
of normal range; preoperative FIB, fibrinogen (normal vaR®0— 400 mg/l); s, symp-
tomatic; a, asymptomatic status of patient.

Thrombus-covered AAA wall. Our experimental results demonstrated that the thrombus-
covered AAA walls (= 14) exhibit an anisotropic exponential response assatiaii
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Table 3.2: MPS and MTM values (Mean SD) in the equibiaxial stress-controlled proto-
col (Pgg = RB.L = 20 kPa) for the anisotropic luminaht & 10), isotropic luminal
(n = 23), medial i = 22), abluminal layersn(= 12) and the fresh thrombi
(n=4). NS denotes no significant difference.

ILT A6 max AL max p(A) MTMg (kPa) MTM_ (kPa) p(MTM)
Luminal (Aniso) 117+0.03 109+0.02 <0.01 208+55 291+ 69 002
Luminal (Iso) 1154005 113+0.04 014 1894-48 206+ 71 035
Medial 1214+0.03 120+0.04 035 137439 1454-47 054
Abluminal 1254+0.04 127+0.05 029 108+31 102423 059
Fresh thrombus .294-0.04 1274+-0.03 045 90+ 24 97+19 0.66

a larger circumferential stiffness, see the symbols in Bid. In the equibiaxial protocol
(Psg = RL = 150kPa), the MPS and MTM values in the circumferential dicecwere
significantly larger than those in the longitudinal direatisee Table 3.3.

Rupture stresses and cracks. The engineering stresses that caused the specimens to
rupture for the luminal, medial and abluminal layers were5606.2, 412+ 6.5 and
27.9+ 4.5kPa, respectively. For the thrombus-covered walls, thamstress leading to

the mechanical failure was 3%+ 54.7 kPa. Interestingly, cracks were more often found
along the longitudinal direction at the center of the spetis) for approximately 70% of

the luminal layers in the phases Il and lll, see Fig. 3.5. Kmsl of crack was found to

be independent of the hooks. However, there was no cleaemteydf the cracks for the
medial and abluminal layers, as well as the thrombus-covwedls, where ruptures were
more likely initiated by the hooks, see also Fig. 3.5.

3.3.2 Material model

The material model (3.4) was able to fit the three individagkls of the ILT very well,
with a meanR? of 0.92+ 0.05, 093+ 0.04, 093+ 0.04 and 094+ 0.03 for the luminal,
medial, abluminal layers and the fresh thrombus, respsgtihe model results of the
ILT are shown in Fig. 3.3 as solid curves, and the relatedrpatarsu, ki, ko, ¢ andp are
summarized in Table 3.4.

The model (3.4) was also appropriate to characterize theabismechanical responses of
the thrombus-covered walls with a ‘goodness of Rt of 0.93+ 0.04. Figure 3.4 shows
the analytical results predicted by the model as solid gjrard the related parameters are
summarized in Table 3.5. In order to find a correlation betwteeombi and the thrombus-
covered walls, the wall specimens were classified in twogype. (i) walls covered by
the younger thrombi (phase Il1) and (ii) walls covered by thiteimediate and old thrombi
(phases Il and 1V), see also Table 3.5. The material modalpaters for each group were
then used to predict the mean stress-stretch responseslafitand the thrombus-covered
wall, see Figs. 3.6 and 3.7, respectively.
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Figure 3.3: Experimental data (symbols) with correspogdiaterial model (solid curves)

for (a)-(d) the anisotropic and isotropic luminal layems)-(f) the medial lay-
ers, and (g)-(h) the abluminal layers of ILT specimens gudtNo. 18) in the
circumferential and longitudinal directions. The legengbiot (a) applies also
to all others.
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Figure 3.4: Experimental data (symbols) for a thrombuseoed wall during biaxial ex-
tension tests with corresponding material model (solidies)y in (a) the cir-
cumferential and (b) the longitudinal directions (patiliot 22). The legend in
plot (a) applies also to (b).

3.3.3 Histology

In the current study, 32 ILT samples succeeded in the agendietion by histology.
In general, the thrombi within the AAAs mainly consisted otif types of components
including erythrocytes, loose fibrin network with thin buesl fibrin network with thick
bundles and homogenized proteins. During all stages maighieulin, fibrotic fibers nor
capillaries were detected, which is completely differeatr the thrombi in small veins and
arteries [90]. Moreover, neither collagenous nor eladbierS were existent in the ILT.

Based on the above-mentioned preliminary investigatiorisuaphase thrombus evolu-
tion within AAA seems to be meaningful. In phase | (very frgghe thrombus initially
formed with almost only the erythrocytes from the blood atne It might contain some
other components, such as loose fibrin network, leucocygtefiirombocytes, but they
were all in low percentages. In phase Il (young), fibrin netn&tarted to grow in a very
loose manner and caught erythrocytes in between. Durisgptmase, the thrombi had a
large percentage of loose fibrin network (thin bundles) coedb with relatively lower
percentages of both erythrocytes and fibrin networks wittktbundles. In phase Il (in-
termediate), the erythrocytes disrupted and proteins washed out of the fibrin network,
in which fibrin network remained and became more condens#dthick bundles. In the
subsequent phase IV (old), fibrin networks disrupted anduessmall proteins were more
condensed as compared to the previous phase. Represehistidlegical images and sta-
tistical quantification of the relative percentage of dalticontents in each phase are shown
in Figs. 3.8(a)-(d) and Fig. 3.9, respectively. In a few satbe aneurysm wall was also
available for histological examination. Elastica van Gire$EvG) stained sections of the
thrombus-covered wall showed a complete loss of elasticsibad a loss of myocytes,
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Table 3.3: MPS and MTM values (Meah SD) in the equibiaxial stress-controlled proto-
col (Pgg = AL = 150 kPa) for the thrombus-covered (TC) wall£ 14).

Ag.max ALmax  P(A) MTMg (MPa) MTM. (MPa) p(MTM)
TCwall 107£0.03 111+£004 0.01  87+£17 66L2.7 0.02

whereas relatively more collagen fibers were clear to distethe media, see Fig. 3.8(e).
Figure 3.8(f) shows the morphological characteristicshadkt and thin bundles of fibrin
network.

By comparing MTM values of all specimens at the same stres$ &\20 kPa, it is found
that the stiffness of the thrombotic material continuousbtreases with thrombus age for
each individual ILT layer. Simultaneously, the luminal éaynay become anisotropic dur-
ing this aging process, see Fig. 3.10. A strongly positiveatation between the ILT thick-
ness and the thrombus age is also observed, see Fig. 3.11.

3.4 Discussion

In previous studies the ILT was identified as an isotropiclaeteérogeneous material [193,
203] by using both uniaxial and biaxial extension tests. $@reral luminal layers we
found, however, a clear indication of mechanical anisotréfence we conclude that the
luminal layer of the ILT is, in general, not an isotropic tiss We analyzed that the stiffness
of the anisotropic luminal layers in the longitudinal ditiea is (much) larger with respect
to that in the circumferential direction or to the luminajéas, which behaved isotropically,
see, e.g., Fig. 3.3. However, the circumferential stiftnasPyg = B = 20kPa is not
significantly different for both groups. Moreover, our ekpeental results suggest that both
medial and abluminal layers are isotropic. To the authon®vWWedge no biaxial data are
available in this regard prior to this study. The computecaimmipture stresses indicated
that the stiffness of ILT tissues continuously decreasmftioe luminal to the abluminal
side. It should be noted that the rupture stresses obtamtisi study may not represent
the stress level at which ILT rupture actually occurs. Thiprimarily due to the fact that
a number of ruptures, specifically for the degenerated rhadid abluminal layers, are
initiated by the hooks on the edges, see Fig. 3.5. About 708%eo€racks in the luminal
layers in phases Il and Il were found along the longituddisgction. This particular crack
morphology is closely related to the pore orientationspskaand protein bonds between
two neighboring pores within the fibrin networks, which @#as a typical component
in these two phases. In addition, our investigations sughes fresh thrombi have very
unique characteristics, which are, as stated previoustyager specific and homogeneous,
and which is in contrast with the old and more organized thriom
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longitudinal crack

luminal medial abluminal

Figure 3.5: Representative images of ruptured luminal, eladid abluminal layers, where
a crack along the longitudinal direction of the luminal laigeclearly indicated.

The importance of the aneurysm wall strength regarding Adgture assessment has been
stressed by several prior studies [120, 195, 201, 204]. @sultris basically in agreement
with an early study by Vande Geest et al. [192]. Compared tondrenal aorta, the wall
stiffening can be attributed to destruction of the long Hiéf elastin and failure of the
collagen cross-linkage. [32] In addition, by comparinggtress-stretch responses between
the aneurysm walls covered with younger thrombi (phasenl)with intermediate and old
thrombi (phases lll and V) our study verifies that there isnanease in the wall anisotropy
when the thrombus gets older, see Fig. 3.7. Thereby, a waakehthe wall occurs in the
longitudinal direction. That may also imply that the olderambi are related to aneurysm
wall weakening.

As can be seen from Table 3.4, the model parameteks andk, continuously decrease
from the luminal to the abluminal layer. In addition, botlifeess parameterg andk; are
highest for the anisotropic luminal and lowest for the abhahlayers, respectively. There
is no significant difference in each material parameter betwthe abluminal layer and
the fresh thrombus (ajp values are larger than@). This indicates that in both (low and
high) loading domains the stiffness of the ILT continuousdcreases from the luminal to
the abluminal side, whereas the biaxial mechanical regpofihe fresh thrombus is quite
similar to the abluminal layer. For the luminal, medial ariduaninal layers, the mean
values of¢ approach 99 however, as previously statefl,is here not treated as a fiber
angle. As a measure of mechanical anisotrgpig significantly larger for the anisotropic
luminal layers than for the isotropic ILT layers as well as thesh thrombi (allp values
are less than.01).

In contrast with the ILT, the thrombus-covered wall has mhicfner values of the stiffness
parameterg; andk,, representing its significant load-bearing capacity inhigd loading
domain. Moreover, in regard to Table 3.5, a significantly kenaalue ofk, (responsible
for the higher loading domain) and a larger valugoahdicate that walls covered by an
intermediate or old thrombus, Type (ii), are much weakehahigh loading domain and
more mechanically anisotropic when compared with wallseces by a young thrombus,
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Figure 3.6: Average stress-stretch model responses afteopsc (AL) and isotropic (IL)
luminal, medial (M), abluminal (A) layers and fresh throrsl§i) for the equib-
iaxial protocol using the mean model parameters of Tabkswhere(). and
(); denote circumferential (solid curves) and longitudinaglded curves) di-
rections, respectively.

Type (i). Prior to the current study, several material msdegarding the ILT and the AAA
wall have been proposed [146, 153, 192, 193, 203]. Nevexsselsome of these models
were either derived from uniaxial extension tests or wesetan two-dimensional strain-
energy functions, which are less appropriate to charaetehie mechanical responses of
three-dimensional AAA tissues.

Table 3.4: Model parameters (MeanSD) for the anisotropic luminah(= 10), isotropic
luminal (n = 23), medial i = 22), abluminal layersn(= 12) and the fresh
thrombi (= 4), see Eqs. (3.6)-(3.7).

ILT p(kPa) ki (kPa) k(=) ¢ (°) p () R
Luminal (Aniso) 97+15 159+43 27+14 841+£107 033+007 093+0.04
Luminal (Iso) ~ 82+1.7 123+3.7 06+0.3 893+£23 003+0.02 092+0.05

Medial 71+19 60+22 00701 867+£7.5 005+005 093+0.04
Abluminal ~ 51£11 294+10 003+001 891+11 005+£0.01 094+0.03
Freshthrombus 8407 21+04 002+0.01 889+0.3 004+001 09440.02

Data of thrombus age is very much lacking in the literatuspeeially for the ILT within
AAAs. To further interpret the change in the mechanical prtips, there is a need to clas-
sify all tested specimens within different age phases. sk thrombi belong to phase |
and almost all isotropic luminal layers are of phase II, haaveanisotropic luminal layers
are either of phase Il or IV. Medial layers cover phasesM]-while abluminal layers be-
long mainly to phases Il and IV. For each individual ILT sdmghe luminal and medial
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Figure 3.7: Circumferential and longitudinal mean strasstsh responses of the
thrombus-covered walls using the mean model parameters Teble 3.5()¢
and(), denote circumferential and longitudinal directions; @akeMype (i) and
Type (ii) denote all thrombus-covered walls, walls covebgdthe younger
thrombi (phase II) and by the intermediate and old thrombiages 11l and
V), respectively.

Table 3.5: Model parameters (MeanSD) for the thrombus-covered wat & 14).

Walltype p (kPa) kg (kPa) kz (=) ¢ (%) p () R
Type () 60+3.2 974+266 1737+647 358+60 025+:0.08 094+0.04
Type (i) 7.1+£4.6 610+354 11474604 319+4.1 032+0.09 095+0.02

layers usually have the same age phase. Initially, the thodimmaterials are very compli-
ant and isotropic (phase ). Starting from phase I, theybeestiffer due to the formation
of the loose fibrin network. In this situation, the thrombé aponge-like materials with
fluid inside and they are mechanically isotropic. During sghdll, the thrombi become
much stiffer as the fibrin networks are composed of much #ridundles. The throm-
botic material can be either isotropic or anisotropic fdfedent individual ILT layers. As
a consequence of the fibrin network disruption and more awseteresidue proteins, the
thrombi are much stiffer in phase 1V, comprising the anigpit luminal and the isotropic
medial and abluminal layers.

One possible explanation for the mechanical isotropy ofuh@nal and medial layers in
the phases Il and Il is that the fibrin network plays a domimale in the biaxial stretching
as compared to erythrocytes or other degraded proteinsgitive younger phases. Impor-
tantly, fibrin polymers have a large extensibility and etast when compared with other
protein polymers [18,108]. Factors to trigger the mechalraaisotropy of several luminal
layers in the phases IIl and IV can be summarized as followst, Elifferences between
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(a) Phase I: Very fresh (b) Phase II: Young
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Figure 3.8: Representative histological images charaaterithe morphology of the
thrombotic material in four age phases: (a) very fresh, @ang, (c) interme-
diate and (d) old. Original magnification %0 Histological images of (e) the
thrombus-covered wall consisting of three individual lsy@riginal magnifi-
cation 4x) and (f) the fibrin network mixed with both thick and thin buesl

highlighting their distinct morphological characteristi(original magnifica-
tion 40x).
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Figure 3.9: Relative percentage of cellular contents of linemhbotic material in the age
phases I-IV.

the thick and thin bundles within the fibrin network, evidémim histology, may lead to

different mechanical properties during biaxial stretghithe microstructure might be a
factor for the mechanical anisotropy of the thrombotic matewhich needs to be further
investigated. Second, as a scaffold, pore densities, staaqukorientations of the fibrin net-
work in the younger phase may considerably influence thellistons and depositions of
residue small proteins in the later phases. Thus, the didemibotic material may exhibit

mechanical anisotropy probably due to unequal distrilmstiof residue proteins. Finally,
shear stresses due to the blood stream should also be, teegtang taken into account in
such a complex and potentially dynamic environment.

All laboratory data given were sampled 4-48 hours prior t@sty. All patients suffered

from hypertension, whereas diabetes were only found in %§18f 36 patients. In 30

(83%) patients, aneurysms are asymptomatic. Smokingttatshow that 85% of the pa-
tients are active smokers or smoked previously. Furtherowghly estimated the throm-
bus age for each patient by integrating age information etlinee individual ILT layers,

see Table 3.1. Note, however, that a few specimens with ssadoemechanical testing
failed in the determination of the thrombus age. Approxartane from preoperative X-

ray computed tomography (CT) to operation (OP) for the ptdienose thrombi are in the
phases Ill and IV (these are 12 patients) are equal or lessltheek (37+2.1 days, mean

+ SD) except for patient No. 21 (1 month). In 10 (80%) of thesgaftents, maximum

diameters are equal to or larger than 6 cm. By contrast, gatweith a younger thrombus
(phase 1), which are 17, hold a much longer time from CT to QReast 1 month for 14

patients (82%) out of these 17.
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Figure 3.10: Maximum tangential modulus (MTM) at a stresell®f 20 kPa versus rel-
evant thrombus age phases for individual luminal (L), mie@g and ablu-
minal (A) layers. Abluminal layers are only identified in [glea Il and IV. A
significant difference is noted for the longitudinal MTM uak of the luminal
layer in both phases Il and 1V with respect to phase Il.

25

R=0.48,p < 0.01, N =32

)

S
1
[ J

Average ILT thickness (mm)

0 T T T
Phase | Phase Il Phase Il Phase IV

Figure 3.11: Average ILT thickness versus relevant throsrdge phases for 32 specimens
whose ages are histologically determined.
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As an inflammatory indicator, preoperative CRP values areidmitbe normal range for
7 (60%) of 12 patients whose thrombi are in the phases Il &hdMeanwhile, 70% of
these 12 patients have larger values of preoperative fipeimover the normal range. It is
well known that fibrinogen is a critical index to evaluate figin content of the thrombi,
since it is essential for coagulation of blood and fibrin fation [36]. Preoperative values
of thrombocyte count for most patients (91%) are within tloenmal range. Moreover,
patient No. 18 is the only one whose aneurysm ruptured beimgery. It should also be
noted that this patient is the only one who showed threerdifitetypes of ILT, including
fresh, young and old thrombi (phases I, Il and 1V). This iadés that the ILT can be
a complex structural material with different biomechahio@perties even in the same
AAA sample.

Peak wall stress and wall strength are two major potentiedliptors of AAA rupture
[48, 106, 147, 195, 200]. In fact previous studies have suibistted that the ILT plays an
important role in the AAA wall weakening [2, 93]. Thereforapre investigative atten-
tion should be given to the wall strength underneath the WHich is of crucial interest
to the assessment of AAA rupture. Vande Geest et al. [195] deseloped a noninva-
sive technique to evaluate AAA wall strengthvivo. The present study suggests that the
thrombus age is a critical factor to examine the strengtksafavered wall. Consequently,
the thrombus age, combined with other key predictor vaegmbklich as maximum diame-
ter, peak wall stress and wall strength, may give a more cehgmsive consideration on
AAA rupture assessment. The corresponding mathematicdémid developed, would be
a promising technique to link patient-specific ILT propestto the AAA wall strength.

There are also some limitations in the present work. Thegseg age determination of
thrombus does not provide the actual number of days for tleeis@ns but rather the
relative age phases. The main reason is that there is ndacelgaction (inflammatory
response) for the ILT to organize the thrombotic materiddicl differs from thrombi in
small arteries and veins. A full transversal section of tm@rmbus from the lumen to
the ablumen, however, may be helpful to explore more mog@ical characteristics in
histology and to further analyze the microstructure of ILithvhrombus aging. Although,
biaxial extension tests can essentially characterize iwaab mechanical behaviors of
both ILTs and wall tissues, the ultimate tensile strengthbfath tissue types can not be
measured by carrying out this experimental method. It waldd be good to compare the
failure properties of ILTs with different ages and the wélfiat they cover.

3.5 Conclusion

The main finding of this paper is that the luminal layer of th€ inay not be an isotropic
material. Compared to isotropic luminal layers, anisotgamples have remarkably larger
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longitudinal stiffnesses and are frequently associatel lghly degraded medial and ab-
luminal layers. Moreover, it appears that the present hlastudy is the first one which

documents that the mechanical behaviors of fresh thronebjaite similar to those of the

abluminal layers in old (laminated) thrombi.

Another key finding in this study is that we may determine #lative age phases of the
thrombi, which are critically important and novel in AAA rch. Further investigations
show that the mechanical properties of the thrombotic rredteray change significantly

with the thrombus age, and, remarkably, the older thrombiralated to aneurysm wall
weakening. These findings provide us with an additionalgeatve into the initiation and

progression of the ILT in the biomechanical AAA environmehis, therefore, concluded
that the thrombus age is a potential predictor for the stren§the wall underneath the
ILT as well as AAA rupture.
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4 VARIATIONS OF DISSECTION PROPERTIES AND MASS
FRACTIONS WITH THROMBUS AGE IN HUMAN
ABDOMINAL AORTIC ANEURYSMS

Abstract Thrombus age is an important factor helping to better exioe influence of
intraluminal thrombus (ILT) on the biomechanical propestof abdominal aortic aneurysm
(AAA). Experimental studies indicate a correlation betwéwe relative thrombus age and
the mechanical properties of aneurysmal tissues. On 32 Addpdes we performed peel-
ing tests with the aim to dissect the material (i) throughltffethickness, (ii) within the
individual ILT layers and (iii) within the aneurysm wall uedheath the thrombus by using
two extension rates (1 mm/min, 1 mm/sec). Histological stiggtions and mass fraction
analysis were performed to characterize the dissectedhulmgy, to determine the rela-
tive thrombus age, and to quantify dry weight percentagedasitin and collagen in the
AAA wall. A remarkably lower dissection energy was neededligsect within the indi-
vidual ILT layers and through the thicknesses of old thrar¥iih increasing ILT age the
dissection energy of the underlying intima-media comgosa@ntinuously decreased and
the anisotropic dissection properties for that compositeshed. The quantified dissection
properties were rate dependent for both tissue types (Idwaall). Histology showed that
single fibrin fibers or smaller protein clots within the ILTrgate smooth dissected sur-
faces during the peeling. There was a notable decrease sfraagon of elastin within the
thrombus-covered intima-media composite with ILT age ¥4+ 4.5% to 41%+ 3.9%;

p < 0.001), whereas no significant change was found for that ohAgeh (224%+5.1% to
17.6%+5.3%; p = 0.11). These findings suggest that Intraluminal thrombusgagads
to a higher risk of dissection initiation for the ILT and th@ima-media composite of the
aneurysmal wall.

4.1 Introduction

An abdominal aortic aneurysm (AAA) is a vascular pathologgagiated with perma-
nent and irreversible localized dilations. Rupture of an AsAa mechanical failure of
the aneurysm wall, which occurs when the peak wall streseesiscthe local strength
of the aortic tissue. In order to seek a more reliable cotefor the AAA rupture as-

sessment, the majority of recent studies have focused atetlredopment of non-invasive
methods to predict the rupture risk of patient-specific AAAdals on a computational
basis [113,151, 195, 204, 210]. Detailed information ofguatspecific geometries of the

67
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intraluminal thrombus (ILT) and the wall, and advanced niedier the anisotropic wall
and the interaction between the fluid and the structure hayeoved the reliability of
finite element simulations to a great extent. Aneurysmaédegation, from a pathohisto-
logical point of view, is mainly attributed to loss of elastind collagen remodeling within
the aortic wall [23,33,162]. As a key issue, rupture loaagiof AAA have been identified
by several studies [38, 39, 64] using experimental techeicand computational valida-
tions. For example, Doyle et al. [39] reported the ruptute ef a silicon rubber AAA
model, i.e. at the inflection point, which is in agreementwilie peak stress regions as
numerically predicted. In addition to that, they continslyumeasured the internal rupture
pressures of experimental AAA models manufactured by mffesilicon materials [38].
Another representative work in characterizing rupturessivas conducted by Raghavan
and colleagues [144]. Based on whole ruptured AAA specimangisted from fresh ca-
davers, they suggested that primary rupture sites wereefataral quadrants and were
longitudinally oriented.

Despite these new findings, understanding of the intringd@\Aupture mechanisms and
patterns remain poor. In particular, the aneurysmal adrisection, which may exist and
play a key role in the AAA rupture initiation and progressiavas seldom considered
in previous research. It has long been suggested that hipédio the ILT caused by
fissures is frequently associated with AAA rupture [6, 1Z5)]1land fissure creation is
most probably a consequence of ILT dissection during the Agxfiansion [155]. Re-
cently Pasta et al. [138] reported a set of mechanical dissedata of ascending tho-
racic aortic aneurysm. However, relevant experimenta tased on the tissue within the
AAA are not yet available in the literature. Owing to the waikakening effect of the
ILT [2,84,93,199, 202], there is also a pressing need tocrghow much ILT aging can
potentially affect the dissection properties of aneuryidissues. An advanced understand-
ing of the underlying relationships is of essential impoc&for gaining more insights in
pathological progressions and rupture mechanisms of AAAs.

In the present study, we quantitatively assess the disseptioperties of the degener-
ated thrombus-covered aortic tissues and the related IRirse the ILT is heteroge-
neous [184, 193, 203] we investigate the dissection prigsedf the three individual ILT
layers (luminal, medial, abluminal). Peeling tests [1&¥]lwere performed to measure
the dissection energy that is needed to propagate a dimsedgthin the tissue. In addition,
the relative thrombus age was histologically determinesdating to the methodology pro-
posed in our recent study [184], and was then correlatedtiwitithanges in the dissection
properties of the ILT and the aortic wall tissue covered by tfrombus. Finally, mass
fraction analyses were performed to quantify the corredpmndry weight percentages of
elastin and collagen within the thrombus-covered wallstarekplore their variations with
the ILT age.
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4.2 Materials and Methods

4.2.1 Material and specimen preparation

In total, 32 AAA samples (patients’ mean age+Q0 yr) consisting of ILTs and AAA

walls were harvested from open surgical aneurysm repass.df the material was ap-
proved by the Ethics Committee, Medical University Graz, tas All samples were

procured from the anterior portion of the aneurysm and dtaneDulbecco’s Modified

Eagle’s Medium (DMEM). The ILT heterogeneity has been régmbiby previous stud-
ies [184,193,203], in which three individual ILT layer®.iluminal, medial and abluminal,
were introduced.

For executing peeling tests through the ILT thickness anmatgc-shaped specimen was
first cut from the thickest part of the ILT sample, as shownig E.1. In addition, circum-
ferential and longitudinal rectangular strips throughttiiekness of the ILT (two pieces in
each direction, illustrated by the dashed lines in Fig. wéde obtained by gently cutting
them from the prismatic-shaped specimen. The lengths ofetttangular strips varied a
lot due to the different thicknesses of the ILT. For the revimay part of the ILT sample,
the individual layers were separated, and strips were tbhefram the separated ILT lay-
ers in the circumferential and longitudinal directionspectively (see also Fig. 4.1). The
dimension of each rectangular strip was here abouit £&.0 mm (lengthx width).

Due to the size of the thrombus-covered wall specimens, tljacant rectangular strips
were cut in the circumferential and longitudinal direc8prespectively (see specimens 1
and 2 in Fig. 4.1). Further separation was performed to rentbg adventitia from the
intima-media composite for each strip. Finally, we cut a bifnectangular) piece of aor-
tic wall tissue from the remaining material as represeveatishown by specimen 3 in
Fig. 4.1, on which we performed the mass fraction analysis.

Details of the specimen preparation for the peeling tese twaen described in previous
studies by our lab [173,187]. In brief, each rectangulap stas given an initial cut (inci-
sion of about 20-3.0 mm in length) using a surgical scalpel in order to bettetrabrthe
initiation of the tissue failure. Hence, two ‘tongues’ wetgained for mounting them into
the testing machine. To avoid slippage of the specimensgdloading, rectangular pieces
of sandpaper were glued with superadhesive gel at both sfdbe ‘tongues’. A prepared
ILT specimen for the peeling test is shown in Fig. 4.2.

4.2.2 Testing protocols

For the peeling through the ILT thickness, the obtainedaregtlar strips were labeled as
C(T) in the circumferential antd(T) in the longitudinal directions; (T) represents through
the thickness. The rectangular strips used for the peelitignihe individual luminal layer
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Figure 4.1: Schematic illustration of specimen cutting andtomical separation of the ILT
and the thrombus-covered wall. Test samples for peelirgitir the ILT thick-
ness, within the ILT layer and within the wall; one sample rfiosss fraction
analysis. Circ and Long represent circumferential and kowigial directions,
respectively; L, M, A denote the three layers of the ILT, whare luminal (L),
medial (M) and abluminal (A); the labeling of the individusmples is stated
in Section 4.2.2.

were denoted aS(L) in the circumferential and.(L) in the longitudinal directions. In an
analogous manner, the strips cut from the medial and therabél layers were labeled as
C(M), L(M) andC(A), L(A), respectively; (L), (M) and (A) represent luminal, madand
abluminal layers of the ILT. Compared to a healthy human ativeedegenerated aneurysm
wall is usually associated with atherosclerosis so thatritima and the media cannot be
separated due to the lack of the layer-specific arteriatttra. Therefore, in the current
study the peeling tests were performed on the intima-mezhaposite and the remaining
adventitia. Similarly, the rectangular intima-media amtyentitia strips were labeled as
C(IM), L(IM) andC(AD), L(AD), as previously done for the ILT samples; (IM) and (AD)
represent intima-media composite and adventitia of thergsenal wall.

For each type of peeling test, the rectangular strip spawrreeach direction were peeled
off under different extension rates, i.e. 1 mm/min and 1 newy/sespectively. This allows
us to examine whether the protocol-controlled AAA tissugsdction is rate dependent,
which is not discussed in our previous related studies [183]. It should also be em-



4.2 Materials and Methods 71

Sandpapers

Figure 4.2: Representative photograph of a prepared lursiriplbefore the peeling test.

phasized that the strips were cut from neighboring regidrthe® same sample in order
to minimize regional variations or sample differences ia Hubsequent comparison of
extension rate effects.

4.2.3 Test setup and procedure

The experimental setup has been introduced through sitesés [82, 173]. The prepared
specimens were moistened with phosphate buffered saliB8)(Bolution until testing.
Once both ‘tongues’ of the prepared specimen were clamp#tkitesting machine, the
individual peeling test was carried out under the presdrisgension rate. Note that all
peeling tests were executed in PBS solution aD371.0°C. After mechanical testing,
the strip samples were inserted into neutral buffered ftateteyde solution (pH 4) for
fixation and sent off for further histological investigat®

4.2.4 Dissection energy and data analysis

The force/width values, denoted Wy and F,, were measured and averaged for the
circumferential and longitudinal strips, respectivelfaeldissection energy per reference
area [173, 187], sawdissect during the (circumferential ¢ and longitudinal 1) peelim
was quantified by subtracting the elastic enaMf{2Si°from the external workVe™ i.e.

Wrt)jcissect: (chxt_WF?Clasti() /ch, nglissect: (VweXt—WrﬁlaSti") /Lph (4.1)

wherelpc andLp denote the reference lengths of the strips in the circumfeieand lon-
gitudinal directions, respectively. All quantitative vdts in the current study are reported
as meant SD. The Shapiro-Wilk and the Kolmogorov-Smirnov tests wérkzed to de-
termine the data normality. Comparisons of the force/widtlhies or the dissection energy
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either between different sample groups or between diffaitmombus age phases were
performed by using the Student'$est.

4.2.5 Histology

To investigate the morphology of the dissected surfacedgi$ted specimens were fixed in
neutral buffered formalin with pH.4, and then embedded in paraffin. The paraffin blocks
were sectioned at 445m and stained with Mallory-Cason Trichrome (known as SFOG),
Prussian blue (PB) and Hematoxylin and Eosin (HE) to invasgtithe morphology of the
dissected surfaces. Details of the methods for thrombudetgemination within the AAA
have been described in a recent paper [184].

4.2.6 Mass fraction analysis

With the mass fraction analysis we quantitatively detesdindry weight of elastin and

collagen within the intima-media and the adventitia. AABsties were frozen in liquid

nitrogen and homogenized by grinding in a mortar with a pistie wet and dry weights

after reaching constant weight by drying for 3 to 4 days at ©0&f the homogenate were
determined, respectively; for details regarding elastiargitation and collagen analysis
see a recent study. [186]

4.3 Results

4.3.1 Peeling tests

All reported statistical values and representative cumeble following three individual

parts (i.e. peeling through the ILT thickness, peeling withdividual ILT layers and peel-
ing of the thrombus-covered walls) were obtained from pegetests with the extension
rate 1 mm/min.

Peeling through the ILT thickness. A total of 25 ILT samples including 2C(T) and

23 L(T) rectangular strips were tested and analyzed. The meétiough the different
ILT thicknesses are shown in the representative Figs. #e8(d 4.3(b). Column plots of
the dissection energw¥ssectthrough the ILT thickness with respect to the thrombus age
phases Il, lll and IV for the individual ILT layers are showmFigs. 4.4(a)-(c), and the
statistical results are summarized in Table 4.1.

Peeling within individual ILT layers. A total of 52 luminal (25C(L) and 27L(L) strips),
55 medial (28C(M) and 27L(M) strips) and 20 abluminal (1C(A) and 9L(A) strips)
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Figure 4.3: Representative plots of force/width versus theattion path for two ILT sam-
ples during the peeling through different ILT thicknesses,(a) 226 mm and
(b) 9.3 mm. Three regions, denoted by (L) luminal, (M) medial anjl #8lu-
minal layers, are distinguished by two dashed lines.
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Figure 4.4: Column plots (mean values and standard devg&tiof dissection energy
wdissectthrough the ILT thickness with respect to the thrombus ageses
Il (young), Il (intermediate) and IV (old) for the individu ILT layers. Long
and Circ denote longitudinal and circumferential direcsiorespectively. For
the labeling see Fig. 4.1.

specimens were studied. Representative curves regardinuetling within the three in-
dividual ILT layers are shown in Figs. 4.5(a)-(c). Columntplof the dissection energy
wdissectyyithin the three individual ILT layers versus the thrombuge @hases II-IV are
shown in Fig. 4.6, and relevant quantitative values are samnzed in Table 4.1.

Peeling of the thrombus-covered walls. A total of 48 thrombus-covered wall specimens
for the adventitia (2%(AD) and 23L(AD) strips) and 53 specimens for the intima-media
composite (27C(IM) and 26L(IM) strips) were studied. Changes in the dissection energy
wdissechyjith the thrombus age for the adventitia and the intima-medimposite are shown

in Fig. 4.7. The computed dissection energy values are suinedian Table 4.1.
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Comparison of different extension rates. Figure 4.8 shows comparisons of the test re-
sults with two different extension rates, in which mean éwddth values through the ILT
thickness (Fig. 4.8(a)), within the individual ILT layerBig. 4.8(b)-(d)) and within the
thrombus-covered walls (Fig. 4.8(e),(f)) are shown. Nbasg the dissection path through
the ILT thickness varies due to different sample thicknegsee, for example, the ILT
curves in Figs. 4.3(a) and (b)). Here we show a box-whiskarfpt each ILT layer through
the thickness, see Fig. 4.8(a).

4.3.2 Histology

Representative images of the morphology of the dissectéacasrduring the peeling tests
of the ILT and the thrombus-covered aortic wall tissues amvé in Fig. 4.9. Due to the
characteristics of the microstructural morphology in theombus tissue, thrombus age
was determined as four relative age phases, namely phasgylf(esh), phase Il (young),
phase Il (intermediate), phase IV (old); the relevantdigical characteristics for each
age phase are summarized in a previous study. [184] In therdustudy the thrombus
age of 29 ILT samples was determined by histology: 13 werssdiad as young, 9 as
intermediate and 7 as old thrombi.

4.3.3 Mass fraction

Mass fractions of elastin and collagen within the thrombagered adventitia in the rela-
tive thrombus age phases I, lll and IV are shown in Fig. 4Tl relevant values for the
elastin and collagen within the thrombus-covered intimedia with respect to ILT ages
are represented in Fig. 4.11. Figure. 4.12 indicates thati@ns of the mass fraction ratios
between elastin and collagen from thrombus age phase Il.to IV

4.4 Discussion

In this study, one goal was to explore the dissection pragseof ILT tissues and thrombus-
covered walls and, specifically, to establish the correfetibetween the dissection prop
erties of aneurysmal tissues and thrombus ages. For thegéaiough the ILT thickness,
Fig. 4.3 clearly demonstrates that there is a continuousedse of the force/width value
through the three distinctive regions; from the luminahe &bluminal layer. From a quan-
titative point of view, the mean force/width value contiisty decreases from the luminal
to the medial layer by approximately 12% (SD 5%), and fromrmtteglial to the abluminal
layer by about 28% (SD 9%).
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Figure 4.5: Representative plots of force/width versus tbsatttion path for the individual
ILT layers during the peeling test within the layer. Long &icc indicate lon-
gitudinal and circumferential directions, respectiv@gth luminal and medial
layers are in the thrombus age phase lll, whereas the abdlifayer is in the
thrombus age phase IV.
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Figure 4.6: Column plots (mean values and standard devgtioh dissection energy
wdissectfor the individual ILT layers with respect to the thrombusgthases
Il (young), Ill (intermediate) and IV (old). Long and Circ dete longitudinal
and circumferential directions, respectively. Peelirggdavithin the abluminal
layer are available mainly for the thrombi in the age phaBes IV. No fresh
thrombus (age phase I) was considered. For the labelingige4.E.

Moreover, the effects of thrombus age on the dissectiorggrwfisSeCtwere also investi-
gated. Intriguingly, the three individual ILT layers shoviferent variations with respect to
the ILT age (Fig. 4.4). For the luminal layer, the dissectmergy slightly increases from
the age phase Il to lll and IV, whereas the dissection endngpugh the medial thickness
increases from the age phase Il to 1l but then it is followgdimoticeable decrease from
[l to IV. In contrast, the dissection energy through theckimess of the abluminal layer
continuously decreases with ILT age. These findings sudlgasa remarkably lower dis-
section energy is needed to dissect through the medial dodhadal thicknesses of the
old thrombi. Hence, an increased ILT age may lead to a higkkrof dissection initia-
tion through its thickness. Within the same ILT age, theeliisn energy is found to be
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Figure 4.7: Column plots (mean values and standard devgtioh dissection energy
wdissectyith respect to the thrombus age phases Il (young), Ill mtgliate)
and 1V (old) for the adventitia and the intima-media for theombus-covered
wall. Long and Circ denote longitudinal and circumferentiaéctions, respec-
tively. The p values indicate statistical comparisons of the disseatioergy
between the longitudinal and circumferential directiomsdach thrombus age
phase. For the labeling see Fig. 4.1.

progressively decreasing from the luminal to the ablumsndé (see Figs. 4.4(a)-(c), and
Table 4.1). Thus, there is also a potential risk of dissediiwough the ILT thickness for
each ILT age phase.

Regarding the peeling within the ILT layers, our findings adubat the mean circumfer-
ential and longitudinal force/width values to dissect witthe luminal layers were quite
close to those of the medial layers, but significantly lathpan those within the ablumi-
nal layers p = 0.01 in the circumferentialp = 0.02 in the longitudinal directions), see
Figs. 4.5 and 4.6. There is no significant difference in thredbvidth value between the
circumferential and longitudinal directions for each indual ILT layers. It should be
mentioned that due to material weakness only a very few mgelata within the ablu-
minal layers were obtained from thrombotic materials indge phase II; thus they were
not considered for a statistical comparison. By correlatiiregcomputed dissection energy
with the thrombus age, it appears that the luminal and méadials share the same varia-
tion trend with ILT age, in which the dissection energy sligincreases from age phase Ii
to 11l but significantly decreases from age phase Il to IM¢umferentialp = 0.008, lon-
gitudinal p = 0.013 for luminal; circumferentiap = 0.005, longitudinalp = 0.003 for
medial), see Fig. 4.6. A comparison is possible for the ablairayers between the age
phases IlIl and IV (circumferentigd = 0.02, longitudinalp = 0.36). Fibrin network in the
ILT changing from thin to thick bundles may lead to a highesigtance to the dissection
during the peeling test, which could explain the (slightrease of the dissection energy
from age phase Il to lll. Likewise, the subsequent significkacrease of the dissection
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Figure 4.8: Mean force/width responses through the ILTkifss, within the individual

ILT layers and within the thrombus-covered walls with tweelieg extension

rates, i.e. 1 mm/min (solid boxes in (a) and solid curves)r{f) and 1 mm/sec
(dashed boxes in (a) and dashed curves in (b)-(f)). Mearefardth responses
of the healthy aortic media (HAM) [173] with the rate of 1 mm¥nare also

shown by green and blue curves in (f).
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Table 4.1: Computed dissection eneky{'ssect(mJ/cn?) for the thrombus age phases II,
[l and 1V during the peeling tests with 1 mm/min through thé khickness,
within the individual ILT layers and within the adventitiacthe intima-media
composite (I+M) of the thrombus-covered walls. Dissectmergy (mJ/crf)
of the healthy aortic media with a rate of 1. mm/min, documeitg a previous
experimental study [173]. The circumferential and londital directions are
denoted by c and |, respectively.

Dissection energWd'sse(mJ/cnt)
Age phase Il Age phase lll  Age phase IV

. c 50+1.2 57+1.3 55+0.8
Luminal | " 423 10 52411 5340.6
. . c 3.8+0.9 43+0.8 27+0.8
Through the ILT thickness Medial | 354192 40410 294 0.6
. c 3.04+0.7 254+0.6 16+0.5
Abluminal | "5 20 0e 23105 14406
. c 42+1.2 45412 2.84+0.9
Luminal | " 460 10 50+14 31407
I . c 394+10 41410 25407
Within the ILT layers Medial | 41408 45413 27406
. c 26+04 174+0.3
Abluminal |- 24407 20405
. 101+1.7 92420 86+14

Adventitia ¢
| 9.34+0.9 83+1.3 78+1.0

Th . I
rombus-covered wa Wy | € 67+12  55%11 42411
| 84419 6.8+1.7 51+14
Dissection energWdsse{(mJ/cnt)
Healthy abdominal aorta [173] Media IC ?éig?

energy can be attributed to microstructural changes oflfhidrbm age phase Il to 1V, in
which fibrin networks disrupt, and residue small proteinsdomee the main component. If
multi-axial loading conditions within the AAA are consieel, thein vivo ILT dissection
could be a combination of both (tested) scenarios (i.eutijindhe thickness and within the
layers).

Wall dissection is a potential risk factor to initiate AAApture, however, to the authors’
knowledge, no relevant quantitative data have been meagui@r to the current study,
particularly for the wall segment underlying the ILT, whicas a decreased tensile strength
due to a higher degree of proteolysis and infiltration of imftaatory cells [53, 93, 94,
155, 199]. The adventitia, in general, shows the higher nieare/width values in both
the circumferential and longitudinal directions when cangal to the associated intima-
media composite. As shown in Fig. 4.7(a), there is no sigaficlifference in force/width
value between circumferential and longitudinal direcsiéor the adventitia for all ILT age



4.4 Discussion 79

(c) ~Medial (d) Abluminal

(e) Adventitia (f) _ Intima—media

Figure 4.9: Histological images (SFOG) characterizingdtssected morphology during
the peeling tests (a) through the ILT thickness (originaymiication 10<) and
within (b) luminal, (c) medial and (d) abluminal ILT layersr{ginal magnifi-
cation 40<). L, M, A inimage (a) represent luminal, media, ablumingides,
respectively. Histological images (HE) of (e) the adveatnd (f) the intima-
media showing morphology of the dissected surfaces withéthrombus-
covered wall (original magnification 40. All thrombi are in age phase Il
The coordinates, 8 andz refer to the radial, circumferential and longitudinal
direction, respectively.
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Figure 4.10: Mass fractions of elastin and collagen withethrombus-covered adventitia
in relative thrombus age phases Il, lll and IV.

Mass percentage (dry weight %)

phases, however, the intima-media composite (Fig. 4.1lijrates anisotropic dissection
properties in age phase Il in which the longitudinal forddttvvalue is significantly larger
than in the circumferential direction. This could paryalie due to the collagen fibers
generally oriented closer to the circumferential diretiiothe media [163]. However, the
anisotropic dissection properties for that compositestaprogressively from age phase Il
to IV suggesting a more disorganized microstructure priybddee to varying distributions
and realignment of the aged collagen [23, 126]. A wall weaigmeffect of the ILT has
been stressed by numerous previous studies [2,84,93,984£02]. Our findings suggest
that such a weakening effect is also represented by noteehlanges of the dissection
properties of the wall tissue underneath the ILT, but it ismyapresent for the intima-
media composite. We further propose that with an incredsedge the dissection through
the intima-media composite may not be able to propagatetiatsagh the adventitia, as
more dissection energy is needed (compare relevant vagtegén the adventitia and the
intima-media in Fig. 4.7 and Table 4.1).

Another goal of the current study was to examine whether ésalts of the protocol-
controlled dissection test are rate dependent or not. €igu8 demonstrates that the
force/width values with the extension rate of 1 mm/sec asverage 18% (SD 7%) higher
for the ILT when compared to 1 mm/min; the values are about 282 9%) higher for
the diseased aortic wall. These findings suggest that tiseatien properties of both the
ILT and the thrombus-covered walls are rate dependent. tthdesame extension rate of
1 mm/min, the mean force/width values for the diseasedamtima-media are higher in
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Figure 4.11: Mass fractions of elastin and collagen witlhi@ thrombus-covered intima-
media composite in relative thrombus age phases Il, Il &d |

the circumferential but lower in the longitudinal diregt®owhen compared to the healthy
aortic media (HAM) [173] (Fig. 4.8(f)). Note also that thedwpeeds used in the current
study may or may not be within the physiological domain sitwceur knowledge no clini-
cal or mechanical data regarding the dissection propagafieed within the AAAn vivo
are available. Hence, the two extension rates, i.e. 1 mmamihl mm/sec, just represent
very slow and very fast velocities.

Histological investigations show that the dissected s@daluring the peeling through the
ILT thickness (Fig. 4.9(a)) and within the ILT layers (Figk9(b)-(d)) are quite smooth
for most specimens. A few large fiber-like protein clots, ggated from the surface, are
also observed for the dissected thrombotic material (seexample, the abluminal layer
in Fig. 4.9(d)). As can be seen from the Figs. 4.9(e) and [{®, geeling within either
the adventitia or the intima-media composite cause (mumgher dissected surfaces due
to the rupture of collagen fibers. This histological obsBorasuggests that single fibrin
fibers or smaller protein clots within the ILT structure ao# strong enough to disrupt the
surface unevenly during the peeling process when compaitadcallagen fibers within
the aortic wall.

Dry weight percentage of elastin in the adventitia of themhibus-covered wall decreases
slightly from 108%-+ 3.9% to 93%+4.2% (p = 0.50) from thrombus age phase Il to IV,
see Fig. 4.10. In contrast, the related value for collagghtty increases from 16%+
3.3% 10 171%+ 4.8% (p = 0.47) as the ILT becomes older. The slight variations indicate
that mass fractions of elastin and collagen within the thresacovered adventitia keep



82 4 Variations of Dissection Properties and Mass Fraction Wihrombus Age

1.5
= [0 Mass ratio (Adventitia, n=23)
é Linear fitting (Adventitia)
= Mass ratio (I+M, n=23)
Q Linear fitting (I+M)
o0
S 10-
o
O
= 05 0.69 +/- 0.42
X — 0.54 +/- 0.22
~
- +/-
g0 053 1040 P 0:50+-041
3 0.44 +/-0:35
= 0.23 +/-0.20
0.0

Age phase 11 Age phase 111 Age phase [V
(n=8) (n=9) (n=6)

Figure 4.12: Mass fraction ratio between elastin and celtagithin the thrombus-covered
adventitia and intima-media (I+M) with respect to the relathrombus age
phases II, lll and IV.

almost constant, and thus are hardly influenced by ILT ageh Btstin and collagen
within the intima-media composite decrease in their masgifins, as shown in Fig. 4.11,
and, in particular, the mass loss of elastin is by a signifidaerease from 18%+ 4.5%

in age phase Il to 4%+ 3.9% in age phase IV = 0.01). Despite the decrease in mass
fraction from 224%+ 5.1% in age phase Il to 18%+ 5.3% in age phase 1V, the mass
content of collagen did not change significanghy=€ 0.11). By considering the mass ratio
of elastin to collagen, linear fittings in Fig. 4.12 indic#éibat the ratios decrease for both
the adventitia and the intima-media composite during thiegagf ILT. The intima-media
composite has a lower mass ratio than that of the adventiiagbly due to a pronounced
elastin loss within that composite. Note that the presemtasks fraction data should not be
mixed up with volume fractions reported in earlier studiestsas He and Roach [73].

In terms of limitations we note that the vivo cyclic pulsatile pressure was not taken into
account during the protocol-controlled experimentalgeshich, in the authors’ opinion,
may affect both the dissection propagation and the ILT failtdowever, implementation
of such a mechanical environment in the experimental teststi so straightforward, but
could possibly be done by using computational techniques.
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4.5 Conclusion

Intraluminal thrombus aging leads to microstructural demand to a higher risk of dis-
section initiation for the ILT and the intima-media compesf the aneurysmal wall. For
each thrombus age phase, a dissection may propagate thiteug thickness due to a
continuous decrease of the dissection energy from the ldtone ablumen side, although
there is no evidence that fissures created by the tissuectiesean reach the underlying
wall. According to our data, a dissection through the intimedia needs a higher energy
value for a continuation in the adventitia. Moreover, it @ggs that the present study is the
first which documents layer-specific mass fractions of tlstel and collagen within the
AAA wall and correlates their variations with ILT ages. A paunced decrease in mass
fraction for elastin with an increasing ILT age was only fdunithin the intima-media
composite. The findings presented in this work may bettefagxgissure creation and
propagation within the ILT structure and provide a basisafoefined understanding of the
dissection-induced ILT failure and the related AAA ruptamechanism.
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5 GENDER DIFFERENCES IN BIOMECHANICAL PROPERTIES,
THROMBUS AGE, MASS FRACTION AND CLINICAL
FACTORS OF ABDOMINAL AORTIC ANEURYSMS

Abstract The main purpose of the present study is the investigatiageatier differ-
ences in the biomechanical properties, thrombus age, meat®oh and key clinical factors
of abdominal aortic aneurysms (AAASs). A total of 90 AAA samepl(78 males and 12 fe-
males) were harvested from open surgical aneurysm reaérgal extension and peeling
tests were performed to characterize the biaxial mechlresponses and to determine
dissection properties of both the intraluminal thrombiT{jland the thrombus-covered
walls. Relative thrombus age was determined by charaatgriie ILT histological mi-
crostructure. Mass fraction analyses quantified dry weigihtentages of elastin and col-
lagen within the AAA walls. Moreover, we statistically coangd some key clinical factors
between male and female. The luminal layers of the fematartbr and the female AAA
walls showed a significantly lower tissue stiffness (modyia the longitudinal direction
when compared to males. Gender differences were also shmoilva dissection properties
of the intima-media composite within the AAA walls, in whialstatistically significantly
lower energy to propagate a dissection was quantified foalesnthan males. Moreover,
82% of female thrombi were relatively older thrombi (ILT ggjeases Ill and 1V), twofold
that of the male thrombi (43%). A pronounced lower elastinteat was identified for the
intima-media composites of the male AAA walls, whereas fieradA walls had signifi-
cantly lower dry weight percentages of collagen. Regardimical factors, nicotine pack
years, serum creatinine and AAA expansion rate were four tmuch higher for male
patients. These findings may help to explain higher risk&\#aA growth in males and the
ruptures of smaller sized AAAs in females.

5.1 Introduction

Gender differences in abdominal aortic aneurysms (AAAsEeHzeen extensively inves-
tigated and discussed by a variety of previous studies [88,39, 172]. It is well known
that male gender is more susceptible to developing an AAR aprevalence of 4.1 male
to female ratio [171]. However, females have significandigtér growth rates [128, 172]
and greater proportional dilatations [54] when compareti wiales. Reasons for gender-
related differences remain unclear [87]. A rodent expenitalemodel [3] implied that the

85
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estrogen-mediated reduction in macrophage matrix metateinase (MMP)-9 produc-
tion in females was a main trigger for the disparity. Manydsts also focused on the effect
of gender on the risk of AAA rupture indicating that femal@slhthree to four times higher
risks of aneurysm rupture than men [19, 20], as well as a highgportion of ruptured
versus elective repair [19, 167].

Recently, finite element analysis [101] was used to compua& pell stress (PWS) and
peak wall rupture risk (PWRR) with a gender perspective showiagPWRR is slightly
higher in females. To date, a few studies describe the infleiehgender on the biomechan-
ical properties of AAA. The first and the only paper in thisdi@as conducted by Vande
geest et al. [190] The authors performed uniaxial extent&sts to investigate the ultimate
tensile strength of AAA wall tissue between different gensdgiggesting that there was a
trend toward a decrease in wall strength of females as cadpamales. However, infor-
mation was lacking about the orientations of their rectdarggpecimens and more impor-
tantly, the mechanical behaviors of AAA wall tissue undeitiraxial loading conditions
for males and females remained unknown. Recently, the imtialal thrombus (ILT) has
received more attention in numerous AAA studies [84, 183,199, 204]. In particular,
relative thrombus age first proposed by our lab [184], is gooirtant factor to assess the
strength of the wall underneath the ILT. This motivates dtoreto explore gender dif-
ferences in the biomechanical properties of tissues ceriaglthrombus age. Moreover,
there is a need to quantitatively determine the mass fradti@lastin and collagen within
the male and female AAA walls.

The present study focuses on four aims: (i) we explore theenfie of gender on the biax-
ial mechanical responses and the dissection propertiestbftbe ILT and the thrombus-
covered wall; (ii) we focus on the distributions of the relatthrombus age for male and
female patients; (iii) we investigate gender differenceth wespect to mass fractions of
elastin and collagen within AAA wall tissues; (iv) we compaome key clinical factors
between male and female patients in order to examine whgdreter difference matters
or not.

5.2 Materials and Methods

5.2.1 Patient population

This study included 90 patients (mean aget6B3 yrs, 78 males and 12 females) who
underwent open surgical aneurysm repairs from Novembe8 200March 2012 at the
clinical department of vascular surgery, LKH Graz, Austhite that 61 male and 9 fe-
male aneurysms (out of a total of 90) were asymptomatic andafe @ineurysms were
ruptured. Use of the material was approved by the Ethics CtteeniMedical University
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Graz, Austria. All samples including the ILT and the throrsfmovered wall were pro-
cured from the anterior portion of the aneurysm and stor&libecco’s Modified Eagle’s
Medium (DMEM) after retrieval. The maximum AAA diameters igeobtained from CT
scan images. The maximum ILT thicknesses were measurerkatdiiferent locations of
the thickest part for each ILT sample and then averaged. Tdenmwall thicknesses were
guantitatively measured by a PC-controlled videoextensemme

5.2.2 Biomechanical tests

Details of specimen preparations and the experimentabpots for biaxial extension and
peeling tests have been described in the previous studiésrgyet al. [184,187]. Peeling
tests quantitatively determine energy required to profgagalissection in a tissue [187].
Briefly, rectangular strips were cut with a uniform dimensanl8.0 x 6.0 mm (length

x width) and were further given an initial cut (incision of alhd0-3.0 mm in length)
using a surgical scalpel in order to better control theatibin of the tissue failure. Hence,
two ‘tongues’ were obtained for mounting them into a PC-aalted, screw-driven high-
precision tensile testing machine. The tests were exeaatptiosphate buffered saline
solution at 370+ 1.0°C and the extension rate of 1 mm/min was maintained throughou
the test. In the current study peeling tests were performelissect the material (i) within
the individual ILT layers, (ii) through the ILT thicknessdfiii) within the aneurysm wall
underneath the thrombus. For more details of the protoedtwerelevant sections in a very
recent study [185], which provides the quantified dissectiata for the current work..

5.2.3 Biomechanical data analysis

The Cauchy stress and the stretcih were computed to quantify the biaxial biomechan-
ical responses of the tissue. The mean peak stretch (MP&s/@lp max, AL,max) for the
three individual ILT layers and the thrombus-covered AAAllg/én the circumferential
and longitudinal directions were recorded. The maximungéatial modulus (MTM), de-
fined as the slope of the nonlinear stress-stretch curve aéximum load, was calculated
for each patient and further averaged to assess stiffné®g at B | = 20 kPa for the ILT
and atPyg = B = 150 kPa for the AAA wall. For the peeling test, the force/\migtalues
denoted byFpc andF, were measured and averaged for the circumferential andtiong
dinal strips, respectively. Further, the dissection eygrer reference area, siydissect
during the (circumferential c and longitudinal I) peelin® (vas quantified by subtracting
the elastic energw®2s!from the external workVe<, i.e. Wissect— (Wext_welastio /| ..
and  Wgissees (Wext—wiglastig /1 ), wherel e andLy denote the reference lengths of
the strips in the circumferential and longitudinal direas, respectively. The way how the
elastic energy and the external work during the peeling amepeited has been described
in a previous study [187].
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5.2.4 Thrombus age determination and mass fraction analysis

Current techniques of thrombus age determination withiA#A are used to characterize
microstructural changes in histology; for details of thetmoels see the related studies
[84,184].

The mass fraction analysis in the current study quantéhtidetermined dry weight of
elastin and collagen within the intima-media and the adiiardf the AAA wall. Tissues
were frozen in liquid nitrogen and homogenized by grindimg@ imortar with a pistil. The
wet and dry weight after reaching constant weight by drymg3 to 4 days at 10% of
the homogenate were determined, respectively.

Elastin quantitation was performed with the fastin elaassay (Biocolor, Carrickfergus,
UK) following the manufacturer’s instructions. Essenyiaklastin was extracted three
times from the dried tissue homogenates with“XD@ot 025 M oxalic acid for one hour.
Elastin precipitated by trichloroacetic and hydrochla@aad was bound to the dye 5, 10,
15, 20-tetraphenyl-21H,23H-porphine tetra-sulfonate msolubilized in guanidine HCI
for spectroscopic analysis at 513 nm. Elastin amounts walailated from a standard
curve determined by co-processing elastin standards.6f 19, 25, 35 and 50g.

Collagen analysis was performed by following published pdaces [149]. Essentially,
collagen was hydrolyzed by 2M NaOH for 20 min at 121in an autoclave. Released
hydroxyproline was oxidized by Chloramine-T. Addition ofrith’s reagent resulted in a
chromophore that was analyzed by spectroscopy at 550 nntokdyakoline amounts were
calculated from a standard curve determined by co-praogssidroxyproline standards
of 0-20ug. Collagen amounts were calculated from its hydroxyprotioetent of 125%
[41].

5.2.5 Clinical factors

The study included 90 patients undergoing open abdomirealrgam repair. All patients
had a preoperative abdominal aortic computed tomography ¢€an. Patients’ data were
collected prospectively after being admitted. Informatwhich entered into the database
included patients demographics, body mass index, histmiyding nicotine use, comor-
bidities including hypertension, diabetes mellitus, agmid dysfunction, preoperative clin-
ical data and results from the computed tomography.

5.2.6 Statistical analysis

All results were statistically reported as mea®D. The Shapiro-Wilk and the Kolmogorov-
Smirnov tests were utilized to determine the data normaligmparisons of the quantita-
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tive values between males and females were performed by tlsnStudent’s t-test and
Chi-squared test. A p-value of less tha@®determined significant.

5.3 Results

5.3.1 Patient data

Comparisons of age, maximum AAA diameter, maximum ILT thiegs and wall thick-
ness between 78 male and 12 female patients are documeniaflen5.1. Males were
significantly younger g = 0.01) and had larger AAA diameterp & 0.03) than females.
No significant difference was found in either the maximum thitkness p = 0.21) or the
wall thickness p = 0.11) between male and female.

Table 5.1: Data for age, maximum AAA diameter, maximum ILiCkimess and wall thick-
ness for maler{= 78) and femaler(= 12) patients.

Male (h=78) Femalerf=12) p-value
Age (years) 66+11 75+ 6 0.01
Max. diameter (cm) 5.9+0.9 53+0.6 0.03
Max. ILT thickness (cm) 2.3+0.8 20+0.5 021
Wall thickness (mm) 2.6+0.6 23+04 011

5.3.2 Biomechanical properties

The Shapiro-Wilk and the Kolmogorov-Smirnov tests showwat the MPS and MTM
values and the dissection energy were normally distributed

Biaxial mechanical responses

For that part a total of 45 male and 7 female samples weredtesig analyzed. The mean
biaxial mechanical responses of the luminal, medial, ablafayers and the thrombus-
covered walls considering gender differences are showigirbEL. The relevant MPS and
MTM values in the circumferential and longitudinal direxts for males and females are
summarized in Table 5.2. The circumferential and longitatiIMPS of both luminal and
medial layers and the longitudinal MPS of the thrombus-oedevall were significantly
larger for females than those of males (allalues less than.05). The luminal layers of the
female thrombi and the female AAA walls showed a significatdiver MTM (p = 0.04
vs. 003) in the longitudinal direction when compared to males.
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Figure 5.1: Gender differences for the mean biaxial medahnmesponses of the lumi-
nal, the medial, the abluminal layers and the thrombus+eavalls. Circ and
Long represent circumferential and longitudinal directiprespectively.

Dissection properties

We performed peeling tests to dissect 33 male and 5 femalpleanGender differences
in dissection energy of the individual ILT layers, througle ILT thickness and within the
thrombus-covered walls are shown by column plots in Figs. 53 and 5.4, respectively.
The computed dissection energy values for males and feraadessimmarized in Table 5.3.
No significant difference was found in the energy betweereraall female to dissect the
individual ILT layers. A statistically significantly loweznergy to propagate a dissection
(subsequently called ‘fracture energy’) was quantifiedigsect within the intima-media
composite for female when compared to males (circumfakrgi= 0.01; longitudinal:
p=0.04).
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Figure 5.2: Gender differences in the dissection energynduhe peeling within the indi-
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Figure 5.3: Gender differences in the dissection energynduhne peeling through the ILT
thicknesses. Male and female are represented by M and Eatasgly.
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Table 5.2: Mean peak stretCAdmax ALmax) and maximum tangential modulus (MTM)
values (Meant+ SD) between male and female for the equibiaxial stress-
controlled protocol Rgg = R = 20kPa) for the luminal (= 46), medial
(n = 40), abluminal layersn= 23) and for the equibiaxial stress-controlled
protocol Pyg = AL = 150 kPa) of the thrombus-covered walts=£ 27).

Male (h=39) Femalert=7) p-value
A6, max 1.16+0.05 120+0.03 004
Luminal AL max 1.12+0.03 115+ 0.02 002
MTMg (kPa) | 196+48 161+ 31 007
MTM_ (kPa) | 290+52 246+ 39 004

Male (h=33) Femalert=7) p-value
A6, max 1.23+0.04 127+0.03 002
Medial AL max 1.20+0.05 125+0.03 002
MTMg (kPa) | 143+35 125+ 29 021
MTM_ (kPa) 158+41 130+ 32 010

Male (h=17) Femalerf=6) p-value
A6, max 1.28+0.04 130+0.03 028
: AL max 1.30+0.05 133+0.03 018
Abluminal MTMg (kPa) | 110+ 33 101+ 21 054
MTM_ (kPa) | 105425 93+18 029

Male (n=21) Femalef=6) p-value
A6 max 1.08+0.03 110+ 0.02 014
AL max 1.11+0.04 115+0.02 003
Thrombus-covered wall -\ “vipay | 8.8+25 6.7+18 0.07
MTM | (MPa) 6.3+21 41+16 0.03

5.3.3 Thrombus age

Four relative thrombus age phases, namely phase | (very)frpbase Il (young), phase
[l (intermediate), phase IV (old), were proposed to ddserihe ILT evolution within
the AAA; relevant histological characteristics for eacle gupase were summarized in a
previous study [184]. In the current study the thrombus ajé&®8 ILT samples were de-
termined by histology, which consist of 4 fresh, 36 young,ir2rmediate and 16 old
thrombi. Within each thrombus age phase, the number of gatend their percentages
with respect to the total number of male and female are shovg. 5.5. Approximately
82% of female thrombi were relatively old thrombi (ILT agegses IIl and 1V), twofold
that of the male thrombi (43%).

5.3.4 Mass fraction

Mass fractions of elastin and collagen within the thrombogered intima-media compos-
ite and the adventitia for male and female patients are shiovhre Figs. 5.6 and 5.7, re-
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Figure 5.4: Gender differences in the dissection energinduhe peeling within the ad-
ventitia and the intima-media composite of the thrombugeoed walls. Circ
and Long represent the circumferential and longitudina¢ations, respec-
tively. Male and female are represented by M and F, respgtiv

spectively. Within the thrombus-covered intima-media posite, a mass fraction analysis
shows that males have a significantly lower dry weight pdeggnof elastin than females
(male: 48%+ 3.4% vs female: 8%+ 2.9%; p = 0.04), see Fig. 5.6. However, the dry
weight percentage of collagen in that composite is sigmitlgahigher for males when
compared to females (male: BS+ 5.9% vs female: 18%+ 5.1%; p = 0.03). For the
thrombus-covered adventitia, there is no significant céffiee in the mass fraction of the
elastin between male and female (mal&9%+ 3.5% vs female: 1®%+ 3.1%; p = 0.33),
see Fig. 5.7. However, males have a statistically signifigéngher dry weight percentage
of collagen than females (male: . 3%+ 6.3% vs female: 13%+ 4.5%; p = 0.03).

5.3.5 Clinical factors

The data of clinical presentation, nicotine abuse, bodysnradex, concomitant diabetes
mellitus, renal function, chronic obstructive pulmonaiyedse, hypertension, AAA shape
and expansion rate are shown in Table 5.4. All patients haistari of hypertension.
There was no significant difference between male and fenadileris regarding the clinical
status of the aneurysm at the time of operation, body magsxjmiesence of concomitant
diabetes mellitus, chronic obstructive pulmonary disehgpertension and AAA shape.
However, male patients showed significantly higher nicotbuse represented by pack
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Table 5.3: Gender differences in the computed dissectierggrimJ/cm) during the peel-
ing tests within the individual ILT layersn(= 33), through the ILT thickness
(n = 22) and within the thrombus-covered walfs=€ 29). The circumferential
and longitudinal directions are denoted by c and |, respelgti

Dissection energy (mJ/ch

Male (h=28) Femalerf=>5) p-value

. c 50+1.2 41+0.8 0.12
Luminal | " s 43+0.7 012
L . c 47+1.1 40+0.7 0.18
Within the ILT layers Medial | 50413 38409 0,08
. c 23+0.8 18+0.7 0.23
Abluminal | " ' g 21406 0.82
Male (h=18) Femalef=4) p-value
. Luminal 52+11 47+0.7 0.39
Through the ILT thickness Medial 37412 41406 053
Abluminal 2.3+05 19+0.6 0.23
Male (h=24) Femalerf=5) p-value
Adventitia c 95+15 86+17 0.25
Within the thrombus-covered wall ! 8.9+0.9 82+11 0.15
Intima-media c 54412 394+0.6 0.01
| 6.9+16 534+0.7 0.04

years p = 0.03), value of serum creatiningg & 0.002) and AAA expansion ratep(=

0.026).

5.4 Discussion

Data in Table 5.1 clearly indicate that the age of femaleepddi is significantly higher
than that of males. However, the maximum AAA diameters wiatssically significantly
smaller for females when compared to males. With a gendeppetive, a lower AAA
diameter did not indicate a relatively lower risk for fempkgients in determining elective
surgical repairs since normal aortic diameter of females a/erage 2 mm smaller than
that of males [102,174]. Instead, the relative AAA diametgrich is defined as maximum
AAA diameter versus normal aortic diameter, was suggesed@ometrical factor for the
rupture risk assessment [100]. There was no significargréiffce in either the maximum
ILT thickness or the wall thickness between male and femdt#te, however, that the
AAA has a significant regional variation in wall thicknesg§l. Since the wall samples in
the current study were obtained from the thrombus-covergibns, our results cannot be

applied to the whole AAA.

For the biaxial mechanical responses of the luminal laylkescircumferential and longitu-
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the total number of male and female within each thrombus &gse Male
and female are represented by M and F, respectively.

dinal MPSAg max @andAL max Of females were significantly larger than those of males (see
Table 5.2). The MTM in the longitudinal direction was fourtzdlde significantly smaller
for females when compared to males. These results suggeshéehluminal layers of the
female thrombi are more extensible during biaxial extemsind generally weaker in the
longitudinal direction as compared to males. Although tHeSWwf the medial layers in the
circumferential and longitudinal directions are signifitg larger for females, there was
no significant difference in MTM values between genders. Aticmous increase in the
extensibility and a decrease in the stiffness from the laio the abluminal side were
observed in the biaxial mechanical behaviors of the ILT [184 the weakest layer in ma-
terial stiffness, the MPS and MTM values of the abluminaglayin the circumferential and
the longitudinal directions are not influenced by genderitke thrombus-covered walls, it
appears that females had a statistically significantlyelavalueA, max but a significantly
lower value MTM. when compared to males, suggesting that aneurysmal werigitr in
the longitudinal direction is (much) weaker for female tHanmale. In contrast, gender
differences were not observed in the mechanical resporigas aneurysmal wall tissue
in the circumferential direction. These results imply ttreg male and the female thrombi
might have different wall weakening effects, which need#er investigations.

As can be seen from the Figs. 5.2, 5.3 and the Table 5.3, ndisan difference was
found in the energy between male and female to dissect thadndl ILT layer (i.e. lu-
minal, medial and abluminal) and through the ILT thickndd®ereover, the dissection
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Figure 5.6: Mass fractions of elastin and collagen withia thrombus-covered intima-
media composite for male and female patients. Significaffiérdnces are
noted for the dry weight percentages of both elastin anéget between male
and female.

properties of the ILT are not direction-dependent for malé female. Based on these ex-
perimental data, it is, therefore, suggested that genéfereices are not shown in the ILT
dissection properties. It should also be emphasized tleahthivo ILT dissection occurs
in a more complex and potentially dynamic mechanical emvivent. Many factors may
directly (or indirectly) influence the dissection initiati and propagation of the ILT within
the AAA, and hence the gender differences might exist. Algiothere is no significant
difference in the dissection properties of the thrombugeoed adventitia between male
and female in both circumferential and longitudinal direes, a statistically significantly
lower fracture energy can be quantified to dissect withinititiena-media composite for
female, as compared to male (see Fig. 5.4 and Table 5.3)itBesmore disorganized aor-
tic structure compared to the healthy aorta [23, 84, 126, B8 dissection properties of
the intima-media composite for the male and the female AArksgenerally anisotropic,
which means that more resistance would be given to tisssedtisn along the longitudi-
nal direction.

Further, we compare the relative thrombus age between 6& amal 11 female patients.
Since current techniques in the relative thrombus age méetation do not provide actual
number of days or other time units, the main focus here isatssically analyze the num-
ber of patients for each thrombus age phase and the disbrbwend, which is shown in
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Figure 5.7: Mass fractions of elastin and collagen withia thrombus-covered adventi-
tia for male and female patients. A significant differencaased for the dry
weight percentage of collagen between male and female.

Fig. 5.5. Due to the small size of the female group, it is noanmegful to compare patient
numbers between male and female in each thrombus age pttaaéien their percentages
with respect to total male and female numbers. It appeats8&%4 of the females have
relatively older thrombi (mainly in the age phases Il ang iwvhen compared to that of
males (43%). A consideration of the wall weakening effedhef ILT during aging [184]
would probably suggest that female thrombi are more likeligad to a lower underlying
aneurysmal wall strength as compared to male thrombi. Tindurjustify this assump-
tion, a larger database of female patients and relevantanézdl data for individuals are
needed.

Mass fraction analyses suggest that there is a pronounaed &astin within the intima-
media of the AAA wall for males when compared to females. Hmugthe female AAA
wall has a significantly lower dry weight percentage of apiia. In general, increased
collagen contents is an indicator for increased collagesr tboss-linking, which leads to
a higher stiffness of the wall.

In the current study, 61 male and 9 female aneurysms (out afdf 90) were asymp-
tomatic. Regarding gender differences in the clinical demale patients had (signifi-
cantly) lower values of nicotine pack years, diabetes andlinction (serum creatinine)
and AAA expansion rate, see Table 5.4. It is well known thabtine abuse is the main
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Table 5.4: Gender differences for the clinical data of 90 Apaients;*p < 0.05.

Male (n=78) Femalerf=12) | p-value
asymptomatic 61 9
Clinical presentation| symptomatic 12 3 0.51
ruptured 5 0
Body mass index 26.3+35 262+4.5 0.91
Nicotine (pack years) 46.7+516 188+189 0.03
Diabetes mellitus 11 3 0.28
Serum creatinine (mg/dl) 1.26+0.64 092+4+0.22 0.002
Chronic obstructlve 11 ° 0.68
pulmonary disease
normal 1 0
Hypertension controlled 51 11 0.19
poorly controlled 26 1
fusiform 68 10 0.49
AAA shape saccular 10 2
AAA expansion rate (mmlyear) 54+24 33+1.0 0.026°

trigger to cause elastin loss of human aortas, which caneghto aneurysmal develop-
ment. From this point of view, females show a lower risk of@leping AAAs than males.
According to clinical experience, rupture is more freqliemissociated with large and
rapidly growing aneurysms and both parameters are significhigher in males. How-
ever, these two clinically observed parameters cannot pkeato rupture risk prediction
for females, since the female AAA walls show statisticaligngficantly lower (longitu-
dinal) tissue stiffness. Future effort is merited to theimptation of treatment strategies
and to develop a more reliable rupture prediction systene@ally for female patients.
Therefore, advanced data analyses of female patientsgirly hecommended.

5.5 Conclusion

In summary, the luminal layers of the female thrombi are,eneyal, less stiff when com-
pared to males, while there is no significant difference ssue stiffness for the medial
and abluminal layers between males and females. The AAAstrahgth in the longitu-
dinal direction is significantly lower for females than fomlas. Gender differences are
not shown in the dissection properties of the ILT and the atitra within the thrombus-
covered wall. However, a significantly lower fracture eryegyquantified to dissect within
the intima-media composite for females when compared t@sn#&ccording to the rel-
ative thrombus age, 82% of female thrombi are in the age ghidlsand IV (relatively
older ILT), which is much higher than those of male, i.e. 43%@reover, female AAA
walls have significantly lower dry weight percentages ofaggn, and a pronounced lower
elastin content is identified for the intima-media compsit male AAA walls. In terms
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of key clinical factors, males have significantly higheratine pack years, serum creati-
nine and AAA expansion rates than females, which relatedio thgher risk of developing
AAAs. These findings provide a more comprehensive undeaisigrof gender differences
in the AAA lesion and may explain higher risks of AAA developnt and rupture from a
gender perspective.
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6 RECENT ADVANCES IN THE BIOMECHANICS OF
ABDOMINAL AORTIC ANEURYSMS

Abstract An abdominal aortic aneurysm (AAA) is a vascular pathologyaiated with
permanent and irreversible localized dilatations. An eatied AAA may lead to an even-
tual rupture with a high mortality rate. In recent studiesiiomechanics of AAA has been
widely used to assess the rupture risk. In this review chafite biomechanical proper-
ties of aneurysm tissues including the intraluminal thramhre first discussed. Benefits
are reaped by a comprehensive understanding of the inflirtbese properties on the
AAA growth and remodeling, from a biomechanical point ofwié\ subsequent section
briefly summarizes and compares corresponding materiatlmad AAA, as derived in
recent studies, which plays a key role in providing a mornabé& rupture prediction using
computational techniques such as the finite element methdte section on predicting
the rupture risk, our effort is devoted to the review of aseof representative studies that
were documented in the literature over the last decade. iHoeskion primarily focuses
on a wide range of important findings and developments basecerimental and com-
putational investigations. Regarding histology, paricudttention is given to a possible
way of thrombus age determination, a new topic in the bioraeidal AAA research. The
final section provides a brief summary of the current sitratf AAA biomechanics and
discusses some topics which may be relevant in future refsear

6.1 Introduction

Abdominal aortic aneurysms (AAAs) are localized, balldike- dilatations of abdomi-
nal aortas that exceed the normal diameter by more than 50%.vascular pathology
primarily occurs in the elderly male population [52, 142h Antreated AAA may be at
high risk of rupture, which has an overall mortality rate @tween 75 and 90% [52].
The decision to electively repair AAA is frequently detenmd by the likelihood of rup-
ture, which is mainly based on the unreliable ‘maximum digmneriterion’, i.e. 5-55 cm.
Other factors such as aneurysm expansion rate [177], pelistngss [105, 204], and
geometrical factors [37] of the aneurysm are also consilereassess the AAA rupture
potential. However, no reliable criterion can yet predns tisk of AAA rupture and help
in the final clinical decision. A very recent study by Malkastial. [115] demonstrates that
patient-specific biomechanical factors may be more rediablpredicting AAA rupture
than currently available clinical and biochemical paraaret

101
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From a biomechanical point of view, AAA rupture is a mechahfailure of the aneurysm
wall, which occurs when the peak wall stress (PWS) exceedsthéstrength of the aor-
tic tissue. Therefore, the balance between PWS and wallgitres a critical point. The

wall stress distribution has been investigated by manyiesuasing, for example, compu-
tational approaches [48, 147], however, available dataadifstrength are mainly obtained
from in vitro experimental tests [120, 145], which do notnesgent the wall strength in the
physiological environmenih vivo.

Several recent studies have also focused on the intrallithireanbus (ILT), which is a
three-dimensional fibrin structure with blood proteingda cells, platelets and cellular
debris [72]. Thrombus formation is a consequence of platalvation and aggregation,
and is much dependent on the aneurysm shape. As suggesteevinpup investigations
[89, 133, 204], the presence of the ILT alters the wall stdsgibution and reduces the
PWS in AAAs. Owing to the fact that the ILT is usually found a¢ ttupture site of AAAs
[118], its wall weakening effect has also been explored aullessed by a series of studies
[2,93]. For example, Vorp et al. [199] propose that the ILTves as a barrier to oxygen
supply from the lumen, causing a hypoxia of the aortic watlleast of similar importance,
Schurink et al. [164] substantiated that a thrombus withadaneurysm does not reduce
both the mean and the pulse pressure near the aneurysm meathus would not reduce
the risk of AAA rupture from the loading point of view. Thesbservations suggest that
the ILT may increase the risk of rupture for a given AAA morfggy.

Over the last few years, the mechanics of AAA is a focus whashtbeen widely studied, in
particular within the biomechanical community. In thisiesv chapter, we briefly describe
and summarize recent developments in the biomechanics &f AAparticular, we focus
on (i) the biomechanical behaviors of the ILT and the aneuryall, (ii) the relevant
material modeling, (iii) the morphological charactedstiof both tissue types in terms
of histology, and (iv) the thrombus age within AAA. A variety aspects including both
experimental and computational contributions from thelfisyears are also considered.

The content of this article is summarized as follows. Inis&c®, we provide an overview
of the biomechanical behaviors of the ILT and the aneurysih Waat section documents
uniaxial and biaxial mechanical responses of the aneurigsud, failure properties, me-
chanical anisotropy, and microstructural characteratihich are helpful to better un-
derstand growth and remodeling of AAAs. In section 3, we fyadiscuss material models
to characterize the biomechanical behaviors of aneuryssués. The implementation of
more appropriate constitutive relations into finite eletreades would improve the relia-
bility of stress prediction in patient-specific AAAs. Sexti4 reviews some representative
experimental and computational studies based on soptestigpatient-specific models to
predict the wall stress distribution and the rupture riskarpphological characteristics in
terms of the histology is highlighted in section 5, with jpartar reference to the thrombus
age inthe AAA. The final section summarizes the current 8dnand points to challenges
in future AAA research.



6.2 Biomechanical Properties of the ILT and the Aneurysm Wall 103

6.2 Biomechanical Properties of the ILT and the Aneurysm Wall

We present recent findings on the biomechanical propertiggraluminal thrombus and
abdominal aortic aneurysm wall.

6.2.1 The intraluminal thrombus

It has been suggested that the mechanical failure in the &y propagate towards the
weakened aneurysm wall underneath the ILT, and that it cioitidlize AAA failure. In
order to investigate the influence of ILT on the biomechanic8AAs, it is critically im-
portant to study and establish its biomechanical respoWgarg et al. [203] performed
uniaxial tensile tests to evaluate the biomechanical ILdpprties, and three individual
layers (i.e., luminal, medial, abluminal) were identifisdggesting that ILT is a hetero-
geneous, nonlinear elastic and isotropic material. Usoth kiniaxial tensile and fatigue
tests, Gasser et al. [56] reported that the ultimate tesssitngth (i.e., the engineering
stress) of ILT (156, 92 and 48 kPa for the luminal, media andraimal layers, respec-
tively) continuously decreases from the luminal to the abhal side. In addition, it was
suggested that the ILT is a vulnerable tissue against fatigilure, which shows (signif-
icant) decreasing strength under cyclic loading. In restundies, biaxial extension tests
have been extensively used because uniaxial extensiandestot cover the physiologi-
cal loading/stress domain appropriately. For example,dayguplanar biaxial tests of ILT
luminal layers, van de Geest et al. [193] concluded that wih@rial layers behave in an
isotropic manner, which is consistent with the finding ofyiwas uniaxial extension tests.
More recently, our lab reported a set of biaxial data [184hwespect to the three individ-
ual ILT layers and fresh thrombi. When compared with previassilts, we find that there
is a clear indication of mechanical anisotropy for sevemaéstigated luminal layers. We
concluded that the luminal layer of the ILT is, in generalt an isotropic material. The
stiffness of the anisotropic luminal layers in the longitad direction is (much) larger
with respect to that in the circumferential direction or k@ tuminal layers, which be-
haved isotropically, see, for example, Fig. 3.3. Howeuse, ¢circumferential stiffness in
the stresscontrolled protocol (engineering stiegs= A | = 20 kPa) is not significantly
different. Our experimental tests suggest that medial hdanal layers are isotropic, see
also Fig. 3.3. In addition, dark-red fresh thrombi have wemjque characteristics, which
are not layer-specific and homogeneous, and which is in asinvith old and organized
thrombi. Indeed, a fresh thrombus is a very special matesiaich needs to be investi-
gated in more detail. No reference could be found to cleatBrpret the exact age of fresh
thrombi within the AAA.

Based on biaxial extension tests, the average engineerggsstalues to cause the spec-
imens to rupture for the luminal, medial and abluminal |layare determined as 61, 41
and 28 kPa [184] which are much lower rupture values as thosendented previously in
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the literature [56] pointing to the differences in, for exale the methods used for test-
ing (uniaxial versus biaxial testing). To further interptiee mechanical properties of ILT
tissues, a microstructural characterization is requifed.example, we documented [184]
that about 70% of the cracks in the luminal layers were foundgthe longitudinal di-
rection. It is believed that this crack morphology is clgsedlated to the microstructure
of the ILT, i.e. the pore orientations, shapes, and proteimds between two neighboring
pores within the fibrin networks. The three-dimensionalatiral information of the ILT
is not yet available; it may lead to a complex scenario of oigrale stress distributions
under macroscopic loading conditions. As a poroelasti@naf the compressive biome-
chanical properties of the ILT are also investigated, arsd¢udised in a recent study by
Ashton et al. [7] These authors reported the water contetiteohative ILT and a throm-
bus mimic, providing a more comprehensive understandintg gfermeability during the
pressure transmission. These datasets may also serve yasedetence in manufacturing
a thrombus mimic, particularly for experimental evaluaido AAA rupture. Moreover,
as a key index, the thrombus volume is calculated and coeceta AAA growth rate us-
ing both idealized and patient-specific AAA models. In a vezgent study Speelman et
al. [176] concluded that a larger thrombus is associated aihigher AAA growth rate
but with a lower wall stress (Fig. 6.1), emphasizing thatrttexhanical role of the ILT on
AAA growth and remodeling should not be underestimated.

6.2.2 The abdominal aortic aneurysm wall

The AAA wallis a type of degenerated abdominal aortic walichimay also be associated
with atherosclerosis. There is a notable regional vamatio wall thickness to observe, as
mentioned by Raghavan et al. [145], who also measure a fattges range of aneurysm
walls between 336 kPa and3% MPa. Later, biaxial extension tests were performed on
aneurysm tissues [191,192], which allow for more realdéita (when compared with data
from uniaxial extension tests, performed in one directiamd more appropriate material
modeling; especially the understanding of the nature atehéxf mechanical anisotropy
is key.

As presented by Vande Geest et al. [191], the biaxial biomeichal response of the human
abdominal aorta is affected by age. Typically, a higherresttality is observed for younger
tissue, which is less than 30 years. The old group (over 66sy,daowever, shows strong
wall stiffening with much lower peak wall stretch values. éther study [192] details the
effect of aneurysm degeneration on the normal abdominahasihhowing that there is a
pronounced increase of mechanical anisotropy associatactincumferential stiffening.
These findings have a clinical significance to better intetrgisease progression. Available
experimental data show the biomechanical properties afirgam walls [145, 191, 192],
however, from these studies, it is not clear if the wall isered with thrombus or not. It is
important to note here that due to aneurysm wall degeneratid wall weakening effects
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of the ILT, the biomechanical properties and the histolabgtructure of the thrombus-
covered wall may be remarkably different from that of a thboist+free wall, even in the
same AAA. Hence, the biomechanical properties may vary irgaifscant manner for
different types of AAA walls. Previously, Di Martino et all20] showed that the tensile
strength of ruptured AAA tissues is significantly lower tithat for an electively repaired
AAA tissue, suggesting that AAA rupture is associated wibhtia wall weakening. Our
recent experimental results [184] demonstrate that ttmrthus-covered walls exhibit ex-
ponential stiffening with loading and anisotropic respes)svhere the wall is stiffer in the
circumferential than in the longitudinal direction, sea, é&xample, the set of symbols in
Fig. 3.4 as previously shown.

This finding is basically in agreement with an early studyf@ened by Vande Geest et
al. [192]. Compared with data from the normal aorta, the welesing can be attributed to

the destruction of elastin and the failure of the collagessHinkage [32]. In addition, we

verified that there is an increase in wall anisotropy wherthih@mbus gets older. Thereby,
a weakening of the wall occurs in the longitudinal directi®his conclusion is obtained

by comparing the biaxial biomechanical responses betweearteurysm walls covered by
younger thrombi and the relatively older thrombi. Note ttiet biomechanical properties
of aneurysm walls strongly depend on the AAA location, ahdréfore, it is not possible

to characterize a general biomechanical behavior of vealigs simply by using empirical
experimental data and material parameters. Deriving ipasigecific datasets, which are
based on realistic geometries, is a prerequisite for relimabmerical stress predictions.

6.3 Material Modeling

Several material models regarding the ILT and the AAA walldhbeen proposed [10,153,
191-193, 203]. In regard to the biaxial mechanical respafighe ILT, Vande Geest et
al. [193] proposed an isotropic strain-energy funct$of the form

W= Z)Z)a” 1-3)'(12-3), (6.1)

whereag;j are material constants ahgdandl; are the first and second invariants of the left
Cauchy-Green tensor, respectively. This model was designetaracterize the mechani-
cal data of luminal tissues, however, it can also be used weirtbe medial and ablumi-
nal tissues. More importantly, the authors fitted the igotr@onstitutive relation (6.1) to
luminal tissue data obtained from uniaxial and biaxialgeand they identified different
material parameters, underscoring the importance of wierquate experimental methods
when deriving constitutive relations to describe certagchanical phenomena.

For the aneurysm wall, Vande Geest et al. [192] implementsttaan-energy function
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Figure 6.1: Change in (99-percentile) wall stress due tanlmwes versus the relative throm-
bus volume for patient-specific abdominal aortic aneurysodefs, and for
idealized AAA models. Reproduced from Speelman et al. [176].

for the canine pericardium to fit their AAA biaxial data, argy suggested simultane-
ously that the four-parameter Fung elastic model is not abfé the biaxial AAA data
with physically realistic parameter values. Since AAA tiss exhibit an anisotropic ma-
terial response, later, Rodriguez et al. [153] developedistanvariant-based model and
stressed the need to utilize anisotropic modeling appesmachthe AAA simulation. An-
other related study was conducted by Basciano and Kleirest{@0], who modified the
model by Holzapfel et al. [79] to better capture the nonlimead anisotropic mechanical
responses of aneurysm walls. Our recent work [184] emplayschain-energy functiot,
which was based on a model developed for arterial walls [Z)&.

W= u(|1—3>+E—i(exp{kz[(l—m(ll—3)2+p<l4—1)2]}—1>, (6.2)

whereu > 0 andk; > 0 are stress-like parameters with dimension (kPa)@ad0, 1] and

ko > 0 are dimensionless parameters. In this material mpdelesponsible for regulating
the low loading domain, whilé&; andk, represent the load bearing capacity in the high
loading domain. The value @fis a measure of mechanical anisotropy, and it may ‘switch’
between isotropy and anisotropy. Moreover, the invaribnasdl, can be expressed as:

1 =A24+A3+A2, l4=A2coSd +AZsirt ¢, (6.3)

whereA; Ag and A; are the principal stretches in radial, circumferential aral direc-
tions, respectively. In Eq. (6.3} is the angle between the fiber reinforcement and the
circumferential direction of the AAA. Here, howevaelr,is treated as a phenomenological
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variable since structural orientations were not investidan the ILT and the thrombus-
covered wall. The material model (6.2) is able to fit the threividual layers of the ILT
very well, with a mearR? of 0.92+ 0.05, 093+ 0.04, 093+ 0.04 and 094+ 0.03 for the
luminal, medial, abluminal and the fresh thrombus, respelgt The model (6.2) is also
appropriate to characterize the biaxial biomechanicgdaeses of the thrombus-covered
walls with a ‘goodness of fit’ of @3+ 0.04. Hence, this material model is able to capture
the biaxial biomechanical behaviors of both the ILT and thewsysm wall. The repre-
sentative model results are shown in the Figs. 3.3 and 3.4lasairves, and averaged
material parameters are then used to predict the mean-stressh responses of the ILT
and the thrombus-covered wall, Figs. 3.6 and 3.7, respdgtiv

6.4 Prediction of Rupture Risk

Finite element analysis plays an important role in the exada of the rupture risk, and
may help to reduce aneurysm mortality and unnecessaryivele®AA repair in future.
In the majority of recent computational studies [9, 48, 58,204, 210], multiple factors
such as the 3D structure of ILT, the patient-specific geoméie anisotropy of the wall
and the fluid-structure interaction, to a great extent, oued the reliability of the finite
element simulations in this field. However, much remainseéadbne, in particular, the
incorporation of the mechanobiology is of pressing need.

It seems that Wang et al. [204] were the first who examinedttiepresence of ILT af-
fects the AAA wall stress magnitude and distribution in at®D patient-specific models
(Fig. 6.2). This study reminds that the ILT should be incllidie a patientspecific geo-
metrical reconstruction. The latest study [59] in this relgghow similar results as Wang
et al. [204], namely that the presence of ILT reduces the PW& iconsidered patients,
who were divided into two groups according to aneurysm peahsierse diameter, i.e.
intermediate group (5-7 cm) and large group{cm). A linear correlation between rela-
tive ILT volume and peak wall stress was determined for thermediate group, whereas
no such correlation was found in the large group. This is goontant finding, which re-
veals that the effect of ILT on the reduction of PWS may varyhtite AAA size. Based
on a realistic patient-specific geometry, choosing ther&xit material model is critically
important for the accuracy of stress distributions.

For example, Rissland et al. [151] compared isotropic ansloiripic material models in

patient-specific geometries, and showed that anisotroptemal models have larger and
broader ranges of stress values when compared to isotrayaels(Fig. 6.3). That study

indicates that isotropic material models may lead to stpesdictions that underestimate
the risk of rupture.

In a recent computational study both the ILT and the AAA wal eonsidered as porous
materials [9]. Porohyperelastic finite element models ofA&Aesult in a 194, 401 and
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e

Figure 6.2: Four AAA models with different ILT configuratisnThe lumen through the
ILT is indicated by a black mesh so that the remaining mdtéeaween the
mesh and the AAA wall is the ILT. Reproduced from Wang et al4]20

81.0% increase of the maximum principal wall stress when coeth&w the correspond-
ing hyperelastic simulations for maximum diameters of 3a#d 55 mm, respectively
(Fig. 6.4).

Considering the porous microstructure of the ILT, which isyameaningful for certain
ages of the thrombi, a porohyperelastic material model issrappropriate than nonlinear
elastic models. However, it also requires more microstmatct(mechanical) data of the
material within a physiologically relevant environmentt as considered in the computa-
tional study [9].

In AAAs, calcifications frequently exist in atherosclemkesions within the intima or at
the interface between the intima and the media. The influehtiee calcification on the
wall stresses has been discussed by recent studies [112REffesentative CT images
of three patients with contour lines of the lumen, the ILT dimel calcification are shown
in Fig. 6.5. Due to the calcification, the average stressiwitie wall is reduced by .9
to 592%, indicating a significant load-bearing effect of the dadation. If neglecting
calcification in patient-specific simulations, results nkegd to misinterpretation of the
AAA rupture risk.

Compared to the wall stress distribution, the AAA wall strgndistribution is not given
the same amount of investigative attention. For the purpbaeclinical assessment of the
AAA rupture potential, there is a need to develop a nonimeasiethod to predict/calculate
the wall strengthin vivo. It seems that the paper by Vande Geest et al. [195] was the
first which documents a noninvasive method to determinedtieqtspecific wall strength,
which is a promising technique in this aspect. Therein, a&g#ized statistical model was
constructed by considering noninvasively measurabl@klbes such as age, gender, smok-
ing status, family history of AAA, AAA size and ILT thicknesstc. .. Using linear regres-
sion techniques, the statistical model is able to estinteemall strength which matches
the measured wall strength. However, one typical limitafior such a statistical model
is the range of data from which the statistical model was wooted. For example, some
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Figure 6.3: Patient-specific von Mises wall stresses at pgatolic pressure for isotropic
and anisotropic models considering the ILT. Reproduced fRissland et al.
[151].

variables such as the age or the AAA size may be outside tige @frdata, which may lead
to unreliable prediction of the wall strength. In order t@i@hthis limitation, a very large
number of patients covering the whole range of possibleigi@dvariables is required.
Moreover, this statistical model does not consider indigidfailure mechanism of AAA
samples. This may also lead to an incorrect estimation ahthi&’o wall strength.

The recent study by our lab [184] proposed a new ingrediemtiwimay be very helpful
to enrich computer models and to refine the accuracy of giedidhe new ingredient is
thrombus age, which is currently determined by using msmale morphological charac-
teristics. Relatively older thrombi, for example, conttéto wall weakening and to an
increase of the mechanical anisotropy of their coveredswate thrombus age provides
new information to the examination of the strength of themhibus-covered wall. Cor-
responding mathematical models, if developed, may be miamto link patient-specific
ILT properties to the AAA wall strength.

Using refined experimental and computational techniqueeesstudies [38, 39] were also
performed to better identify the rupture location of AAA, ih has a great clinical sig-
nificance. In contrary to traditional statistical studi29,[64] on patients regarding rupture
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sites and morphology, Doyle et al. [38, 39] manufactured x@eemental AAA model
with silicone rubber, which was then imaged using CT scans.dh datasets were taken
to generate the 3D geometry, which served within a numenalel utilized for valida-
tion. This experimental model approach is, to our knowledge first concerning both
an arterial wall analogue and a numerical prediction. Tisalte show that the experi-
mental AAA models ruptured at inflection points in the pro&irand distal regions of the
aneurysm sac rather than at regions of maximum diametegs@H).

Of interest is also that the rupture locations are assatiai¢gh regions of high wall
stresses, which were computed numerically. Despite thegdm{js, a cyclic pulsatile pres-
sure to which the AAA is subjectdad vivois neglected. Instead, static air pressure is uti-
lized to pressurize the inner surface of the experimentaAAvodel to cause the rupture,
which is a limitation. Besides the biomechanical factors #fsuch as the wall stress
and the strength, the rupture location is also closely taied with the aneurysm shape
(i.e. fusiform, saccular, spherical, hourglass, etc. ng the hemodynamic environment
induced by the blood stream within the different AAA georestr However, the imple-
mentation of aneurysm shape and the hemodynamic envirdnm#re above mentioned
experimental model is difficult. It should also be emphassithat the wall thickness is not
necessary a critical factor to trigger rupture, althougmay significantly influence the
level of wall stress. Thus, an in vivo rupture does not near@goccur at the thinnest wall
region.

6.5 Histology

In this section, we mainly focus on a possible approach terdehe the relative age of a
thrombus within the AAA. Data of thrombus age are lackinghe titerature, especially
for the ILT within AAAs. It seems to be impossible to make araeixestimation of the
thrombus age (for example, in days), since there is no vésilié reaction for most speci-
mens at all. However, the main components of the thrombaditerals differ in different
specimens, which might be correlated with relative agebrimbus tissues and their me-
chanical properties. Another challenge is that the indigldayers of the thrombi do not
consist of just one component. It is a mixture of diversenfivotic components, however,
it allows semi-quantitative measurements in terms of thepgmmnent percentages.

In our recent study [184], we succeeded in the relative atgiénation of 32 ILT samples
using histological images. In general, the thrombi witlie AAAs mainly consist of four
types of components including (i) erythrocytes, (i) lodibein network with thin bundles,
(ii1) fibrin network with thick bundles and (iv) condensedalirproteins. During all these
stages neither reticulin, fibrotic fibers nor capillariesgavdetected, which is completely
different from thrombi in small veins and arteries [49, 9dpreover, neither collagenous
nor elastic fibers were existent in the ILT.
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Figure 6.4: Variation of stresses with maximum AAA diaméefiar the porohyperelastic
(PHE) and the hyperelastic (HE) models. Reproduced from lagganayajula
etal. [9].

Based on the above-mentioned preliminary investigatiorisuaphase thrombus evolu-
tion within AAA seems to be meaningful. In phase | (very frgghe thrombus forms with
(almost) only the erythrocytes from the blood stream. Itlmhigpntain some other compo-
nents such as loose fibrin network, leucocytes, or throntescput they are all in low per-
centages. In phase Il (young), the fibrin network starts¢avgn a very loose manner and it
catches erythrocytes in between. During this phase, toehirhave a large percentage of
loose fibrin network (thin bundles) which are combined wetlatively lower percentages
of both erythrocytes and fibrin networks with thick bundlesphase Il (intermediate),
the erythrocytes disrupt and proteins are washed out frenfilbhin network. During this
process the fibrin network remains and becomes more cordieviethick bundles. In
the subsequent phase 1V (old), fibrin networks disrupt asluve small proteins are more
condensed as compared to the previous phase. It is notattledlher erythrocytes nor
loose fibrin network with thin bundles are inspected in thiage. Representative histolog-
ical images and statistical quantification of the relatieecentage of cellular contents in
each phase are shown in Figs. 3.8(a)-(d), and 3.9. EvGestaactions of the thrombus-
covered wall show a complete loss of elastic fibers and of ytgsc whereas relatively
more collagen fibers are discerned in the media, as showg# &i8(e) and (f) shows the
morphological characteristics of thick and thin bundleSilain network.

By comparing the maximum tangential modulus (MTM) values lbSpecimens at the
same stress level of 20kPa, it is found that the stiffness®ftlhrombotic material con-
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(a) patient 1, moderate calci- (b) patient 2, severe calcifica- (c) patient 3, extreme calcifi-
fication tion cation

Figure 6.5: Representative CT images of three patients gisglalifferent severities of
calcification and contour lines obtained from 3D image asialyReproduced
from Maier et al. [112].

tinuously increases with thrombus age for each individuallayer. Simultaneously, the
luminal layer may become anisotropic during this aging pssqFig. 3.10). A strong pos-
itive correlation between the ILT thickness and the throsnéage is also observed.

To further interpret the change in the ILT mechanical prapsy we classified all tested
specimens within different age phases. All fresh thrombohg to phase | and almost
all isotropic luminal layers are of phase Il, however, atrigoic luminal layers are ei-

ther of phases Il or IV. Medial layers cover phases II-IV,labluminal layers belong
mainly to phases Ill and IV. For each individual ILT samplee fuminal and medial lay-

ers usually have the same age phase. Initially, the thrambnatterials are very compliant
and isotropic (phase I). Starting from phase Il, they becstiier due to the formation

of the loose fibrin network. In this situation, the thrombe aponge-like materials with
fluid inside, and they are mechanically isotropic. Duringgd I, the thrombi become
much stiffer as the fibrin networks are composed of much #gribkindles. The thrombotic
material can be either isotropic or anisotropic for diffardividual ILT layers. As a con-

sequence of the fibrin network disruption and the more cosetmesidue proteins, the
thrombi are much stiffer in phase 1V, comprising the anispic luminal and the isotropic

medial and abluminal layers.

One possible explanation for the mechanical isotropy ofuh@nal and medial layers in

the phases Il and Il is that the fibrin network plays a domimate in the biaxial stretch-

ing, as compared to erythrocytes or other degraded protiiriag the younger phases.
Importantly, fibrin polymers have a large extensibility aldsticity when compared with
other protein polymers, as described in previous studi@sl[18].

Factors to trigger the mechanical anisotropy of severalrairiayers in the phases Il
and IV can be summarized as follows: (i) differences betwgerthick and thin bundles
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Figure 6.6: Sequence of the process of an experimental mmoptlre including (A) the
inflated model, (B) the initial point of rupture, (C) propagatiof the failure
zone, and (D) complete failure of a silicone rubber model.rBaypced from
Doyle et al. [39].

within the fibrin network, evident from histology, may leaxldifferent mechanical prop-
erties during biaxial stretching. The microstructure nhigé a factor for the mechanical
anisotropy of the thrombotic material, which needs to béhrinvestigated. ii As a scaf-
fold, pore densities, shapes and orientations of the fibeivark in the younger phase
may considerably influence the distributions and deposstiaf residue small proteins in
the later phases. Thus, the older thrombotic material majb&xmechanical anisotropy
probably due to unequal distributions of residue protefing.Shear stresses due to the
blood stream should also be, to some extent, taken into at@wsuch a complex and
potentially dynamic environment, finally leading to thramlith preferred directions.

One limitation of the histological analysis in the work byntpet al. [184] is that the pro-
posed age determination of thrombus does not provide thalaaimber of days but rather
the relative age phases. The main reason is that there idlaacesaction (inflammatory

response) for the ILT to organize the thrombotic materiddiclv differs from thrombi in

small arteries and veins [49, 90]. To the best of our knowdedligere is no current tech-
nique in terms of histology to accomplish that. The propasgoroach of age determina-
tion may further be improved by considering more biocheirfeetors and, besides that,
a full transversal section of the thrombus from the lumerh®mablumen may be helpful
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to explore more morphological characteristics in the higtp and to further analyze the
microstructure of the ILT with thrombus aging.

Regarding the histology of the aneurysm wall, elastin anthgeh are two major fibrous
proteins, which are mainly responsible for the mechanicaperties. It has been long
suggested that elastin degradation is important in deugogneurysm dilatation, while
changes in the collagen structure may lead to aneurysmreuf@8]. Findings from Carmo
et al. [23] show a decrease of elastin cross-links, collagh total protein content in
aneurysm walls. Simultaneously, these authors confirm @ease of old collagen cross-
links, accompanied by a stoppage of new collagen biosyisth€kis interesting finding
is a good supplement to an early study by Dobrin et al. [32qréigng structural changes
of collagen within AAA walls. By focusing on which effect therombi has on the wall
histology, Kazi et al. [93] reported that the aneurysm wallered with thrombus is thinner
and contains less elastin, and is often fragmented. Remigyitdais type of wall also con-
tains fewer smooth muscle cells, more frequent signs ofrimflation, and more apoptotic
nuclei than the wall which is not covered by a thrombus. Hetteethrombus formation
and accumulation of inflammatory cells may lead to a strattumstability of the vessel
wall and an increase of the rupture risk thereatfter.

6.6 Conclusion

In current AAA research, care is particularly taken to pcedanore reliable wall stress
distributions in a biomechanical rupture risk assessmEmis, investigators are striving
to consider a variety of biomechanical factors related toAA#ogression in vivo. These
efforts, associated with advanced imaging and numerichlnigues, have led to an im-
proved estimation of peak wall stresses. In the literatheget is an attempt documented
that makes clear the importance of the wall strength, howeeestudy can yet provide a
reliable strength evaluation, even when evaluations asedan patient-specific models.
In the authors’ opinion, the (mechano)biology, on the fitatp, and then the wall strength
and the individual failure mechanism of AAA are currently mcignificant than wall
stress distributions. Therefore, future work is neededettelb understand the underlying
biology, the failure mechanisms of different aneurysm wadkes, the formulation of more
proper constitutive mechanochemical relations includirgerimental data and the devel-
opment of more sophisticated numerical tools. Once the stahgth can be determined
more reliably, which turns out to be a key point of future isiigations, then a rupture risk
prediction will be more meaningful. The proposed deteriimeof the relative thrombus
age is a new approach in AAA research. Translating this ambranto clinical practice is
an important goal that we have to pursue in the near futureieder, more clinical data
of different patients and a noninvasive methodology towaia the relative thrombus age
are required. Once these targets are reached, clinicalasagof the individual AAA wall
condition such as strength as well as the prediction of negisk, will be more reliable.
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