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ABSTRACT

The extracellular matrix (ECM) of the aorima complex meshwork of elastin, collagen, and
glycosaminoglycans (GAG). Hlsomodulates the mechanical properties of the aorta, which

turn dictate lethal ruptures such as those caused by aneurysm and dissection. Amongst other
roles, aortic stiffnesgontrolst he aortads ability to expand al
which are those existing in the absence of load, affect the magnitude and distribution of the
mechanical stresses throughout the aortic wall. Mechanical stresses can be predicted via complex
computer models, powerful tools that can also provide insight regarding the risk of rupture, given
that ruptures occur when the mechanical stresses exceed the strength of the aorta. While this
dissertation is primarily focused on the effect of GAG on residual stresses, other ECM (collagen,
elastin) and mechanical (stiffnedsictorsare considered to expand our understanding of the
structuremechanics relationship in the aorfehis is importantoecause the ECMindergoes
extensive remodelling during aging and dise&se it is also critically important, as mentioned,

in the context of aortic rupture.

We first explored the mechanical roles of GAG in a finite element model by studying
both the transmural residual stresses and the opening angle (an indicator of circumferential
residual stresses) in ascending (AS) aortic ring models. Both were shown to be modulated by the
GAG content, gradient, and the nature of the transmural distribution. While a heterogeneous
GAG distribution led to the development of residual stresses which could be released by a radial

cut, this was not the case when a homogeneous distribution was prescribed.

Because the GAG distributions used in the first study were based on assumptions, and to
get anin vitro understanding of the ECM role in modulatiregidual stressediomechanical

mechanisms were explored in thoracic aortas freto 5-monthold pigs. In a second study, we



generatd new detailed data on the distributions of collagen, elastin and GAG, throughout the
aortic wall in the AS, arch (AR), and descending thoracic (DT) regions, and established
correlations between the ECM constituents and the opening angle. The strongest correlations
were observedbetween the opening angle and the total collagen:GAG ratiwedl asthe total

GAG content. In line with our firsin silico work, thisin vitro investigation revealed that the

GAG content and gradient modulatecumferentialresidual stresses anduggestedhat the

interaction between GAG and the ECM fibalsoplays a role in regulating residual stresses.

In a third study, we examined the extent of contribution of GAG to circumferential
residual stresses and to the radial compressive stiffness of the aortic wall, as well as the
underlying mechanism through which GAG contribute to the mechanical properties using
enzymatic GAG depletion. GAG depletion was associated with a decrease in the opening angle,
by approximately 25%, 32%,2% in the AS, AR, andower DT regions respectively, and an
increase in the radial compressive stiffness of the AS aorta. Glycation was also associated with a
decrease in the opening angle, in which GAG depletion also had a similar effect. A small loss of
water content was detected after GAG depletion, and the AS region was also associated with a
significant loss of compressive deformation in the inner layer of the aorta following GAG

depletion, suggesting that GAG interact with ECM fibers in their effect on aortic mechanics.

The garnered experimental geometrical data and intramural GAG distributions were
finally used to simulatanimatspecific aortic rings from the AS, AR, and DT regions. The
opening angle response was evaluated in solid matrices assuming one layer, and two layers to
capturethe different mechanical behaviors of the intimadia and the adventitia. A Holmes
Mow constitutive relationship was used and material parameters were obtained by curve fitting

experimental stresstrain curves obtained from biaxial tesiumerical results were evaluated
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by comparing simulatedndexperimental opening angles, revealing a notable overall agreement

between the two.
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PREFACE

This dissertation is structured intareeparts(Opening,In vitro andin silico Investigations, and

Closing) each containing multiple chapters, as outlibelbw:

I.  Opening:

1. Chapter 1: Introduces the dissertation with brief background information and the
rationale, and discusses the main objectives of this work.

2. Chapter 2:Provides the background information and fundamental concepts that
apply to theesearch presented in this dissertation.

3. Chapter 3: Critically reviews the contribution of glycosaminoglycd@®aG) to
aortic mechanics, identifies gaps in the literature and suggests further lines of
investigations.

[I.  Invitro andin silico Investigations:

4. Chapter 4:Establishes and validates a numerical framework that facilitates the
investigation of the impact of GAG on residual stress.

5. Chapter 5:Characterizes the intramural distribution of the main extracellular
matrix constituerst and establistecorrelations between these components and
the opening angle, an indicator of residual stresses.

6. Chapter 6Focuses on gaining a deeper understandfripe mechanical roles of
GAG in the aorta, & well asthe mechaniss through which they regulate
mechanical properties.

7. Chapter 7Introduces animaspecific aortic ring computer models, and evaluates

their ability to capture the contribution of GAG to the opening angle.
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lll.  Closing:
8. Chapter 8: Provides the key aspects of discussion, concluding reuadks

recommendations for future work

This dissertation is comprised of five original articles which | was lead authon. led
the design of theexperimental and numerical protocolthe acquisition of the data
experimentally, numerically and/or analyticalandthe analysis and interpretation of the ddta
alsodrafted the first version of thearticles andvas involved inrevising themcritically andin
making thefinal approvaldecisionof the versions tde considered for submissioAt the time
of submission of this thesisne of the articles was published as a conference proceeding, two
were publishedn journals in the fieldone wasacceptedand one was prepared for submission.
In this dissertation, the content of the publicatiblas beemeformatted to ensure appropriate
presentation and cohesiveness of the document, incluatidgnot limited toabbreviations

adjustmentsteferencing styleandfigure, table sectionand appendix numberingodifications
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1 INTRODUCTION

Background Rationale



1.1 OVERVIEW & RATIONALE
According to the World Health Organization, cardiovascular diseases are the leading cause of

death in the world, accounting for approximately 38% of all global mortajitiesarticularly,

the probability of suffering from an aortic disease continuously increases, carrying a high burden
of morbidity and mortality21 4]. Thoracic aortic aneurysms and aortic dissections cause around
30,000 to 60,000 deaths per year in the UbE.and around 30,000 individuals are diagnosed
yearly in Europg6]. In Canada, nearly 20,000 abdominal aortic aneurysm diagnoses are made
yearly[7], and 9,392 cases of thoracic aortic aneurysm were reported between 2002 and 2014 in

Ontario alond3].

An aortic aneurysm is a localised permanent dilatation of the aorta to more thast 50%
its original normal diameter. The current gold standard used to assess the risk of rupture of an
aortic aneurysm is the aortic diameter, which has been recognized by clinicians as an insufficient
metric[87 10]. Indeed, although the thoracic and abdominal aortas differ in size and morphology,
the same threshold of approximately-5.0 5 c¢cm di ameter i s being use
eligibility for surgery of both aortic region8,9,11,12] This metric also ignores the natural
differences in aortic diameters between sex and/or patients with different bodj4$iz&side
from the methodological challenges associated with the accurate measurement of the aortic
diameter from medical imaging, some aortic ruptures occur below the standard threshold, while
some larger aneurysms do not rupt{8,13] Because ruptures occur when the mechanical
stresses in the aortic wall exceed its local strength, increasingly complex computer models that
can predict mechanical stresses in aortic tissues continue to hold promise over the current gold

standard and offer hope for more accurate predictions of aortic rufQtes



The development of such models requires an in depth understanding of the tissue
structure, composition and function under both physiological and pathological states. In
particular, to properly assess the total mechanical stresses applied to the aortic wall, one must
take into account the stresses originating from external loads as well as the residual stresses,
which are those existing in absence of external Igat. Residual stresses influence the
magnitude of the stress distribution within the aortic wall and, therefore, ignoring them leads to
biased predictions of the stress experienced by the i$4uE5] In addition to contributing to
the magnitude of the total mechanical stresses, residual stresses affect their distribution, and are
thought to ensure a homogeneous distribution of stresses throughout the aortic wall, hence
minimizing stress concentratiofis4,16,17] Residual stresses are also believed to affect tissue
stiffness (or its inverse, compliancgl4], a clinically important marker in predicting
cardiovascular disea$&8,19] Aortic compliance dictates the ability of the aorta to expand and
recoil and is essential to accommodate the deformations caused by the cyclic pumping of the
heart. In addition, a compliant aorta is necessary in reducing the cardiac afterload, and
controlling blood pressur§20,21] Residual stresses and aortic stiffness differ between sex

[17,22] and increase with ag&7,18]

Residual stresses and stiffness are thought to be modulated by both the morphology and
composition of the tissue. Particularly, the contribution of thegw®dlilar component, known as
the extracellular matrix (ECMR3], to the mechanical properties of the aorta remains an active
area of investigation. The ECM is heterogeneous along the aortic tree and the aortic wall, facts
that are ignored by the current diameter criterion for assessment of risk of rupture. The aortic
ECM is mainly comprised of fibrousonstituents, elastin and collagen, and ground substance

such as glycosaminoglycan (GAG)/proteoglycans (PG). The ECM goes through continuous



physiological remodelling which involves the degradation of existing proteins and subsequent
synthesis of new protein to maintain its integf8]. However, in various pathologies, the ECM
undergoes abnormal remodeling, thereby perturbing its homeostasis which is necessary for
preserving t hdunctiona relatienship$23 26f The indeperdent contribution

of elastin and collagen to aortic mechanical properties has been an ongoing area of investigation
[271 32], while that of GAG/PG only gained attention recently and remains poorly understood
[33,34] In addition, contradicting information has been reported on the contribution of the ECM
to the mechanical properti¢®8,29] and knowledge on how the interaction between the ECM

constituents affects the mechanical properties of the aorta is limited.

Interesting phenomena in the ECM are the deposition of enzymatic crosaliakapn
enzymatic crosslirkwhich forms advanced glycation end products (AGE&houghimmature
enzymatic crosslinks, and AGEs are initially found during the early stages of growth and
developmen{35i 37], they are also implicated in aging and disease such as ane(Bg88
Furthermore, while the effect of glycation crosslinks on aortic stiffness has been thoroughly
studied, where crosslink accumulation has been shown to be associated with an increase in
stiffness[40,41], the direct contribution of glycation crosslinks to residual stresses has not yet

been investigated.

Compelling evidence supports the understanding that the quantity, distribution,
orientation and interconnection of the ECM constituents modulate the mechanical properties in
the aorta/42]; however, our understanding remains incomplete. A thorough comprehension of
these relationships is a prerequisite to establishing predictive computational tools for assessing
risk of ruptures in clinical settings. Overall, the work presented in this thesis is expected to have

far-reaching consequences on the current wtdieding of aortic mechanics through its



contribution of new knowledge of the effect of ECM constituents on aortic mechanics, mainly

GAG and residual stresses.

1.2 OBJECTIVES
The purpose of this work was to investigate how the aortic ECM modulates residual stresses

present in the aortic wall, as well as the mechanical properties of the Hoetavork was
governed by the primary hypothesis that GAG regulate residual stitesgprimary focus was
placed on the study of the contribution of GAG to residual stresses. Our work towards this
overarching goal was subdivided into multiple objectives and investigated through combined

experimental and computational studies.

1.2.1 Objective 1
The first objective was to establish a finite element framework in F|ZE an opersource

finite element software, to simulate the effect of GAG in a computer model, and to replicate the
results reported by Azeloglu et §B3], who studied the effect of GAG on residual stresses in
rodent aortic rings under different external bath osmolarities. Furthermore, our purpose was to
modify the existing rodent model to provide insights into the influence of GAG in porcine
animals, which are larger and more representative of human physiology, and are readily

available for experimental investigations, reflecting the tissue resources accessible to us.

1.2.2 Objective 2
The rodent model by Azeloglu et §83] and the porcine model we built in Objective 1 were

associated with certain limitations. Namely, prescribed GAG distributions were obtained from
Leghorn chickens, and were based on qualitative histological observd#idb] This
facilitated the execution of parametric studies, allowing us to gain initial insights into the

influence of GAG on the opening angle and mechanical stress distribution in the porcine aorta.



However, the quantity and distribution of GAG is expected to vary between species and the
different regions of the aortic tree. As such, Objective 2 was to characterize the mural

distributions of GAG and major ECM molecules, collagen and elastin, in yoeigngnths old)

pig aortas and to evaluate the correlations between GAG and the opening angle, in addition to
those of collagen and elastin, in order to acquire a better understanding of how the main ECM

constituents collectively influence residual stresses in the aorta.

1.2.3 Objective 3
The correlations deciphered under Objective 2 provide important insights on possible

contributions of distinct ECM constituents to residual stresses and the potential interactions
between them. Howevetp mitigate unwarranted causal assumptions, our Objective 3 was to
elucidate the precise influence of GAG on residual stress and compressive properties, which
remain to date poorly understoadia enzymatic depletioand to identify other factors that may

play a role in modulating residual stresses in the aorta, such AGE accumulation which occurs

with age and disease.

1.2.4 Objective 4
Objective 4 was tareateanimalspecific aortic ring models using the experimental anatomical

dimensions and mural GAG distributions acquired in Objectives 2 ama@ler tocapture the

effect of GAG on residual stress through a computational finite element model using[#8Bio
Furthermore, our Objective 4 was also to math
behavior from biaxial tensile data. In addition to modelling the matrix as one layer, the distinct
elastic properties of the intirraedia and the adventitia wetensideredy modelling the solid

matrix as two layers.



1.3 OBJECTIVES ORGANIZATION
Chapters 1, 2 and 3 in Section | lay the foundation through a comprehensive literature review,

followed by individual chapters dedicated to addressing each of the objectideptinin
Section Il of this dissertation. Objective 1 is presented in Chapter 4vasdublished in the
2020 42nd Annual International Conference of the IEEE Engineering in Medicine & Biology
Society (EMBC) [43]. Objective 2 is discusseddietailin Chapter 5 through a published study

in Annals on Biomedical Engineering6]. Objective 3 is presented in Chapter 6, and was
accepted byActa Biomaterialiaat the time of submission of this thesis. Finally, Objective 4 i
detailed in Chaptei7 as a manuscript that hdseen prepared for submission. Thesing

discussion is in Section IlI.
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2.1 INTRODUCTION
The purpose of this chaptert provide the background information and fundamental concepts

that apply to the research presented in the subsequent chapters. As our focus centers around the
aorta, we start with a description of its anatomy, followed by an examination of its key
extracellular matrix (ECM) constituents. Additionally, we delve into the mechanical behavior of
soft tissues, like the aorta, which differs significantly from traditional engineering materials. As
such, we present a concise overview of the essential concepts in continuum mechanics for soft
tissues. The understanding of these concepts is necessary for developing accurate mathematical
models that characterize the mechanical behavior of soft tissues. In this work, this was required
to conduct studies on aortic models, which are crucial for analyzing their physical behavior

through finite element analysis.

2.2 AORTIC STRUCTURE

2.2.1 Anatomy of the Aorta
The aorta is the main systemic elastic artery that transports orgteblood to the rest of the

body. It consists of the aortic root, the ascending (or tubular ascending) region, the aortic arch,
the descending thoracic region, which lie above the diaphragm, and the abdominal region, below
the diaphragnjl,2]. An illustration is provided in Figure 3.The aorta tapers in diameter from

its beginning in the ascending region to its end, and increases in size wjih3gkeight, and
weight[4]. The normal aortic diameter depends on the reference population, given that the aortic
size varies between individuals. As an example, for a group of individuals of ages ranging
between 17 and 92 years (61% male), the mean normal aortic diameter was approximately 3.4

and 2.8 cm in the ascending and arch portions, and25lcm in the descending thoracic aorta

[5].
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The aorta originates from the left ventricle via the aortic root, which is a composite
structure that consists of the annulus, the aortic sinuses (or sinuses of Valsalva), the leaflets of
the aortic valve, and the sinotubular junction which interfaces with the ascending aorta, in
addition to the origins of the coronary arterj@ds6]. The ascending aorta does not feature any
branches, and gives rise to the aortic arch, which ascends diagonally to the left of the fourth
thoracic vertebrae, and forms a caisbdpe curve. Three arterial trunks arise from the upper
convex portion of the arch in human, which are the brachiocephalic artery, the left common
carotid artery, and the left subclavian artgt}; These supply blood to the neck, head and arms
[4]. The descending thoracic aorta then begins near the fourth/fifth thoracic vertebra and reaches
the diaphragm at the twelfth thoracic vertebra where the abdominal aorta p2ding
Numerous small branches initiate from the descending thoracic aorta, mainly the intercostal
arteries, in addition to the spinal, esophageal, and bronchial arteries, which supply blood to the
spine, diaphragm, chest wall, pericardium, lungs and esopliaguhe abdominal aorta runs
from the diaphragm and branches into several arteries including the celiac artery, the superior
and inferior mesenteric arteries, the renal arteries. The abdominal aorta ends above the pelvis
where it bifurcates into the iliac arteries which supply blood to the legs and the organs of the
pelvis[8,9].

2.2.2 The Normal Aortic Wall

The aortic wall is non homogeneous comprised of three main layers: the intima, the media and
the adventitiawhich are illustrated in Figure 3.The intima is the innermost layer that lines the
lumen, and occupies the smallest proportion of the normal aortic [#@jll The intima is
believed to consists of a single layer in the early stages of life, but can remodel into a thicker
proportion with ag¢11i 13], or due to chronic diseases, such as atheroscl¢id$isr aneurysm

[10]. In a healthy, young sudgt, the intima mainly consists of a single layer of endothelial cells
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and an underlying basement membrane (also referred to as basal [AniiBR)n the aorta, the

intima could also contain a subendothelial layer of connective tissue and smooth muscle cells
[1]. Endothelial cells are thought to be elongated longitudinally in the direction of blood flow
[1,12], with a length of approximately 25 to 50 um. The width and thickness of endothelial cells
are about 10 to 15 um, and 0.2 to 0.5 um respectjiglyEndothelial cells secrete and allow for
exchange of bioactive substances. They also contribute to the maintenance of physiological
equilibrium with respect to thrombosis, and act as barriers to blood to maintain a smooth intimal
surface[16]. Endothelial cells may also communicate with the smooth muscle cells via the
basement membrarn#&]. The basement membrane serves as an extracellular matrix network on
which endothelial cells can grow, and is made of primarily laminin, collagen type IV, and

proteoglycan$l,15].

The intima and media are interfaced by the internal elastic lamina which consists of a
sheet of elastin. The media occupies the largest proportion of the thoracic aortic wall, and its
thickness varies with age and position along the aortigifige The most abundant cell types in
the media are smooth muscle cells (SMCs), which are embedded in an ECM. Generally, SMCs
possess a spindle shape, and are oriented circumferentially with an approximate length of 100
pum i 200 um[1,15,17] except in minor caseské# near bifurcationgl]. They possess different
roles and configurations in small and large vessels, and in elastic and muscular arteries, and also
vary between species. In the aorta, an elastic artery, SMCs are mainly arranged side by side and
sandwiched between sheets of elastin, into concentric layers, providing a highly organized
medial layer[1,16]. Especially in muscular arteries, and also to some exteglastic arteries,

SMCs contribute to regulating blood flow through their ability to relax@wdract and are able

to respond to mechanical stimuli. They also synthesize the ECM, mainly comprised of elastin,
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collagen, mainly type I, lll, and V, in addition to ground substance such as [GAGheir
proliferation is normally slow except in the case of pathogenesis, during which their phenotype

and ECM production rate become impaif&d,18].

The external elastic lamina separates the media from the adventitia, the outermost layer
of the aortic wall. Similar to the intima and media, the thickness of the adventitia depends on
several factors and occupies different proportions in the aortiqtrg®]. Particularly, in the
abdominal aorta the adventitia is considerably thicker than in the thoracic [&6}talhe
adventitia is rich in fibroblasts, collagen namely type |, elastin, nerves and vasa visd@im
The adventitia is thought to act as a physical barrier mainly to limit overdistension in the aorta

[1], but also plays roles in coordinating the progression of aortic dif&se

2.3 THE EXTRACELLULAR MATRIX
The ECM is a complex meshwork that makes up a key component of the aortic wall, and is

synthesized by SMCs, endothelial cells in the intima and fibroblasts in the adventitia. The ECM

possesses various functions such as providing tissue with strength, extensibility, resilience and
shape, providing cells with a scaffold on which they can adhere and njijratbe ECM of the

aorta is primarily comprised of collagen, elastin and GAG. The fibrous constituents, collagen and
elastic fibers, are the dominant ECM components of the aortic wall, accounting for

approximately 50% by dry weight5,20}

2.3.1 Collagen
Collagen are long, fibrous structural proteins, and are a family of the most abundant type of

proteins in the human body, accounting for around3@%® of human mass proteij21].
Collagen possesses a high rate of turnover, allowing for damaged collagen to be quickly replaced

by newly synthesized fibers. The mean turnover rate is thought to be around 3 to 5%/day, and

17



could exceed 10%/day in certain tiss{22]. Collagen fibers are synthesized hierarchically by
cells. At the molecular lever, they comprise three polypej ideains, which can be identical or
different, depending on each collagen type. The three polyp¢ >tilains are wrapped into a
tight collagen triple helix and are made of repeated patterns eK&My[23]. Her e, AGI yo
to glycine, and X and Y refer to any other amino acid of the remaining 19 [ljp€khe most
common type of sequences however involve proline, with glycine being at every third residue
[24,1,23] The collagen triple helices are on the order of-286 nm long, and 1-:2.0 nm in
diameterd1,25]. At this stage, they are referred to as procolldgénor tropocollagerj21], and

can polymerize into microfibrils and subfibrils, which are on the order of 4 to 25 nm in diameter
[1,21]. These are further organized in packs, side by side with a periodicity of 67 nm called D
period, to form a collagen fibrjlL,21,23,25] Collagen fibrils havdéengtls anddiametes on the

order of 1 um[21] and 16500 nm respectiveljl]. Fibrils are further bundled together to form
collagen fibers that vary in length and diameteri (800 pum). Fibrils and fibers are further

stabilized by crosslinks, and form a disordered collagen n{atix

At least 28 different types of collagen have been identified so far, with collagen type |
being the most abundaj#t1,25] Collagen types are mediated by the differences in assembly at
the level of the hierarchy, including tf-echains as mentioned earlier. As an example, collagen
type | possesses tv  hand ong  "()chains.In the cardiovascular system, existing collagen
types include collagen type I, 1ll, and IV, in addition to type V, VI, and (]I In the aorta, the
type | and type lll collagen are dominant, accounting fe®8% of the total collagen present in
the aortic wall[20,26] Although understanding the biomechanical roles of collagen remains an

area of investigation, one of the main functions of collagethe aorta is to provide tensile
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strength. Under physiological load, collagen fibers are undulated in the aorta, and therefore

exhibit their true stiffness only once straightefigd

2.3.2 Elastin
Elastic fibers are macromolecules primarily composed of elastin, a highly hydrophobic ECM

protein that provides elasticity to the aorta and other arteries in the cardiovascular system
[27,28] Elastin is stable with a half life of 400 years[27,29] but has a very low rate of
turnover[30], limiting its ability to repair when damaged. This is an unusual characteristic of an
ECM constituent, because generally ECM production is dynamic throughout the lifespan of an
individual [27]. Elastic fibers are compie structures formed of a core that is made of mature
elastin, which makes up more than 90% of the fiber, and an outer layer of fibrillin and
microfibrils [31], mostly composed of fibrillinl and-2 [27]. Mature elastin is an insoluble
polymer and consists of tropoelastin molecules that are covalently bound to each other by
crosslinks[32]. Elastin is synthesized through a complex process called elastogi8#sis

which is still under study and has been a matter of debate for several dg£a88% The

process starts from the cells, which synthesize the tropoelastin moJd2jle&known for its

ability to expand to more than 8 times of its original length, making it one of the most extensible
and elastic monomer proteif28]. After secretion, tropoelastin is released into the extracellular
space, and undergoes crosslinking through enzymes from theokidglse family, and
coacervation, a thermodynamic process through which troposelastin assembles into aggregates
[27]. Elastin plays major roles in mddting the mechanical properties of the cardiovascular
system including the aorta, as well as in dis
to provide reversible stretchability (compliance), given their ability to stretch when loaded and

revert back to their original size when unload28]. In the aorta, the amounts of elastin are
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highest in the proximal aorta, and decreases distally from the heart. Their elastic contribution to

the aorta is recognized and modelled as the Windkessel [@féct

2.3.3 Glycosaminoglycans/Proteoglycans
Briefly, GAG are negativekgharged polysaccharide compounds that are composed of repeating

disaccharide units. Most GAG are covalently bound to protein cores to form a category of
modified proteins known as PG. A detailed review on @A& central to this dissertation, is

provided in Chapter 3.

2.3.4 Crosslinks & Advanced Glycation End Products
Crosslinking is the process of joining molecules through intermolecular covalent [3#ds

Generally speaking, there are two major types of crosslinks: enzymatic awghzyanatic[34i

36]. Enzymatic crosslinking is mediated by ly®pidase, and provides elastin and collagen with
stability, which is crucial to their normal functiqB4,35,37] In collagen, the biosynthesis of
enzymatic crosslinks starts with the reduction of lysyl hydroxylysyt residues by lysyl
oxidase into aldehydd84]. These aldehydes (lysydr hydroxylysyt aldehydes) then undergo a
series of condensation reactions to first form the dehlgdooxylysinonorleucine (HLNL) and
dehydredihydroxylysinonorleucine (DHLNL) divalent cro$isks [36,37] These then further
react with lysyl or hydroxylysyt residues to form multivalent mature crosslinks, which are
mainly pyridinoline and deoxpyridinoline [34,37] Although still elusive, elastin crosslinks are
synthesised through a similar process, mainly via the reduction of lgsyhydroxylysyt

residues, to form elastin crosslinks which are primarily desmosine and isodesjBéS86¢37]

Non-enzymatic crosslinking is mediated by glycated lysgsidues to form advanced
glycation end products (AGEYB4]. AGEs are sugar crosslinks and are also known as

glycotoxins [38]. AGEs are heterogeneous and complex structures, and their characterization
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remains elusivg39]. In general, AGEs are produced from remzymatic reactions between a
sugar and free amino acid groups in prot¢8®40] This reaction was first described by Louis
Camille Maillard in the early 190Qd1]. The common driving force for the creation of AGESs is
oxidative stress, leading to the formation of glycoxidation products. Examples of glycoxidation
products include pentodisind-carboxymethylysine (CML), and glyoxal CML glyoxalysine

dimer (GOLD)[39,40] Pentosidine is the most well known and studied AGE, with fluorescent
properties[34]. Other types of AGEs that can be produced via-exadative rearrangement
include methyl glyoxalysine dimer (MOLD) and pyrraline deoxyglucasdgsine dimer
(DOLD) [39,40] Even though AGEs are complex and exist in different types, they are known to
produce the same chemical outcome, being the formation of covalent crosslinks between the

proximate amino acid groups of prote[89,42]

Although immature enzymatic crosslinks, like HLNL and DHLNL, and AGEs are present
during the early stages of growth and developrf@htt3,44] they are also implicated in disease
and aging. For instancAGEs accumulation contributes to agsated connective tissue deficit
[45], neur ol ogi cal c o n d {39],iandnase inplicateld in @ svideAdngehok i me r
pathologies such asheumatoid arthritis[39], diabetes and cardiovascular diseaf43].
Similarly, with age, mature crosslinks suchmgidinoline, andAGEs such as pentosidine and

CML, are thought to accumulafi40,44,46,47]

In the aorta, extensive crosslinking of collagen and elastin alters their physical properties,
which reduces the aortic compliance (or causes aortic stifferjd®j)50]. For instance,
experimental studies performed on rats aged 4.5, 14 and 27 months demonstrated that collagen
and elastin AGE markers (collagen and elastin fluorescence) were increased in aortas from the

older rats compared to the adult rats by 42% and 17% respectively, and that the AGE markers
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positively correlated with the aortic stiffneger]. Additionally, breaking AGEs in rat subjects
with alagebrium chloride (AL3711), a norenzymatic breaker of AGE crosslinkscreasedhe
aortic compliance, distensibility and diamefgt]. Similarly, in a clinical study the total arterial

compliance increased in human subjects treated with-ALT[52].

AGEs have also been found to be implicated in many other cardiovascular diseases such
as hypertensiofb3], atherosclerosigp4] and aneurysmfb5,56], and have been shown to play a
role in the development of diabetic cardiovascular complicatigiy. McNulty et al.
demonstrated that the concentration of plasma AGEs is significantly higher in hypertensive
patients compared to normotensive subjects, and also showed that it relates to aortic stiffness
[53]. Kume et al. performed a study on 22 atherosclerotic aortic wall samples from autopsies,
and showed AGE accumulation in the intimal lesions in more than 50% of the aortic
atherosclerosis samples in addition to intracellular accumulation in the atherosclerotic plaques
and fatty streakfs7]. Glycation has also been shown to be accelerated in the human aorta with
age and diabetd$7]. Additionally, AGEs have been shown to be involved in TAA and have
been proposed as a new risk factor, as AGE levels have been found to be dnorgasients

suffering from TAA [127].

2.4 SOFT TISSUE BEHAVIOR
Blood vessels, skin, tendons and ligaments are examples of soft biological tissues which are

typically fiber reinforced composite structures, generally consisting of collagen and elastin.
Because of their compositions, soft tissues are heterogeneous at the microscopic scale. Soft
tissues generally have high flexibility and are distinct from hard mineralized tissue such as bone
[58]. Their biomechanical behavior is dictated by the integrated manifestation and interaction of

its constituents such as collagehstin and the hydrated matrix of GAZs [1,58]. Biological
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soft tissues share common characteristics even though each of them possesses a unique behavior
[1].

The aorta amongst other soft tissues displaysslaaped noitinear tensile stresstrain
relationship, as shown in Figure 2.1A. This significantly differs from sgam relationships
of hard tissue or engineering materials such as steel, which are characterized by a linear curve in
the elastic phase and are therefore character
defined as the (constant) slope of the curve. By contrast, the slope ofingavmmaterial stress
strain behavior varies along the curve. Additionally, consistent witehege, the curve for soft
tissue typically begins with a compliant toe region, and exhibits much stiffer responses over

finite stretche$1].

A) B)

Stress
Stress

Strain Strain

Figure 2.1:(A) Schematic of typical stressrain relationship of soft biological tissue. (B) Representative figure of a hysteresis
loop showing the loading andhloading paths.

Many soft biological tissues also exhibit anisotropy which refers to the dependency of the
mechanical response on the material or loading direction. This is due to the organization of the
ECM fibers, which tend to possess a preferred orientakigh8]. However, lased on

experimentations conducted on porcine and human samples, both isotropic (es@uasic)
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[59,60] and anisotropic behaviors of the aorta, namely displaying a stiffer response in the fiber
(circumferential) direction[61,62] have been reported. Many soft tissues also experience
hysteresis, a process through which the loading and unloading cycles of thetsiiagg®sponse

do not coincide, indicating loss of energy and representing an inelastic response. This is
illustrated in Figure 2.1B and the material is said to have no memory of motion. To reach
repeatable loading and unloading curves, samples can be preconditioned. The process of
preconditioning involves applying a number of loading cycles until the loading and unloading
paths coincide[1,63] Because soft biological tissue contain water, thag nearly
incompressible and also exhibit viscoelastic properties. Viscoelasticity combines elastic (stress
proportional to instantaneous magnitude of strain) and viscous (stress proportional to time rate of
change of strain) behaviors. Viscoelastic materials are sensitive to the rate of applied loading and
exhibit creep and stress relaxation. Creep is the process through which the strain varies with time
under constant load, and streskaxation is the process through which stress decreases over time
when material is held at constant str§®3,64] Nevertheless, in the context of quatatic

loading that can be set in vitro experiments, viscoelastic effects may be neglected, as done in
the present work. Finallyhe characteristics of a material define the theoretical framework
adopted for analysing how tissues behave in health and disease. A concise overview on

continuum mechanics relevant to soft tissues is therefore provided next.

2.5 PRELIMINARIES IN CONTINUUM MECHANICS
Generally speaking, mechanics is the branch of applied mathematics and physics that studies the

behavior of bodies under the action of applied forces. Continuum mechanics in turn, is the
branch of mechanics that is based on the continuum hypothesis. The continuum hypothesis

approximates the mechanical behavior of a body by assuming average properties, rather than
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taking into account its discrete nature especially at the microscopic level, and therefore the
macroscopic behavior of a body can be modelled assuming that matter is continuous. In this
section, we provide a brief overview on basic concepts and notations in continuum mechanics.

The understanding of these concepts is fundamental to the development of mathematical models,
called constitutive models, that can model the mechanical behavior of tissues and that are
requisites to conducting finite element analysis. The notions provided in this section are from
ANonlinear continuum mechalfslasd fido€Carfdinauas ceull

mechanics: cell d1]. ti ssues, and organso

2.5.1 The Deformation Gradient
Consider the deformation of an object from a reference configuratignaf time t = 0, to a

current (or deformed) configurationh { at time t. The position vector of a given particlé inis

®, and irf is&@ where the coordinate systems are '@} and {o, ® respectively. Here(P

and®are orthonormal bases, with indices 1,2,3 to describe-ihes@ace. The position vectors
can therefore be represented @ds @ OP and @ w'®, using the Einstein summation

convention where entities with repeated indices are summedP and@are known as the

material and spatial coordinates respectively. Without loss of generality, the origins O and o are

set to coincide. The displacement vector ffoniof is therefored @ &.

Because we are interested in describing the motion of material particles, differential line
segmentXPandQint andf are introduced. Knowing that a second order tensor transforms
a vector into another vector, the transformation grad@htat relates the infinitesimal vector in

the reference configuratid@®into the corresponding vector in the current configurafaris

defined using the dot product, such that:
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The determinant of the transformation gradient is the volumeuatie- A A@where
Q cand’Q vare the differential volumes fn andf respectively. Therefored A@maps the

original differential volumes to the current ones. Note that, if the material is isochronic, meaning

that its volume is preserved, the material is incompressible-andA A® 0 p.

Although the norsymmetric tensoiQ which may contain rigid body contributions, is a

useful measure of deformation, there is at least one more convenient measure of deformation, the
right CauchyGreen deformation tensér, which can be defined in terms of the deformation

gradient tensoiOas follows:
8§ "0 00

Tensord is symmetric and independent of rigid body motidis a material tensor in the

reference configuration and can typically be expressed as a function of the material codxdinate

2.5.2 Strain
When there is no motionk &), the transformation gradief® —*; reduces to the identity

tensorQand therefore the left Cauci®reen tensor§ also reduces t® Similarly, when the

motion is a rigid body motior§) also reduces to the identity tensor. This does not |1iiéi<good

candidate to describe strain, and there is therefore a need to define a strain tensor that reduces to
mtin the absence of deformatiahcan be used to define the Grdeagrange strain tensor (or St.

Venant)Oas:

allhel
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Ois symmetric and independent of rigid body motion.

2.5.3 Traction and Stress
Consider the differential forc@®acting on a differential aré@ qwith ‘Q dhaving an orientation

given by an outwarchormal vectog, in the current configuratidn . The traction vectoY

can be introduced as:

The standard definition of a stress in the current configuration, and as introduced in
engineering education, is as a force per unit area. However, because stress measures a force over

an oriented area, where the force and the area have different orientations, a second order tensor

that transforms the orientation vectdinf (¥68 p) to the traction vecto® s introduced as

the Cauchy stress tensoras well known in linear elasticity, such that
¥ 8J

The Cauchy stress tensor is a symmetric tensor, and is the actual physical stress felt by
the body (force/area), often called true stress. Begaisa spatial tensor (fn ) and because it

can often be difficult to predict the deformed configuration of a body, it couldiffheult to
assess . Alternatively, the first PiokKirchhoff stress tensds is a measure of stress that is
defined with respect to the reference configuration. Let us translate the actudli®acing on
Q ¢n the deformed configuratign from its positions to its corresponding positiaBin the

reference configuratidn , such that it acts 0@ owith a normal vecto®. The new traction

vector in the reference configuration® —D, and the new stress tensobisuch that:
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Y P

Note that) is defined in terms of the actual force over the reference area and is also a
(nonsymmetric) twepoint tensor, likéQ because is relat&¥®in the current configuration and

(PQ Gin the reference configuration.

To define the second Piskirchhoff stress tensdivin the reference configuration,

one must define a fictitious for€®@Q "O X "@cting on(PQ din T . The new traction vector

is"y —, and'Vis the second order tensor that transforms the orientation Baotdr to
the traction vecto®™ such that:
AN >10 )%

The first and second Piekirchhoff stress tensors relate to the Cauchy stress tensor, and

therefore these stress measures and the deformation gradient are interrelated.

, P i P00
U U
0 “Yoos

2.5.4 Constitutive Formulation
Constitutive formulations are equations that characterize the macroscopic behavior of a material,

which results from its internal constitution, in response to load. The simplest constitutive law is
the widely known Hookeds | aw which describes
the stress and strain |Iinearly via the Young¢
and have complex behaviors, and their response depends on various parameters like strain rate,

temperaturgetc. It is therefa usually not possible use justone constitutive relationship to
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describe the materi al 0 s ratheed sevof saparaie rcahstitutivea | |
equations are formulated to describe various material respondesspecific conditions. In this
section, we will focus on deriving constitutive formulations #or isothermal hyperelastic
material, a special case of elastic material, where the work done by the stresses during
deformation is dependewnnly on the initial and final state Hyperelasticity is a useful theory

that establishes constitutive formulations for nonlinear material such as -tikebenaterial,
elastomers, polymers and biological materials, and will be used for the characterization of the
aortic mechanical properties in this dissertation. The behavior of a hyperelastic material is

defined via a strain energy function per unit undeformed volume, as detailed next.

Continuum mechanics is based on five main principles: conservation of mass,
conservation on linear momentum, conservation of angular momentum, conservation of energy
and entropy inequality. Let us consider the entropy inequality given its usefulness in deriving the
existence of constitutive relations. The entropy inequality is th&a® of thermodynamics and

can be written in various forms, and the Claudhutem equation is written as follows:

. Qr QY ., QO p, -y
. T ) . —Nb Tt
Qo Qo dﬁo \)]
In this equation; is the mass density in the reference configuraftiois, the Helmholtz
potential which is a thermodynamic potential that measures the useful work in a system at

constant temperature,is the entropy such that - — “Ywhere- is the internal energy

density,”VYis the temperaturépis the referential heat flux vector, amndis the referential del
operator—. The Clausiuduhem equation suggests that for a given thermoelastic process, one

must define four constitutive functions: Helmholtz potential, entropy, stress, and heat flux. For
an isothermal procesSYE constant) with no heat transfép(= 0), this equation reduces to:
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Qr ., QO

" 0o Ve T

By definition, (hyper)elastic responses are reversible and therefore the inequality can be

replaced by an equality. Additionally, with [ "O,— —d—, the equation becomes:

L Qr 5 Q0 -
o %o
A sufficient condition to satisfy this equation i§ — 0 1, and therefore the

stress (1 PiolaKirchhoff tensor0) and the Helmholtz potential are not independent

constitutive functions, and are related via:

-, Qf
U —
Q0

For isothermal hyperelastic processes, it can be showi thatO w "O, where the
Helmholtz potential is defined per unit mass and the strain, and the strain energy and can
be defined per unit volume. It can also be shown-that ¢(—"O. Therefore, we can also

write:

- Qo
V) C— O
(@]

The second Piot&ichhoff stress tensor can therefore be expressed as:

o [0
G i
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AIthough"((is a physically nofnterpretable measuref stress it provides an easy

descriptor for hyperelastic materials, and is very convenient in constitutive formulation. Since

O -6 O wecan manipulate constitutive equations in the for oD , such that:

o, QW
Y b
Q0

This constitutive approach is widely used in describing biological tissues and is

convenient in its simplicity in defining the stiffness of the material, which is defined as the

change in stress with respect to the change in strain.

ay
Q0

E

Alternatively, expressing deformation in terms of the right Cat@tgen deformation
tensord instead of the Greebagrange strain tens@can also often be convenient. This allows
for the utilization of constitutive laws in the form df § as an alternative approach. Heie,

can depend oii”through its invariants, the roots of the characteristic equAtiér@ ‘0 m

Constitutive equations are necessary to perform finite element analysis, as will be
discussed in Section 2.6. While various specific forms of hyperelastic constitutive equations have
been developed, for illustrative purposes, three specific forms are introduced. These forms are

utilized in the implementation of finite element analysis within the scope of this dissertation.

2.5.4.1 NeoHookean
One of the simplest hyperelastic models is the-Neokean constitutive model which can be

used for both compressible and incompressible materials. It depends on two material parameters:

shear modulus and bulk moduludQ[66]. The NeeHookean model is commonly used to
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describe incompressible hyperelastic materjéig68]. The strain energy density function is

given in the equation beloj@7]:

7 -6 O U p

‘ 0
C
In this equationg is the first invariant of the right Caucl@reen deformation anal
¢O ©O © o. It can be noticed thahis equation is a linear function of thé' 1
invariant and therefore the Nétookean model does not provide the best predictive capacity for
large strains. In summary, the NElmokean model is robust and efficient when it comes to finite

elementmodelling butbecomes less accurate for largtrains and is limited to isotropic

materials.

2.5.4.2 HolzapfelGasserOgden
With the purpose of modeling the mechanical behavior of anisotropic arterial tissue, the

HolzapfelGasseitOgden model, known as the HGO model was developed in [B&)0The
constitutive equation consists of two main components: 1) aHdekean [67] model to
represent the isotropic solid matrix and, 2) a family of fibers to capture the anisotropic behavior
of the materia[68]. The motivation behind this formulation was to implement a complsite
constitutive law that would allow to characterize arterial tissue as reinforced with a family of
collagen fiberg[68]. Initially, the model was introduced with a family of two fibers, which

capture the strain energy stored in the collagen fibers within the arterial wall, as follows:

- Q

X Q
wwGGCQV p

Recalling the Neddookean constitutive lavg 6 6l is the first invariant of the right
CauchyGreen deformatioff ¢ is a strestike material constant andis the bulk modulus. In
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the second component describing the fib&sds a positive strestke material constant ang

is a dimensionless material paramef@8]. Furthermores ande are the fourth and sixth
invariants of the the right CauciGreen deformations (PBIPande G PIBIA)P,

where() Pand{ Pare directional vectors of the twiiber family. Note thatdsh 0 7 &’

2.5.4.3 HolmesMow
The HolmesMow constitutive law that was introduced in the 198%. The motivation for this

formulation was to model hydrated tissue such as cartilage and intervertebral disks. The

constitutive equation is given by:

P~
w —-waQ
C p
6o =—S
q
~ T f e, e, PR
o —— ¢ _ 0 o _O0O oc _ c¢c1b

In these equation¥)andOare the first and second invariants of the right Cau@gen
tensor, wheréO ¢c¢O p ¢O p ¢cO p cO p c¢O p ¢O P, _
and‘ are the Lamé parametefrsjs an exponential stiffening coefficient, ab theJacobian of

the deformation gradient.

2.6 FINITE ELEMENT ANALYSIS
The finite element method is one of the most powerful numerical techniques to solve patrtial

differential and integral equations that gained large interest in engineering applichtioass.
been proven to be valuable in tackling intricate challenges across a range of fields, including
structural, fluid and heat transfer applications, and became a valuable tool for industrial

applications including automotive and aerospgda€g. In fact, the development of finite element
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methods was also one of the key contributors to the emergence of biome¢hlraosl offers

the potential to advance various domains of medicine and bigltldy Numerous software
packagesave been developed to facilitate the use of finite element analysis, including widely
used platforms like ANSYS and NASTRAN. More recently, the development of suites tailored
specifically to biological applications, such as FEBuatform used in this dissertatigrave
bewmme availabld71]. These platforms facilitate the development of computer models that can

help simulate and analyse complex structures.

Running a finite element analysis includes three main stepgrpcessing, solution, and
postprocessing72]. The first step in prprocessing involves creating a geometry, which can be
imported or constructed within the finite element software. It also entails assigning boundary and
loading conditionsto model the environmental interactions, such as defining forces and
constraintson displacementsinitial conditions may also be specified in dynamic or time
dependent problems, and may include temperatgiocity, acceleration or initial state of stress.
The material behavior is described using constitugigeations ands one of the most crucial
factorsin dictating the reliability of the outcome of the analysis. The selection of the proper
constitutive formulation depends on the material type (linear vs. non linear, isotropic vs
anisotropic)[70i 72]. Hyperelastic constitutive models (discussed in Section 2.5.4) are most
commonly used to describe the behavior of biological tissues, and many of thavaitable in
current finite element software. Furthermore, when working with biological problems, it is also
possible to create biphasic or triphasic mixtures, which allows one to incorporate a fluid phase to
the solid structure, and account for solutes that can either be neutral or carry ionic charges
[73,74] The preprocessing step also requires one to discretize the domain via a process called

meshing. This involves dividing a domain into a finite number ofowerlapping subdomains
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called elements connected at nodes. Hexahedral (larek)etrahedral (pyramid) elements are
common types of solid (i.e. threlfmensional) elements that consist of a minimum of eagplak

four nodes respectively. Although nodes may exist within the volume of an element, those
located at their corners, edges and faces allow to connect the elements throughout the continuum.
Shell elements (twd i mensi onal ) al so exist for applicatd.i
much smaller than its size. Numerous meshing techniques are available and the accuracy of the
finite element solution highly depends on the nature, density and type of mesh employed

[70,71,75,76]

The preprocessing step allows one to reduce a complex problem into a series of simpler
subproblems The finite element solver then assembles the governing equations and seeks
approximate solutionsvithin the domain[1,72]. The two primary analysis methods are linear
and nonrlinear finite element methods. Linear finite element analysis is well established and is
used when the relationships between loads, stresses, strains, and displacements are linear. In
most cases it is a relatively simple process as it deals with linear equations. However, many
engineering problems cannot be modeled as linear systems: if one of the relationships between
loads, stress, strains and displacements is not linear, thensyecomes nonlinear. While
nonlinear methods provide a more accurate representation -efoddlphenomena and account
for the nonlinear characteristics of structures, their implementation is much more complex.
Nonlinearities can be categorized in different ways, but the four main categories are: 1)
Geometric nonlinearity: when the relationship between kinematic quantities is nonlinear; 2)
material nonlinearity: when the relationship between stress and strain is nonlinear; 3) boundary
nonlinearity: whenthe boundary condition change as a function of deformation; 4) force

nonlinearity: when forces depend on deformation. Finite element formulations are generally
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founded on a weak (integral form) of a physical law. The simplest and most common
formulations are based on the principle of virtual work and the principle of minimum potential
energy[77]. As the focus of this dissertation does not include the formulation of new finite
element theory, it will not be discussed in detail, and the reader is referreckampleto
fAlntroduction to Nonlinear Finite Element Analy&i{g7] for a comprehensive coverage of this

topic.

One of the most popular methods in finite element analysis to solve nonlinear eguation
also being one of the methods employed by FEBio, is the Newton Raphson mdtsid.
numerical methods for solving a system of nonlinear equatiomsist ofinitializing the problem
by assuming an initial estimate for nodal displacements (or other variables of interest). The
process then involves finding increments of the initial estimélbe goal isto find a new
estimate that is closer to the solution, by locally approximating the nonlinear equations to linear
ones. This process in then iteratively repeated until the solution satisfies the equations, and

convergence is reached [77].

In addition, n order to handle constraints in finite element analysis (such as boundary
conditions, physical laws, prescribed limits to stresses or displacements, etc.), several techniques
have been developed, which differ in their approach, precisioahflexibility. The Lagrange
multiplier method involves introducing a Lagrange multiplier as a new variable and creates a
new system of equations that are solved simultaneously with the original system of equations, by
solving for the Lagrange multiplier@ig the other variableés such, the Lagrange multiplier
method ensures that the constraints are precisely satisfied in the solution. Alternatively, the
penalty methogddsa penalty factothat multiples a measure of violation of the constraiots

the system of equation¥he measure of the violatiancreases if the constraints are violated,
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andis zero if the constraints are respect@d.such, the penalty method does not ensure that
constraints are satisfied precisely, but is it easier and faster to implement that the Lagrange
method.The choice between the methods depends on the problem in place. As an example, to
solve a finite element problem with an incompressible material, the Lagrange multiplier method
would be required, however, for a neaitjgompressible material, the penalty method would be
suitable. Other methods exist, such as the augmented Lagrangian method, which combines
aspects from both the Lagrange multipliers method and the penalty method, and is often used
when both equality and inequality constraints are required. The augmented Lagrangian method
introduces a set of Lagrange multipliefer each constrainto the objective function required to

be minimized. This newly created function is known as theadled augmented Lagrangian
function. Additionally, the augmented Lagrangian method adds a penalty term to the augmented
Lagrangian function [78]. Depending on the solver, different methods could be adopted. In

FEBIo, the penalty method and augmented Lagrangian method are employed.

Postprocessing finally allows one to visualize and analyse results, most commonly in a
graphical form. Numerous visualization techniques are available and range from color plots, to

vector and streamline plots, as well as plotting of specific varifiités
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3.1 FOREWORD
In Chapter 2, basiconcepts were reviewed to provide background information related to the

work carried out in this dissertation. This chapter in turn provides a comprehensive review of
scholarly articles to synthesize the current knowledge regarding the mechanobiological functions
of glycosaminoglycans in the normal aortic wall, as well as their role in the pathogenesis of
aortic diseases, focusing on aneurysms and dissections. Throughout this investigation, we
identified existing gaps in our understanding and proposed avenues for further research, with the

goal of advancing our knowledge in this important area of study.

3.2 ABSTRACT
While elastin and collagen have received a lot of attention as major contributors to aortic

biomechanics, glycosaminoglycans (GAG) and proteoglycans (PG) recently emerged as
additional key players whose roles must be better elucidated if one hopes to predict aortic
ruptures caused by aneurysms and dissections more reliably. GAG are highly negatively charged
polysaccharide molecules that exist in the extracellular matrix (ECM) of the arterial wall. In this
critical review, we summarize the current undersitagnaf the contributions of GAG/PG to the
biomechanics of the normal aortic wall, as well as in the case of aortic diseases such as
aneurysms and dissections. Specifically, we describe the fundamental swelling behavior of
GAG/PG and discuss their contributions to residual stresses and aortic stiffness, thereby
highlighting the importance of taking these polyanionic molecules into account in mathematical
and numerical models of the aorta. We suggest specific lines of investigation to further the
acquisition of experimental data to complement simulations and solidify our current
understanding. We underscore different potential roles of GAG/PG in thoracic aortic aneurysm

(TAAD) and abdominal aortic aneurysm (AAA). Namely, we report findings according to which

46



the accumulation of GAG/PG in TAAD causes stress concentrations which may be sufficient to
initiate and propagate delamination. On the other hand, there seems to be no clear indication of a
relationship between the marked reduction in GAG/PG content and the stiffening and weakening
of the aortic wall in AAA.

Index Term®& Aneurysm, Aorta, Biomaterials, Biomechanics, Glycosaminoglycans,

Proteoglycans, Vascular Mechanobiology

3.3 INTRODUCTION
The aorta carries blood away from the heart to the rest of the body. The main segments of the

aorta are the ascending thoracic aorta, the aortic arch, the descending thoracic aorta and the
abdominal aorta (Figurg.1l) [1]. The aorta is a layered structure comprised primarily of smooth
muscle cells embedded in an extracellular matrix (ECM) of elastin and collagen fibers, as well as
ground substance, which primarily consists of water and glycosaminoglycans/proteoglycans
(GAG/PG), with varying compositions armfganizations across the tissue dej2h The three

main layers of the aortic wall are shown in FigBrE the intima, media, and the adventitia. The
intima is the innermost layer of the aorta made of endothelial cells and their basement membrane
(i,e., ECM), as well as swéndothelium loose connective tissue, and typically occupies
approximately 5% of the aortic wall thicknd8s4]. It is believed to contribute minimally to the
load-bearing capacity of the aor{&,6], except in the case of atherosotar diseasg7,8].
However, it does possess an array of chemical func{@hsThe intima and the media are
interfaced by the internal elastic lamina, which is the first of the many elastic concentric lamellae
that compose the medj4,10]. The media is the middle layer of the aorta, and features multiple
units of smooth muscle cells sandwiched between concentric elastin sheets reinforced with

collagen fiberd10,11] The media occupies approximately-80% of the aortic wall thickness
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[3] and is separated from the outermost layer by the external elastic [@niidf The outermost

layer of the aorta is the adventitia, which occupies the remainder of the wall thickness, namely
1518% [3], and consists of a densely woven network of collagen filidrls While collagen

fibers possess high tensile strength, which allows the aorta to maintain its structural integrity,
elastin provides the aortic wall with expansion and recoil abilities to accommodate and enhance
the cyclic pumping of the heart (the-salled Windkessel effecf12].

More specifically, since the pioneering work of Burton and Roach on arteries, it has been
well established that elastin and collagen are load bearing at low and high stress, respectively
[13]. Because elastin is much more distensible than collagen, this bimodal sharing of stress
explains the classical nonlinear stremin behavior exhibited by soft tissues when they are
testedex vivo Over the years, detailed investigations have revealed that, even in unloaded
configurations as they can exest vivq dastin is stretched, while undulated collagen fibers are
under compression, and are only progressively recruited (i.e., become load bearing) as stretch or
stress is increasdd,14i 17]. Consistent with these observations, selective degradation of elastin
has been demonstrated to cause a major loss of axisirpteh, as well as a significant increase
in vessel diameter under pressurization compared to the same intact[¥¢Bsk&[20]. Also
noteworthy is the increasing rightward shift of the ststsgincurve of tissues whose elastin was
degraded at each new loading cycle, suggesting that collagen fibers are disconnected from the

nortcollagenous matrix, while they still ensure stiffening under high sf2é$s
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Figure 3.1:Segments of the normal aorta (left), and layers of the aortic wall (right).

Building on these important findings, various microstructural analytical and numerical
models have been proposed. They typically describe arterial tissue according to the theory of
constrained mixtures, and account, through the introduction-célted deposition stretches, for
the individual configurations of elastin and collagen in the unloaded tissue, as well as for the
microstructural configuration of collagen fibd22i 27]. These models are especially notable as
they allow one to determine the intraral mechanical stresses in timevivo geometry with
unprecedented accuracy, and predict the effects of altering the individual contributions of the
wall constituents, via elastin degradation or variations in collagestgteh, whether in bulk
homogenous distributions or according to an intramural compositional gr§tiieB8] When
the intramural heterogeneity of the tissue is represented, typically through two (e.g. medial and
adventitial) layers with distinct material properties, the models carbalsased to evaluate the
residual stresses and strains in the unloaded (unpressurized, unstrexchigdgeometry, such

as exhibited by the opening angle of a ring, or the longitudinal bend of an axial strip taken from
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the artery after a radial c[28].

Residual stresses (strains) are defined as stresses (strains) that exist in the aortic wall in
the absence of load. Experimental findings have connected residual stresses and strains in large
arteries to the existence of functional (i.e., not fragmented) elastin, whereas collagen and smooth
muscle cells were explicitly shown not to be involj@d,29] GAG and PG have also been
demonstrated to contribute to residual stresses and strains, depending on the osmolarity of the
bathing fluid[30,31]and the intramural distribution of GAG/HB2,33] In addition, it has been
suggested that the compressive behavior of GA&@Gported collagen fibers plays an
important role in the unloaded dimensions of arterial ti§28F In a recent study, hypotheses in
this regard were further distilled down to two scenarios: either the inflation of GAG/PG could
cause and fill in collagen waviness, or tensile elastin could compress collagen to make the fibers
wavy and GAG/PG fill in the existing wavinely.

Microstructural, constrainedhixture-based analytical and numerical models are also
noteworthy because they can replicate the siwam response oin vivo tissues, thereby
enabling the analysis of aortic stiffness, a clinically important parameter in aortic biomechanics.
Indeed, arterial compliance is what controls the cardiac afterload and, as a result, the pressure
and flow resulting from the interaction of the heart with the arterial system. The compliance of
the proximal aorta accounts for approximately half of the total arterial complj@dteand
stems from the Windkessel effect already mentioned. Therefore, a compliant aortic wall is
essential in r@ucing cardiac afterload and in regulating blood presf265e86] Conversely,
increased aortic stiffness, which generally results from disease or aging, plays a major role in
hypertension and could be a strong clinical marker for the detection of cardiovascular- disease

associated mortality riskg7]. This is why the accurate estimation of aortic compliance is a
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chief objective toward improved risk stratification and optimized patient management.

Outside of the cardiovascular literature, it is well established that GAG/PG along with
coll agen, are the ECM6s main components that
[38,39] Collagen confers tensile strength to articular cartilage, while GAG/PG play fundamental
mechanical roles due to their lubricating properties, hydraulic permeability, and osmotic
swel |l ing, which contribute to [B&42] Bylcengastd s c on
GAG/ PG in aortic ti ssues have not garsner ed
mechanical and structural roles in normal and pathological aortic tissues have clearly emerged as
areas of research deserving further investigdfigh6,32,43,44]

This thrust of GAG/PG into the cardiovascular spotlight has also been motivated in large
part by clinical issues such as ruptures of the aorta, due to aortic aneurysms or dissections, and
that are still eluding prediction$,45 49]. On the one hand, aortic aneurysms are permanent
dilatations by 50% or more of the aortic diameter [4] and are known to rupture suddenly [5];
although threshold values for diameter and/or yearly expansion rates have been set beyond which
surgical intervention is mandated by @@ guidelines, many ruptures unfortunately take place
below these thresholdd7]. On the other hand, dissections typically initiate from a tear in the
intima and may lead to the separation of the intimal and medial layers, with potentially fatal
outcomes when the tear expands, bifurcates and breaches the adiitifidere is currently
no way for clinicians to predict the occurrence and outcome of aortic dissections, and this puts
such patients at a significant disadvantage. Overall, aortic ruptatesther from aortic
aneurysms or dissections, are associated with significant morbidity, as well as devastating and
costly complicationg47,52,53] According to the Centers of Disease Control and Prevention,

aortic aneurysm is the 19{64,55] leading cause of mortality in the United States and in 2017,

51



aortic aneurysms caused approximately 10,000 deaths in the United Stat¢S&jlone

These instances of aortic ruptures essentially reveal holes in our fundamental
understanding of aortic tissue mechanics and properties. Hence a current focus on increasingly
detailed analyses of the layspecific material properties, deformations and mechanical stresses
experienced by the aorta. In addition, inclusion of residual stresses in mathematical and
computational models has been shown to have a significant impact on our understanding of the
distribution and magnitude of stresses across the aortic wall under physiological J&&8uke
59]. This is highly relevant to the mechanistic framework adopted in this review, whereby
rupture takes place when the deformations or mechanical stresses imposed on a specific region of
the aorta exceed the strength of said region.

The accumulation of new findings prompted the present focused review on GAG/PG in
the aorta. GAG are highly negatively charged polysaccharides that are made up of repeating
disaccharides composed of uronic acid and hexosamine[6DjiSGAG are classified primarily
based on the chemical structure of their repeating disacchariddaijitEssentially, there are
six types of GAG families: hyaluronic acid (also called hyaluronan), dermatan sulfate, keratan
sulfate, chondroitin sulfate, heparan sulfate, aegarin[62]. Heparin is the mostly sulfated
heparan sulfatf63] and hyaluronan is the only naulfated GAG that does not bond to a protein

core[6].
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Figure 3.2: (a) Glycosaminoglycans covalently bound to a protein core to form a proteoglycan;(b) Examples of small (decorin,
biglycan) and large (versican, aggrecan) proteoglycans; (c) Aggregate.

Usually, GAG do not exist alone in the body, of course with the exception of hyaluronan.
Rather, they are covalently associated with protein cores to form a category of modified proteins,
known as proteoglycans (P@1], [64] (Figure 3.2a). The classification process of PG is more
complex than for GAG, and is based on 3 criteria: cellular location, protein homology, and the
protein modules that are present within their protein cf@i€s PGs in ECM typically contain
chondroitin sulfate and dermatan suf&AG chaing64]. In general, the ECM encloses small

interstitial proteoglycans as well as large proteoglycans. Smaith@@le decorin, biglycan and
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fiboromodulin, whereas large PG include aggregan, versican, neucoran and bj@4j6&h For
example, decorin contains only one GAG chain, while largelikg@ggrecan contains over 100
chaing[64]. Figure3.2b illustrates small molecular sized PG such as decorin and biglycan bound
to one and two GAG chains respectively, and large PG such as versican and aggrecan containing
many GAG chains. Large PG share structural similarities and are capable of binding to
hyaluronan, the only nesulfated GAG, to form large aggregates as shown in Figae[65i

67].

In this critical review, we aim to summarize the current understanding of the
mechanobiological functions of GAG/PG in the normal aortic wall, as well as the impact of
GAG/PG on aortic diseases such as aneurysms and dissections. All the while, we will identify
knowledge gaps and propose paths of inquiry in hopes of ultimately enhancing the accuracy of

mathematical models of aortic mechanics, and furthering clinical guidelines and standard of care.

3.4 GAG AND PG IN THE NORMAL AORTA

3.4.1 Observations from Tissue Analysis
In addition to hyaluronaf68], at least three types of sulphated GAG are present in blood

vessels: chondroitin sulfate, heparan sulfate, and dermatan $68§at8] By isolating different

types of GAG in human, porcine, canine, rat, hen and rabbit tissues, it has been demonstrated
that GAG proportions, as well as their dominant types, vary between species, with chondroitin
sulfate being predominant in both porcine and human tisglieg2] In mammals such as
porcine, canine, rabbit and humans, the intima and media of the aortapssaxl of 466%
chondroitin sulfate (percentage of total GAG)38% dermatan sulfate] 82% heparan sulfate

and 424% hyaluronan[68,71] Furthermore, it has been noted, through histological

observationg32] and electrophoresis and chromatograpt], that the distribution of GAG is
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not homogeneous across the aortic wall, with higher levels towards the media and the intima.

Mo st recentl vy, 20 types of PG have been i c¢
[73]. The main large PG in the human aorta appears to be versican, which is covalently bound to
chondroitin sulfate. It constitutes 53.5% of total PG and is mostly present in the [fijia]

Small PG, such as biglycan and decorin, are rich in dermatan sulfate and/or chondroitin sulfate
and have been found to account for 40% of total PG in arf@des5] Biglycan is localized in

the intimal, outer medial and adventitial layers, while decorin is restricted to the adventitia of
normal aortag76]. In general, the majority of PG are believed to reside in the media and can
exist in its interstitial space or associated with elastin and col[@@&n

Together, GAG/PG represent only52 of the thoracic aortic wall in dry ma§g8],
which may account for the little attention they have received compared to collagen and elastin.
However, an increasing number of studies have shown that GA@KtGcontribute to the
arterial wall mechanobiological functions. The following sdgtions discuss the most relevant
findings relative to aortic mechanics in normal tissues. Of particular importance, GAG/PG have
been found to contribute to the mechanics of normal arteries through their ability to swell

[32,79]

3.4.2 A Fundamental Behavior Associated with GAG/PG: Swelling
GAG are highly negatively charged molecules that are fixed within the ECM of the

arterial wall. To maintain electroneutrality, they attract cations such agrda the interstitial

fluid and cause an influx of water molecules into the tissue. This creates an osmotic pressure in
the regions containing GAG, a phenomenon called Gidrsnan swelling[66,80] An
illustration of this phenomenon is presented in FiguBe IB-vitro experiments demonstrate that
swelling in the arterial wall increases when dedrepthe osmolarity of the external solution in

which the arterial samples are bathif§,79] Indeed, when the osmolarity of the external
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solution decreases, an osmotic gradient arises and water flows into the tissue to balance this
gradient, increasing tissue volurf&i]. Importantly, while similar amounts of swelling occur at

a given osmolarity, the distribution of swelling across the aortic thickness may vary. For
instance, two types of swelling distributions were detected in murine carotids: a sigmoid
distribution where the swelling was nearly uniform in the medial layer, and a peak distribution

where the swelling was concentrated in one ilgnaellar space in the mediz9].
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Figure 3.3: Osmotic swelling mechanism caused by the presenGAGIPG in the ECM of normal vascular tissue. Only one
lamellar unit of the aortic wall is represented.

The swelling distribution has not yet been deciphered in the aorta, where GAG/PG are
heterogeneously distributed with higher levels towards the inner layers of itf/2jallThus, a
possible correlation between the transmural GAG/PG and swelling distributions has yet to be
investigated and, if established, could constitute a key contribution to better understanding the
residual stresses discussed next. Furthermore, while uniform swelling may put the arterial wall
network composed of collagen and elastinlemtensior{11], highly localized swelling, on the

other hand, induces elevated pressures at specific locations in the aortic wall, and might separate
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the medial lamellae and initiate a delamination process that could propagate and lead to a

dissectior{82]. This will be discussed in relation to the diseased aortadtid® 35.

3.4.3 Residual Stresses
Residual stresses in the aorta manifest themselves when a short excised (i.e. unpressurized, and

untethered) aortic segment or ring is sliced open: the ring typically opens up as an arc,
demonstrating the release of circumferential residual stresses (RBgbreln addition, an
initially straight narrow longitudinal strip cut along an aortic segment takes on a bent shape,
demonstrating the release of longitudinal residual strg@8¢sAlthough the magnitude of the
residual stresses is typically much less than that wivo stresses, inclusion of residual stresses
into detailed singleor multi- layered mathematical models of the aorta has been found to have a
profound impact on the values and distributions of intramuralivo stresseg$28,57 59,83]
Therefore, these stresses are of prime relevance wimen aims to refine the current

understanding of aortic mechanics.
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Figure 3.4: Opening angle in an aortic ring sample caused by the presence of circumferential residual stresses in the
unpressurized, untethered aortic wall.

The origin of residual stresses in arteries has been attributed to tissue growth and
adaptation to the mechanical environment during developi28r84] Residual stresses have

been shown to be dependent on location and may be affected by several factors including tissue
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composition[23,85]. Azeloglu et al. investigated the mechanical role of PG in the thoracic aorta

in rats, and established that an inhomogeneous intramural distribution of PG induced an
inhomogeneous swelling in the tissue due to a variation in the osmotic pressure across the wall
thicknessln turn, this resulted in variations in the opening angle as-tatelkign of variations

in circumferential resi dual stresses. Azel ogl
of GAG/PG, combined with their inhomogeneous transmural distribution, as contributing factors

to residual stresses in arteries. LgB8] also proposed that osmotic swelling, as induced by the
presence of GAG/PG, is key to determining residual stresses in all cardiovascular tissues and
organs.

Azeloglu et al. also showed that the opening angle increased with increased GAG/PG
fixed charge densities (FCDR2]. Indeed, the negatively charged GAG/PG can be expected to
cause chargto-charge repulsive forces, which serve as a mechanism for resisting compression
and sheaf66,80] as well as contribute to residual stresses. In a fellpwaumerical study
carried out in our laboratorplease refer to Chapter) Awe observed that FCD levels, as well as
GAG transmural gradientg83], modulated the circumferential residual stresses and opening
angles in porcine ascending aortic rings. |t
ours were based on qualitative measurements and assumptions of FCD levels and GAG
transmural distributions. This underlines the pressing need for quantitative measurements of
GAG/PG in both porcine and human aortic tissues to further corroborate these findings.

To complete the description of the connection between GAG/PG and residual stresses, it
is important to mention that the opening angle has also been found to be affected by the
osmolarity of the bathing solutio[80]. Azeloglu et al. reported from simulations of a rat

thoracic aortic ring that the opening angle increased from 5°, to 37° to 206° when decreasing the
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external bath osmolarity from 2,000 mosM, to 300 mosM to 2 m[a1 This phenomenon

was confirmed in murine thoracic aortic samples in other ref@®t39] By contrast, a 143%
overall decrease in opening angle was reported in murine carotids when the osmolarity was
decreased79]. These seemingly contradictory results may suggest different contents and
distributions of GAG/PG between the thoracic and carotid vef&€]sWhile higher levels of
GAG/PG have been found towards the medial and intimal layers in the murine thoracic aorta
[32], the intramural distribution of GAG/PG is still unknown in murine carotids, where their
small size is a significant obstacle to investigaf®si. It would therefore be valuable to explore

the transmural GAG/PG distributions in aortas and arteries of larger animal models, so that
analyses would not only be facilitated by the larger sizes of the vessels, but also the findings

might be more relevant to human health.

3.4.4 Tissue Stiffness
Another mechanical factor that has been found to be influenced by GAG/PG is tissue stiffness.

Let us recall that a stressrain curve can be obtained using a uniaxial or biaxial testing machine
for ex vivotesting to measure the force (converted to stress) as a function of displacement or
elongation (converted to strain) on a given tissue sample (see Bigurds mentioned before,

for soft tissues, the stressrain curve is typically highly nonlinear, and tissue stiffness (or elastic
modulus) is defing as the slope of the curve at a given point. As expected in soft tissues, the
stiffness of aortic tissues is low under small strains/stresses (indicative of the uncoiling of wavy
collagen fibers embedded in easily stretched elastin components), goes through a transition zone
(indicative of the progressive recruitment of reinforcing fibers under increasing stretch/load), and
increases at larger strains/stresses (indicative of a progressive straightening out of the collagen
fibers). Interestingly, a leftwarghift has been observed at larger strains in the sitesg

curves of rodent arterial tissues digested to remove 65% of chondroitin and dermatan sulfate
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[89]. This corresponded to a decrease in the stretchability (compliance) of the tissue after
removal of GAG, or in other words, an increase in stiffness at a given strain value. These results
were obtained by deriving the elastic moduli of treated and untreated samples, showing higher
elastic moduli for samples depleted of GAG/&S]. Such findings underscore the fact that,
although collagen and elastin are known as the main contributors to the arterial wall stiffness
[90i 93], GAG/PG may also play a rolén another study, Mattson et al. showed, through
equibiaxial and nomqubiaxial testing of porcine thoracic aortas, that the transition points of the
stressstrain curves in both the longitudinal and circumferential directions took place at lower
strains after removal of GA], suggesting earlier stiffening of GAG depleted tisq2e86].
Moreover, a leftward shift in the stressain curve was detected after removal of GAG. The
absence of GAGs was also reported to cause an earlier recruitment andicaamyagement

of collagen and elastin fibers, and straighter adventitial collagen fiBerdhe stresstrain
response of GAG depleted tissues was successfully predicted, opening the possibility to develop
new constitutive models that could include the contribution of GAG to aortic mecHé6ics
Interestingly, using atomic force microscopy (AFM), Beenakker dtLd].found that depletion

of GAG/PG reduced the compressive stiffness of the medial and adventitial layers in porcine

tissue.
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Figure 3.5: Stressstrain curves of stiffer vs. softer tissues. The same plot can also illustrate the leftward shift in tretrairess

response of aortic tissues subjected to GAG depletion, as observed partially ir9]2], [8

In addition, it is worth pointing out that mathematical models of the aorta have shown
that, while the inclusion of layepecific information about the opening angle (or a corollary,
such as a deposition stretch) allowed for more accurate predictions of the intramural stress
distribution under physiological pressy8,83], a stiffer aortic behavior under pressurization
was also predicted when the residual stresses were not included in the calcjdajiddscause
of the high clinical relevance of aortic compliance, as mentioned in the introduction, one could
envision the development of mathematical models that predict aortic compliance and include
residual stresses. In such models, one could imagine that residual stresses could further be

predicated by GAG/PG contents and distributions.

3.5 GAG/PG IN THE DISEASED AORTA
The discussion this far has remained focused on normal aortic tissues; however, there have been

many findings related to GAG/PG in the diseased aorta, as detailed below.
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3.5.1 Observations from Tissue Analyses
Alterations in the structure, quantity and distribution of GAG/PG have been reported in aortic

diseases such as atheroscler{#43, progerig[95,96], thoracic aortic aneurysms and dissections
(TAAD) and abdominal aortic aneurysms (AAA). These modifications have been correlated with
the degradation of the aortic wall in such pathologies, and have been thought to influence the
mechanobiological functions of the tissue. The specific modifications that GAG/PG undergo in
TAAD and AAA are described next, leading to a discussion of the potential mechanical roles of

GAG/PG in aortic ruptures.

3.5.2 Thoracic Aortic Aneurysms and Dissections
Qualitative observations from patients have confirmed alterations in GAG/PG amounts in

TAAD. Overall, the GAG content tends to increase in TAAD, with evidence of the formation of
GAG-rich pools, which may drive this accumulati{®/]. Abnormal GAG deposition, along
with medial degeneration of the aortic wall occur in patients with ascending aortic aneurysms
with LoeysDietz Syndrome and Marfan Syndroij®8], as well as in children and young adult
patients with ascending aneurysm and dissecdi@®}. In addition, accumulation occurs in
dissected aortas, mainly in the dissected regions of the affectefd&jrta

PG have also been observed to accumulate in TABRN73,100] Furthermore, in
familial TAAD patients, PG deposition is associated with an important loss of smooth muscle
cells but minimal elastin degradati¢t01]. Specifically, there is an increase in large molecular
sized PG in TAAD. For instance, there is evidence of versican and aggrecan accumulation in
human TAAD aortic sample§73]. Accumulation of aggrecan has also been confirmed in
FbnlmgR/mgR mice, which are animal models that usually die from TAlADaddition,
aggrecan was observed to accumulate more in mice that died from dissection/ruptures than in

mice that were euthanized, with higher concentrations near the dissected or rupturg3areas
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Although biglycan deficiency has been shown to lead to also aortic rupture, more work is
required before a better understanding of the possible contribution of small molecular sized PG
to TAAD emergeqd102]. One current hypothesis is that small PG exhibit a decrease in TAAD

even thoughoverall, PG accumulate. There is therefore a need for better quantitative and

configurational analyses of PG in TAAD.

3.5.3 Abdominal Aortic Aneurysms
In contrast to TAAD, there has been no evidence of pooled GAG accumulations in

AAAs. AAAs exhibit a decrease in GAG quantities, with an overall 60% reduction in GAG
content observed in human AAA samples compared to normal abdominal aortic tissues, along
with a fragmentation and decrease in elastin, and a decrease in number of viable smooth muscle
cells. Specifically, heparan sulfate has been shown to decrease by 90%, hyaluronan by 73%,
chondroitin sulfate by 65%, with a smaller 8% decrease in dermatan sulfate ¢&BLent

AAAs are also associated with a decrease in overall PG quantities. Theocharis and
Karamanog76] showed a reduction from 5.14 + 0.45 mg of uronic acid per gram of dry defatted
tissue in normal aortas, to 2.03 + 0.14 in aortas with AAA. Studies have been consistent in
reporting decreased quantities of large PG in AAA. Specifically, through quantitative proteomics
methods, Didangelos et al. showed a decrease in spectral counts of aggrecan, versican, and
perl ecan in AAA. Ver si c aad&ren 190etd m nsnmlesabjectsatd ¢ o u
84 N 18 in subjects with AAA, and aggrecanos
accounted for ~55% and ~82% decreases in versican and aggrecan, resyg@diivislyanother
study, AAAs were associated with an 89% decrease in versican concenfiréfioAlthough
AAAs have been clearly associated with a decrease in large PG concentration, more work is

needed to understand the quantitative changes related to small molecular sized PG in AAAs.
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Indeed, while similar concentrations in decorin have been reported in normal and aneurysmal
aortas [33], there have been conflicting results reported for the small PG biglycan. Specifically,
in [76], biglycan concentration was reduced from 1.12 + 0.10 mg uronic acid per gram of dry
defatted tissue in normal aortas to 0.478 £ 0.04 mg uronic acid per gram of dry defatted tissue in
aneurysmal aortas, which accounted for a 57% overall decrease. HoweV#&4], ispectral

counts of biglycan showed no differences between normal and aneurysmal aortas, as the mean
spectral count in control subject was 74 + 4 compared to 78 = 10 in AAA from male patients.
Furthermore, spatial distribution changes in GAG content remain to be established.

When evaluating modifications to GAG/PG during AAA pathogenesis, the distribution
and proportion of large vs. small molecular size PG have also been investigated. For instance,
versican concentration decreased from 53.5% of total amounts of PG in normal aortas to 16% of
total PG in AAAs[75]. In addition, while small chondroitin sulfate and dermatan sulfate PG
occupied 40% of total PGs in normal aortas, their proportion was found to be increased to 84%
in aneurysmal aortd¥5]. In another study, biglycan and decorin accounted for 22% of total PG
in normal aortas, but 25% and 60% of total PG in aneurysmal tissue respdé®jelherefore,
it appears that the overall proportion of small PG in reference to the total amount of PG is altered
in AAAs. GAG/PG have also been shown to exhibit structural modifications in AAAs. For
example, not only have AAAs been associated with a decrease in versican concentration, but

they have also been found to possess decreased molecular sizes compared to norfd@i3ortas

3.6 MECHANISMS AT PLAY IN TAAD AND AAA
There are likely different ways by which alterations in GAG/PG contents and

distributions in aortic tissues impact the biomechanical behavior of aortas, and might even

contribute to the induction of rupture. For instance, it is well established in structural engineering
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that local discontinuities in material properties (such as stiffness variations) and/or geometry
(such as local cavities) within loaded components give rise to mechanical stress concentrations
that can increase local stresses by 2 to 3[fgldit is therefore no surprise that simulations have
shown that discontinuities in the arterial wall caused by GAG/PG pooling in the media can give
rise to stress concentrations at these ¢i¢s The magnitude of these stress concentrations
depended on the configuration of the GAG pools. For examplel3in stress concentrations
depended on whether GAG/PG existed as a single pool, two unmerged pools, or two merged
pools, where the coalescence of GAG/PG pools gave rise to higher stress concentrations. This
significantly increased the stress experienced by the neighboring units, making them prone to
failure [43]. In addition, GAG/PG pooling increased the tensile radial stresses, as well as the
circumferential/hoop stresses and the axial stresses in the surrounding areas of tf&2pools
[6]. Such analyses clearly make the case for GAG/PG pooling to be able to give rise to stress
concentrations that may be sufficient to initiate and propagate rupture, and damage the aortic
wall. Indeed, increased radial stresses can specifically lead tdantedlar delamination when
their magnitude surpasses a certain thresf@2¢104] Specifically, radial stresses of ~61 kPa
have been established to cause separation of elastic lamellae and failure of medial healthy aortas
[105].

|t i's also i mportant to note that i ncreas
mEq/lI was also found to increase the peak radial stressD&ftoD100 kPa, which surpasses
the separation threshold of 61 kPa and might be sufficient to initiate delamination in the aortic
wall [6]. A natural question then arises as to what fixed charge densities can be reached in the
aorta from GAG accumulation, under normal and pathological conditions? This is another aspect

that requires further investigation, esjdlg as modelling also suggests that damage in the
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media could lead to growth of GAG pools along the circumference of the[48}td his would

in turn allow GAG pools to merge with other pools when existent, thereby leading to further
increased stress concentrations and higher potential for mechanical disruption and rupture
propagation[82]. Overall, because GAG pools are hallmarks of TAAD, and not withstanding
other phenomena and changes in the aortic wall, it stands to reason thatormeson scale

stress concentrations around such pools could indeed initiate tears and facilitate their
propagations in hardly predictable bifurcated paths. This is indeed consistent with clinical
observations.

Like TAAD, AAA also features increased aortic stiffne106,107] which may
eventually lead to aortic ruptuf@08i 113]. However, unlike TAAD, AAA does not typically
feature GAG pools, but a marked decrease in GAG content instead, and is also associated with a
decrease in aortic wall strengfh06]. Therefore, the underlying rupture mechanism in AAA
might not be stressoncentratiorrelated as in TAADS5,73]. The macrescale compliance loss
observed in AAA is arguably a consequence of the reductionaistielamounts in these
pathological tissuegl14]. In turn, compliance loss is known to exacerbate the systolic blood
pressure increase experienced in aortic locations near bifurcations, such as in the abdominal aorta
[115,116] This pressure increase is due to the partial reflection of the incident systolic pressure
wave due to changing flow conditions. Increased blood pressure (in a stiffer material) brings
about excessive stresses in an AAA wall that is also weakened as the disease progresses. While
the AAA patho-mechanism might not directly involve GAG or PG, it would seem important to
explore whether or not the specific decrease in GAG content noted in AAA might be associated
with the progression of the disease and eventual rupture of the aorta. This is another avenue for

future investigation, and might help in delineating the possible differences in pathogenesis
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between TAAD and AAA, in complement to other current biochemical and genetic avenues

[26,117,118]

3.7 CONCLUSION
The limitations and risks associated with the current clinical assessment of aortic ruptures call for

a deeper understanding of aortic biomechanics, and GAG/PG have emerged as influencing
constituents. This review highlighted the swelling of GAG/&z likely contributor to residual
stresses in the aorta. GAG/PG are inhomogeneously distributed in the aortic wall, and the
relationship between their intramural distribution and that of swelling has yet to be fully
elucidated. We submit that such investigation is vital to better understand residual stresses,
which in turn is fundamental for the accurate evaluation of mechanical mural stresses. The
realization that GAG/PG quantities and gradients have been suggested to modulate the
magnitude of residuakresses based on simulations fed with qualitative experimental data calls
for enhanced quantitative layer specific measurements of GAG/PG in the aortic wall.
Furthermore, the underlying reasons for the distinct opening angle response to external bath
osmolarity between aortas and carotids requires further investigation. Aortic stiffness is also
affected by GAG/PG; however, the current experimental data needs solidification to clarify
whet her GAG/ PG6 depl etion causenessa®AGPGare eas e
also important components to monitor in aortic disease. While overall GAG/PG accumulate in
TAAD and diminish in AAA, questions remain regarding the behavior of small PG. Moreover,
because GAG/PG pooling in TAAD could potentially lead to stress concentrations that surpass
the rupture threshold, causing a delamination to initiate and propagate, there is a need to
understand under which FCDs GAG/PG exist in physiological and pathological aortas. In AAA,

it is still unclear whether there miglte any relationship between the marked reduction in
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GAG/PG content and the ongoing stiffening and weakening of the aortic wall.

3.8 REFERENCES

[1] E.M. Isselbacher, Diseases of the Aorta, in: C. Rosendorff (Ed.), Essent. Cardiol. Princ.
Pract., Humana Press, Totowa, NJ, 2006: ppi &30 https://doi.org/10.1007/971859259
9189 37.

[2] J.M. Mattson, R. Turcotte, Y. Zhang, Glycosaminoglycans contribute to extracellular
matrix fiber recruitment and arterial wall mechanics, Biomech. Model. Mechanobiol. 16 (2017)
213 225. https://doi.org/10.1007/s1028716:08114.

[3] D.C. lliopoulos, E.P. Kritharis, A.T. Giagini, S.A. Papadodima, D.P. Sokolis, Ascending
thoracic aortic aneurysms are associated with compositional remodeling and vessel stiffening but
not weakening in agmatched subjects, J. Thorac. Cardiovasc. Surg. 137 (20091091
https://doi.org/10.1016/}.jtcvs.2008.07.023.

[4] M.-J. Chow, R. Turcotte, C.P. Lin, Y. Zhang, Arterial Extracellular Matrix: A
Mechanobiological Study of the Contributions and Interactions of Elastin and Collagen,
Biophys. J. 106 (2014) 2682692. https://doi.org/10.1016/].bpj.2014.05.014.

[5] J.D. Humphrey, Possible Mechanical Roles of Glycosaminoglycans in Thoracic Aortic
Dissection and Associations with Dysregulated T6F J. Vasc. R #0s . 50
https://doi.org/10.1159/000342436.

[6] S. Roccabianca, G.A. Ateshian, J.D. Humphrey, Biomechanical roles of medial pooling
of glycosaminoglycans in thoracic aortic dissection, Biomech. Model. Mechanobiol. 13 (2014)
13 25. https://doi.org/10.1007/s102813-0482 3.

[7] G.A. Holzapfel, G. Sommer, C.T. Gasser, P. Regitnig, Determination ofdageific
mechanical properties of human coronary arteries with nonatherosclerotic intimal thickening and
related constitutive modeling, Am. J. Physideart Circ. Physiol. 289 (2005) H20482058.
https://doi.org/10.1152/ajpheart.00934.2004.

[8] M. Kobielar z, M. Kozu@E&, A. Kuzan, K. Mak sy
intima with early atherosclerotic lesions is ldagharing component of human thoracic aorta,
Biocybern. Biomed. Eng. 37 (2017)138. https://doi.org/10.1016/j.bbe.2016.10.008.

[9] E.B. Smith, Transport, interactions and retention of plasma proteins in the intima: the
barrier function of the internal elastic lamina, Eur. Heart J. 11 (1990)8172
https://doi.org/10.1093/eurheartj/11.suppl_E.72.

[10] S. Jana, M. Hu, M. Shen, Z. Kassiri, Extracellular matrix, regional heterogeneity of the

aorta, and aortic aneurysm, Exp. Mol. Med. 51 (2019b1 https://doi.org/10.1038/s122089
02863.

68



[11] J-W.M. Beenakker, B.A. Ashcroft, J.H.N. Lindeman, T.H. Oosterkamp, Mechanical
Properties of the Extracellular Matrix of the Aorta Studied by Enzymatic Treatments, Biophys. J.
102 (2012) 17311737. https://doi.org/10.1016/j.bpj.2012.03.041.

[12] J.E. WAGENSEIL, R.P. MECHAM, Vascular Extracellular Matrix and Arterial
Mechanics, Physiol. Rev. 89 (2009) $989. https://doi.org/10.1152/physrev.00041.2008.

[13] M.R. Roach, A.C. Burton, THE REASON FOR THE SHAPE OF THE
DISTENSIBILITY CURVES OF ARTERIES, (n.d.) 11.

[14] P.J. Zeller, T.C. Skalak, Contribution of individual structural components in determining
the zerestress state in small arteries, J. Vasc. Res. 35 (199817.8
https://doi.org/10.1159/000025560.

[15] J. Ferruzzi, M.J. Collins, A.T. Yeh, J.D. Humphrey, Mechanical assessment of elastin
integrity in fibrillin-1-deficient carotid arteries: implications for Marfan syndrome, Cardiovasc.
Res. 92 (2011) 28295. https://doi.org/10.1093/cvr/cvr195.

[16] S. ZeinaliDavarani, M-J. Chow, R.Turcotte, Y. Zhang, Characterization of biaxial
mechanical behavior of porcine aorta under gradual elastin degradation, Ann. Biomed. Eng. 41
(2013) 15281538. https://doi.org/10.1007/s104822-0733y.

[17] A. Rachev, T. Shazly, A structutesed constitutive model of arterial tissue considering
individual natural configurations of elastin and collagen, J. Mech. Behav. Biomed. Mater. 90
(2019) 61 72. https://doi.org/10.1016/j.jmbbm.2018.09.047.

[18] P.B. Dobrin, T.H. Schwarcz, R. Mrkvicka, Longitudinal retractive force in pressurized
dog and human arteries, J. Surg. Res. 48 (1990) 1206 https://doi.org/10.1016/0022
4804(90)902021.

[19] P.B. Dobrin, Elastolytic and Collagenolytic Studies of Arteries: Implications for the
Mechanical Properties  of  Aneurysms, Arch. Surg. 119 (1984) 405.
https://doi.org/10.1001/archsurg.1984.01390160041009.

[20] E. Fonck, G. Prododéhom, S. Roy, L. Augsburg
of elastin degradation on carotid wall mechanics as assessed by a corstiiseht
biomechanical model, 292 (2007) 10.

[21] H. Weisbecker, C. Viertler, D.M. Pierce, G.A. Holzapfel, The role of elastin and collagen
in the softening behavior of the human thoracic aortic media, J. Biomech. 46 (2018)3&%9
https://doi.org/10.1016/j.jbiomech.2013.04.025.

[22] J.D. HUMPHREY, K.R. RAJAGOPAL, A CONSTRAINED MIXTURE MODEL FOR
GROWTH AND REMODELING OF SOFT TISSUES, Math. Models Methods Appl. Sci.
(2011). https://doi.org/10.1142/S0218202502001714.

69



[23] L. Cardamone, A. Valentin, J.F. Eberth, J.D. Humphrey, Origin of Axial Prestretch and
Residual Stress in Arteries, Biomech. Model. Mechanobiol. 8 (2009)714481
https://doi.org/10.1007/s1023%08-0146X.

[24] Y. Hollander, D. Durban, X. Lu, G.S. Kassab, Y. Lanir, Experimentally Validated
Microstructural 3D Constitutive Model of Coronary Arterial Media, J. Biomech. Eng. 133 (2011)
031007. https://doi.org/10.1115/1.4003324.

[25] A. Valentin, J.D. Humphrey, G.A. Holzapfel, A finite elemdiaised constrained mixture
implementation for arterial growth, remodeling, and adaptation: Theory and numerical
verification, Int. J. Numer. Methods Biomed. Eng. 29 (2013) 18289.
https://doi.org/10.1002/cnm.2555.

[26] C. Bellini, N.J. Kristofik, M.R. Bersi, T.R. Kyriakides, J.D. Humphrey, A hidden
structural vulnerability in the thrombospondindeficient aorta increases the propensity to
intramural delamination, J. Mech. Behav. Biomed. Mater. 71 (2017)148%/
https://doi.org/10.1016/j.jmbbm.2017.01.045.

[27] S.J. Mousavi, Patiersipecific stress analyses in the ascending thoracic aorta using a
finite-element implementation of the constrained mixture theory, Biomechanics and modeling in
mechanobiology. (2017) 13.

[28] T. Sigaeva, G. Sommer, G.A. Holzapfel, E.S.D. Martino, Anisotropic residual stresses in
arteries, (n.d.) 12.

[29] S.E. Greenwald, J.E. Moore, A. Rachev, T.P.C. Kand, Meister, Experimental
Investigation of the Distribution of Residual Strains in the Artery Wall, J. Biomech. Eng. 119
(1997) 438444. https://doi.org/10.1115/1.2798291.

[30] X. Guo, Y. Lanir, G.S. Kassab, Effect of osmolarity on the -Btress state and
mechanical properties of aorta, Am. J. Phyditdart Circ. Physiol. 293 (2007) H23282334.
https://doi.org/10.1152/ajpheart.00402.2007.

[31] Y. Lanir, Mechanisms of Residual Stress in Soft Tissues, J. Biomech. Eng. 131 (2009)
044506. https://doi.org/10.1115/1.3049863.

[32] E.U. Azeloglu, M.B. Albro, V.A. Thimmappa, G.A. Ateshian, K.D. Costa,
Heterogeneous transmural proteoglycan distribution provides a mechanism for regulating
residual stresses in the aorta, Am. J. Physlehart Circ. Physiol. 294 (2008) H11941205.
https://doi.org/10.1152/ajpheart.01027.2007.

[33] N. Ghadie, JP. StPierre, M.R. Labrosse, Intramural Glycosaminoglycans Distribution
vs. Residual Stress in Porcine Ascending Aorta: a Computational Study*, in: 2020 42nd Annu.
Int. Conf. IEEE Eng. Med. Biol. Soc. EMBC, 2020: pp. 284819.
https://doi.org/10.1109/EMBC44109.2020.9176381.

[34] C.V.loannou, N. Stergiopulos, A.N. Katsamouris, I. Startchik, A. Kalangos, M.J. Licker,
N. Westerhof, D.R. Morel, Hemodynamics induced after acute reduction of proximal thoracic

70



aorta compliance, Eur. J. Vasc. Endovasc. Surg. 26 (2003) 12085
https://doi.org/10.1053/ejvs.2002.1917.

[35] S.S. DelLoach, R.R. Townsend, Vascular Stiffness: Its Measurement and Significance for
Epidemiologic and Outcome Studies, Clin. J. Am. Soc. Nephrol. 3 (2008j1934
https://doi.org/10.2215/CJN.03340807.

[36] S.Z. Pagoulatou, M. Ferraro, B. Trachet, V. Bikia, G. Rovas, L.A. Crovi®, \allée, D.
Adamopoulos, N. Stergiopulos, The effect of the elongation of the proximal aorta on the
estimation of the aortic wall distensibility, Biomech. Model. Mechanobiol. (2020).
https://doi.org/10.1007/s102320-0137 Ly.

[37] C. Vlachopoulos, K. Aznaouridis, C. Stefanadis, Prediction of Cardiovascular Events and
All-Cause Mortality With Arterial Stiffness: A Systematic Review and Metalysis, J. Am.
Coll. Cardiol. 55 (2010) 1318327. https://doi.org/10.1016/j.jacc.2009.10.061.

[38] L. Han, A.J. Grodzinsky, C. Ortiz, Nanomechanics of the Cartilage Extracellular Matrix,
Annu. Rev. Mater. Res. 41 (2011) 1388. https://doi.org/10.1146/annurematsci062910
100431.

[39] A. Maroudas, J. Mizrahi, E. Ben Haim, I. Ziv, Swelling pressure in cartilage, Adv
Microcirc. 13 (1987) 20212.

[40] M. Jin, AJ. Grodzinsky, Effect of Electrostatic Interactions between
Gl ycosaminoglycans on the Shear Stiffness of
Macromolecules. 34 (2001) 833B39. https://doi.org/10.1021/ma0106604.

[41] A.K. Williamson, A.C. Chen, R.L. Sah, Compressive properties and fuidction
composition relationships of developing bovine articular cartilage, J. Orthop. Res. 19 (2001)
1113 1121. https://doi.org/10.1016/S078866(01)00053.

[42] W. Zhu, V.C. Mow, T.J. Koob, D.R. Eyre, Viscoelastic shear properties of articular
cartilage and the effects of glycosidase treatments, J. Orthop. Res. 11 (199381771
https://doi.org/10.1002/jor.1100110602.

[43] H. Ahmadzadeh, M.K. Rausch, J.D. Humphrey, Modeling lamellar disruption within the
aortic wall using a partickkased approach, Sci. Rep. 9 (2019) 15320.
https://doi.org/10.1038/s41598.9-515582.

[44] T.N. Wight, A role for proteoglycans in vascular disease, Matrix Bial72X2018) 396
420.https://doi.org/10.1016/j.matbio.2018.02.019.

[45] A.D. Theocharis, I. Tsolakis, T. Tsegenidis, N.K. Karamanos, Human abdominal aortic
aneurysm is closely associated with compositional and specific structural modifications at the
glycosaminoglycan level, Atherosclerosis. 145 (1999)i 368. https://doi.org/10.1016/S0021
9150(99)001178.

71



[46] M.A. Cattell, P.S. Hasleton, J.C. Anderson, Glycosaminoglycan content is increased in
dissecting aneurysms of human thoracic aorta, Clin. Chim. Acta. 226 (1994)%.29
https://doi.org/10.1016/0068981(94)90104 .

[47] J.A. Elefteriades, E.A. Farkas, Thoracic Aortic Aneurysm, J. Am. Coll. Cardiol. 55
(2010) 841857. https://doi.org/10.1016/j.jacc.2009.08.084.

[48] S.W. Rabkin, Accentuating and Opposing Factors Leading to Development of Thoracic
Aortic Aneurysms Not Due to Genetic or Inherited Conditions, Front. Cardiovasc. Med. 2 (2015)
21. https://doi.org/10.3389/fcvm.2015.00021.

[49] Shen Ying H., LeMaire Scott A., Webb Nancy R., Cassis Lisa A., Daugherty Alan, Lu
Hong S., Aortic Aneurysms and Dissections Series: Part Il, Arterioscler. Thromb. Vasc. Biol. 40
(2020) e78e86. https://doi.org/10.1161/ATVBAHA.120.313804.

[50] T.M. Gunn, V.A. Gupta, V. Nadig, V.L. Sorrell, S.P. Saha, Ascending Aortic Aneurysm,
in: R.S. Dieter, R.A. Dieter Jr., R.A. Dieter Ill (Eds.), Dis. Aorta, Springer International
Publishing, Cham, 2019: pp. 1I6l73. https://doi.org/10.1007/978030-113223 11.

[51] E.S. Crawford, The Diagnosis and Management of Aortic Dissection, JAMA. 264 (1990)
2537 2541. https://doi.org/10.1001/jama.1990.03450190069031.

[52] M.H. Guo, J.J. Appoo, R. Saczkowski, H.N. Smith, M. Ouzounian, A.J. Gregory, E.J.
Herget, M. Boodhwani, Association of Mortality and Acute Aortic Events With Ascending
Aortic Aneurysm, JAMA Netw. Open. 1 (2018).
https://doi.org/10.1001/jamanetworkopen.2018.1281.

[53] O. Trabelsi, F.M. Davis, J.F. Rodrigublatas, A. Duprey, S. Avril, Patient specific
stress and rupture analysis of ascending thoracic aneurysms, J. Biomech. 48 (201541836
https://doi.org/10.1016/j.jbiomech.2015.04.035.

[54] G.A. Kuzmik, A.X. Sang, J.A. Elefteriades, Natural history of thoracic aortic aneurysms,
J. Vasc. Surg. 56 (2012) 58%/1. https://doi.org/10.1016/}.jvs.2012.04.053.

[55] National Center for Injury Prevention and Contotdnk template, (n.d.).
https://webappa.cdc.gov/ehin/broker.exe (accessed November 17, 2020).

[56] CDC, Aortic Aneurysm | cdc.gov, Cent. Dis. Control Prev. (2019).
https://lwww.cdc.gov/heartdisease/aortic_aneurysm.htm (accessed August 26, 2020).

[57] R.N. Vaishnav, J. Vossoughi, ESTIMATION OF RESIDUAL STRAINS IN AORTIC
SEGMENTS, in: C.W. Hall (Ed.), Biomed. Eng. Il, Pergamon, 1983: pp.i 3R
https://doi.org/10.1016/B978-08-0301457.500787.

[58] R.N. Vaishnav, J. Vossoughi, Residual stress and strain in aortic segments, J. Biomech.
20 (1987) 23b239. https://doi.org/10.1016/002R90(87)9029®.

72



[59] M. Zhang, H. Liu, Z. Cai, C. Sun, W. Sun, An improved analytical method to estimate
threedimensional residual stresses of the aorta, Appl. Math. Model. 90 (2021B6%b1
https://doi.org/10.1016/j.apm.2020.08.063.

[60] N. Taniguchi, ed., Glycochemistry, Springer, Tokyo, 2008.

[61] R.V.lozzo, L. Schaefer, Proteoglycan form and function: A comprehensive nomenclature
of proteoglycans, Matrix Biol. J. Int. Soc. Matrix Biol. 42 (2015) 733
https://doi.org/10.1016/j.matbio.2015.02.003.

[62] K. Balagurunathan, H. Nakato, U.R. Desai, Glycosaminoglycans: Chemistry and biology,
Humana Press, 2015.

[63] L. Zhang, Glycosaminoglycans in development, health and disease, Academic Press,
2010.

[64] A. Varki, R. Cummings, J. Esko, H. Freeze, G. Hart, J. Marth, Proteoglycans and
Glycosaminoglycans, Cold Spring Harbor Laboratory Press, 1999.
https://www.ncbi.nlm.nih.gov/books/NBK20693/ (accessed May 27, 2020).

[65] B. BodeLesniewska, M.T. DourZimmermann, B.F. Odermatt, J. Briner, P.U. Heitz,
D.R. Zimmermann, Distribution of the large aggregating proteoglycan versican in adult human
tissues., J. Histochem. Cytochem. 44 (1996) 3Q2. https://doi.org/10.1177/44.4.8601689.

[66] J.M. Mattson, Y. Wang, Y. Zhang, Contributions of Glycosaminoglycans to Collagen
Fiber Recruitment in Constitutive Modeling of Arterial Mechanics, J. Biomech. 82 (201B) 211
219. https://doi.org/10.1016/j.jbiomech.2018.10.031.

[67] Shen Ying H., Lu Hong S., LeMaire Scott A., Daugherty Alan, Unfolding the Story of
Proteoglycan Accumulation in Thoracic Aortic Aneurysm and Dissection, Arterioscler. Thromb.
Vasc. Biol. 39 (2019) 1899901. https://doi.org/10.1161/ATVBAHA.119.313279.

[68] B.G. Salisbury, W.D. Wagner, Isolation and preliminary characterization of
proteoglycans dissociatively extracted from human aorta., J. Biol. Chem. 256 (19813@A0

[69] M.W. Lark, T.K. Yeo, H. Mar, S. Lara, I. Hellstrom, K.E. Hellstrom, T.N. Wight,
Arterial chondroitin sulfate proteoglycan: localization with a monoclonal antibody., J.
Histochem. Cytochem. 36 (1988) 121221. https://doi.org/10.1177/36.10.3047228.

[70] T.N. Wight, M.W. Lark, M.G. Kinsella, Blood vessel proteoglycans, Biol. Proteoglycans.
(1987) 267 295.

[71] J. Aikawa, H. Munakata, M. Isemura, N. Ototani, Z. Yosizawa, Comparison of

glycosaminoglycans from thoracic aortas of several mammals., Tohoku J. Exp. Med. 143 (1984)
107 112. https://doi.org/10.1620/tjem.143.107.

73



[72] A. Gardais, J. Picard, B. Hermelin, Glycosaminoglycan (GAG) distribution in aortic wall
from five species, Comp. Biochem. Physiol. Part B Comp. Biochem. 44 (1973pER7
https://doi.org/10.1016/0368491(73)900251.

[73] F.S. Cikach, C.D. Koch, T.J. Mead, J. Galatioto, B.B. Willard, K.B. Emerton, M.J.
Eagleton, E.H. Blackstone, F. Ramirez, E.E. Roselli, S.S. Apte, Massive aggrecan and versican
accumulation in thoracic aortic aneurysm and dissection, JCI Insight. 3 (2018).
https://doi.org/10.1172/jci.insight.97167.

[74] A. Didangelos, X. Yin, K. Mandal, A. Saje, A. Smith, Q. Xu, M. Jahangiri, M. Mayr,
Extracellular Matrix Composition and Remodeling in Human Abdominal Aortic Aneurysms: A
Proteomics  Approach, Mol. Cell. Proteomics. 10 (2011) M111.008128.
https://doi.org/10.1074/mcp.M111.008128.

[75] A.D. Theocharis, I. Tsolakis, A. Hjerpe, N.K. Karamanos, Human abdominal aortic
aneurysm is characterized by decreased versican concentration and specific downregulation of
versican isoform VO, Atherosclerosis. 154 (2001) i&6. https://doi.org/10.1016/S0021
9150(00)00500.

[76] A.D. Theocharis, N.K. Karamanos, Decreased biglycan expression and differential
decorin localization in human abdominal aortic aneurysms, Atherosclerosis. 165 (2002) 221
230. https://doi.org/10.1016/S002150(02)00231.

[77] J. Halper, Proteoglycans and diseases of soft tissues, in: Prog. Heritable Soft Connect.
Tissue Dis., Springer, 2014: pp.i43.

[78] Wight T N, Cell biology of arterial proteoglycans., Arterioscler. Off. J. Am. Heart Assoc.
Inc. 9 (1989) 120. https://doi.org/10.1161/01.ATV.9.1.1.

[79] T.A. Sorrentino, L. Fourman, J. Ferruzzi, K.S. Miller, J.D. Humphrey, S. Roccabianca,
Local Versus Global Mechanical Effects of Intramural Swelling in Carotid Arteries, J. Biomech.
Eng. 137 (2015). https://doi.org/10.1115/1.4029303.

[80] W.M. Lai, J.S. Hou, V.C. Mow, A Triphasic Theory for the Swelling and Deformation
Behaviors of Articular Cartilage, J. Biomech. Eng. 113 (1991) i 288.
https://doi.org/10.1115/1.2894880.

[81] A. Tobias, B.D. Ballard, S.S. Mohiuddin, Physiology, Water Balance, in: StatPearls,
StatPearls Publishing, Treasure Island (FL), 2020.
http://www.ncbi.nlm.nih.gov/books/NBK541059/ (accessed November 17, 2020).

[82] H. Ahmadzadeh, M.K. Rausch, J.D. Humphrey, Particleed computational modelling
of arterial disease, J. R. Soc. Interface. 15 (2018) 20180616.
https://doi.org/10.1098/rsif.2018.0616.

[83] G.A. Holzapfel, R.W. Ogden, Modelling the laygpecific threedimensional residual
stresses in arteries, with an application to the human aorta, J. R. Soc. Interface. 7 (2010) 787
799. https://doi.org/10.1098/rsif.2009.0357.

74



[84] T. Matsumoto, K. Hayashi, K. Ide, Residual strain and local strain distributions in the
rabbit atherosclerotic aorta, J. Biomech. 28 (1995) 02P¥/. https://doi.org/10.1016/0021
9290(94)0017%8.

[85] D.P. Sokolis, Regional distribution of layspecific circumferential residual
deformations and opening angles in the porcine aorta, J. Biomech. 96 (2019) 109335.
https://doi.org/10.1016/j.jbiomech.2019.109335.

[86] Y. Lanir, Osmotic swelling and residual stress in cardiovascular tissues, J. Biomech. 45
(2012) 780789. https://doi.org/10.1016/j.jbiomech.2011.11.018.

[87] M. Rafuse, X. Xu, K. Stenmark, C.P. Neu, X. Yin, W. Tan, Laymecific arterial
micromechanics and microstructure: Influences of age, anatomical location, and processing
technique, J. Biomech. 88 (2019) 1131. https://doi.org/10.1016/j.jbiomech.2019.03.026.

[88] M.J. Merrilees, K.M. Tiang, L. Scott, Changes in Collagen Fibril Diameters Across
Artery Walls Including a Correlation with Glycosaminoglycan Content, Connect. Tissue Res. 16
(1987) 237257. https://doi.org/10.3109/03008208709006979.

[89] R.E. Gandley, M.K. McLaughlin, T.J. Koob, S.A. Little, L.J. McGuffee, Contribution of
chondroitindermatan sulfateontaining proteoglycans to the function of rat mesenteric arteries,
Am. J. PhysiotHeart Circ. Physiol. 273 (1997) H952960.
https://doi.org/10.1152/ajpheart.1997.273.2.H952.

[90] J.E. Wagenseil, R.P. Mecham, Elastin in large artery stiffness and hypertension, J
Cardiovasc. Transl. Res. 5 (2012) PB43. https://doi.org/10.1007/s1226532-93498.

[91] A.J. Cocciolone, J.Z. Hawes, M.C. Staiculescu, E.O. Johnson, M. Murshed, J.E.
Wagenseil, Elastin, arterial mechanics, and cardiovascular disease, Am. J. feaibCirc.
Physiol. 315 (2018) H18%¥H205. https://doi.org/10.1152/ajpheart.00087.2018.

[92] D.A. Stakos, D.N. Tziakas, G.K. Chalikias, K. Mitrousi, C. Tsigalou, H. Boudoulas,
Associations Between Collagen Synthesis and Degradation and Aortic Function in Arterial
Hypertension, Am. J. Hypertens. 23 (2010)483. https://doi.org/10.1038/ajh.2010.2.

[93] S. ZeinaliDavarani, Y. Wang, M. Chow, R. Turcotte, Y. Zhang, Contribution of collagen
fiber undulation to regional biomechanical properties along porcine thoracic aorta., J. Biomech.
Eng. 137 (2015) 05100051001. https://doi.org/10.1115/1.4029637.

[94] Wight Thomas N., Merrilees Mervyn J., Proteoglycans in Atherosclerosis and Restenosis,
Circ. Res. 94 (2004) 1158167. https://doi.org/10.1161/01.RES.0000126921.29919.51.

[95] M. Lewis, PRELP, collagen, and a theory of Hutchinigsitford progeria, Ageing Res.
Rev. 2 (2003) 95105. https://doi.org/10.1016/S156837(02)000442.

[96] S-I. Murtada, Y. Kawamura, A.W. Caulk, H. Ahmadzadeh, N. Mikush, K. Zimmerman,
D. Kavanagh, D. Weiss, M. Latorre, Z.W. Zhuang, G.S. Shadel, D.T. Braddock, J.D. Humphrey,

75



Paradoxical aortic stiffening and subsequent cardiac dysfunction in Hutch@iford progeria
syndrome, J. R. Soc. Interface. 17 (2020) 20200066. https://doi.org/10.1098/rsif.2020.0066.

[97] L. F. Borges, Z. Touat , A. Leclercgq, A. Al
O. Meilhac, P.S. Gutierrez,-B. Michel, Tissue diffusion and retention of metalloproteinases in
ascending aortic aneurysms and dissections, Hum. Pathol. 40 (2009)31306
https://doi.org/10.1016/j.humpath.2008.08.002.

[98] J.J. Maleszewski, D.V. Miller, J. Lu, H.C. Dietz, M.K. Halushka, Histopathologic
Findings in Ascending Aortas From Individuals With Lo&jigtz Syndrome (LDS), Am. J.
Surg. Pathol. 33 (2009) 16201. https://doi.org/10.1097/PAS.0b013e31817f3661.

[99] D. Jain, H.C. Dietz, G.L. Oswald, J.J. Maleszewski, M.K. Halushka, Causes and
histopathology of ascending aortic disease in children and young adults, Cardiovasc. Pathol. 20
(2011) 15 25. https://doi.org/10.1016/j.carpath.2009.09.008.

[100] C.D. Koch, C.M. Lee, S.S. Apte, Aggrecan in Cardiovascular Development and Disease,
J. Histochem. Cytochem. 68 (2020) ¥795.https://doi.org/10.1369/0022155420952902.

[101] Guo DongChuan, Regalado Ellen S., Minn Charles, Traaulu Van, Coney Joshua,
Cao Jiumei, Wang Min, Yu Robert K., Estrera Anthony L., Safi Hazim J., Shete Sanjay S.,
Milewicz Dianna M., Familial Thoracic Aortic Aneurysms and Dissections, Circ. Cardiovasc.
Genet. 4 (2011) 3@12. https://doi.org/10.1161/CIRCGENETICS.110.958066.

[102] A.-M. Heegaard, A. Corsi, C.C. Danielsen, K.L. Nielsen, H.L. Jorgensen, M. Riminucci,
M.F. Young, P. Bianco, Biglycan Deficiency Causes Spontaneous Aortic Dissection and Rupture
in Mice, Circulation. 115 (2007) 27B2738.
https://doi.org/10.1161/CIRCULATIONAHA.106.653980.

[103] A. D. Theochari s, I . Tsol aki s, A. Hj er pe, )
alterations in the yne molecul ar structure a
aortas, Biomed. Chromatogr. 17 (2003) #416. https://doi.org/10.1002/bmc.263.

[104] S. Roccabianca, C. Bellini, J.D. Humphrey, Computational modelling suggests good, bad
and ugly roles of glycosaminoglycans in arterial wall mechanics and mechanobiology, J. R. Soc.
Interface. 11 (2014) 20140397. https://doi.org/10.1098/rsif.2014.0397.

[105] N.F. MacLean, N.L. Dudek, M.R. Roach, The role of radial elastic properties in the
development of aortic dissections, J. Vasc. Surg. 29 (1999) 17103
https://doi.org/10.1016/S074214(99)70314.

[106] D.A. Vorp, Biomechanics of abdominal aortic aneurysm, J. Biomech. 40 (2007) 1887
1902. https://doi.org/10.1016/j.jbiomech.2006.09.003.

[107] R.J. Okamoto, J.E. Wagenseil, W.R. DeLong, S.J. Peterson, N.T. Kouchoukos, T.M.
Sundt, Mechanical Properties of Dilated Human Ascending Aorta, Ann. Biomed. Eng. 30 (2002)
624i 635. https://doi.org/10.1114/1.1484220.

76



[108] M.E. DeBakey, G.M. Lawrie, Dissecting Aneurysms of the Aorta, in: Y. Wu, R.M. Peters
(Eds.), Int. Pract. Cardiothorac. Surg., Springer Netherlands, Dordrecht, 1986: ppl24Z37
https://doi.org/10.1007/9784-009-42592_104.

[109] T.N.P. Johns, Dissecting Aneurysm of the Abdominal Aorta: Report of a case with repair
of Perforation, Ann. Surg. 137 (1953) 2235.

[110] B. Steckmeier, Epidemiologie der Aortenerkrankung: Aneurysma, Dissektion,
Verschluss, Radiol. 41 (2001) 6882. https://doi.org/10.1007/s001170170111.

[111] S. Weimann, G. Flora, Primary abdominal aortic dissection, Eur. J. Vasc. Surg. 3 (1989)
369 371. https://doi.org/10.1016/S09821X(89)800775.

[112] R.A.P. Scott, P.V. Tisi, H.A. Ashton, D.R. Allen, Abdominal aortic aneurysm rupture
rates: A #year followup of the entire abdominal aortic aneurysm population detected by
screening, J. Vasc. Surg. 28 (1998)11P2B. https://doi.org/10.1016/S075214(98)702071.

[113] Vorp David A., Geest Jonathan P. Vande, Biomechanical Determinants of Abdominal
Aortic Aneurysm Rupture, Arterioscler. Thromb. Vasc. Biol. 25 (2005) 15586.
https://doi.org/10.1161/01.ATV.0000174129.77391.55.

[114] C.M. He, M.R. Roach, The composition and mechanical properties of abdominal aortic
aneurysms, J. Vasc. Surg. 20 (1994} & https://doi.org/10.1016/0746214(94)901691.

[115] T. Lanne, B. Sonesson, D. Bergqvist, H. Bengtsson, D. Gustafsson, Diameter and
compliance in the male human abdominal aorta: Influence of age and aortic aneurysm, Eur. J.
Vasc. Surg. 6 (1992) 17&84. https://doi.org/10.1016/S09821X(05)802373.

[116] S.J. Marchais, A.P. Guerin, B. Pannier, G. Delavaud, G. London, Arterial Compliance
and Blood Pressure, Drugs. 46 (1993) &2 https://doi.org/10.2165/000034999300462
00015.

[117] P. Lacolley, V. Regnault, P. Segers, S. Laurent, Vascular Smooth Muscle Cells and
Arterial Stiffening: Relevance in Development, Aging, and Disease, Physiol. Rev. 97 (2017)
1555 1617. https://doi.org/10.1152/physrev.00003.2017.

[118] Sénémaud Jean, Caligiuri Giuseppina, Etienne Harry, Delbosc Sandrine, Michel Jean
Baptiste, Coscas Raphaél, Translational Relevance and Recent Advances of Animal Models of
Abdominal Aortic Aneurysm, Arterioscler. Thromb. Vasc. Biol. 37 (2017) i4Q0.
https://doi.org/10.1161/ATVBAHA.116.308534.

77



I I N VITRO AND IN SILICO INVESTIGATIONS

78



INTRAMURAL GLYCOSAMINOGLYCANS
DISTRIBUTION VS . RESIDUAL STRESS IN PORCINE
ASCENDING AORTA: A COMPUTATIONAL STUDY?*

Noor Ghadie?, JeanPhilippe StPierre®, Michel R. Labrossé®
2Mechanical EngineerinBepartment, University of Ottawa, Ottawa, ON. Canada KIN6N5
b Chemical and Biological Engineering Department, University of Ottawa, Ottawa, ON. Canada
K1ING6N5
“Department of Cardiac Surgery, University of Ottawa Heart Institute, Ottawa, ON. Canada

K1Y4wy7

Content of this chapter published in the 42nd Annual International Conference of the IEEE
Engineering in Medicine & Biology Society (EMBC) | July 2020

Ghadie, N., SPierre, J. P., & Labrosse, M. R. (2020, July). Intramural glycosaminoglycans
distribution vs. residual stress in porcine ascending aorta: a computational st2dg0 42nd
Annual International Conference of the IEEE Engineering in Medicine & Biology Society
(EMBC)(pp. 28162819). IEEE.

79



4.1 FOREWORD
In this chapter, weestablished the computational framework needed to simulate the effect of

glycosaminoglycans (GAG) on residual stress#gs.first validatel the implementation of the
framework against previously published scenarfgreliminary investigation of the effect of

GAG on the opening angle and residual streseasconducted through parametric studies

These studies involgeevaluating the opening angle underrious GAG distributiors. These

studies serval as an initial investigation into the roles of GAG, offering a preliminary
understanding until the necessary parameatergobtained to construct a more precise computer
model.In this section, the Von Mises strdsassb een ref erred to as feffe

terminology adpted by FEBIo.

4.2 ABSTRACT
In this computational modelling work, we explored the mechanical roles that various

glycosaminoglycans (GAG) distributions may play in the porcine ascending aortic wall, by
studying both the transmural residual stress as well as the opening angle in aortic ring samples. A
finite element (FE) model was first constructed and validated against published data generated
from rodent aortic rings. The FE model was then used to simulate the response of porcine
ascending aortic rings with different GAG distributions prescribed through the wall of the aorta.
The results indicated that a uniform GAG distribution within the aortic wall did not induce
residual stresses, allowing the aortic ring to remain closed when subjected to a radial cut. By
contrast, a heterogeneous GAG distribution led to the development of residual stresses which
could be released by a radial cut, causing the ring to open. The residual stresses and opening
angle were shown to be modulated by the GAG content, gradient, and the nature of the

transmural distribution.
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4.3 INTRODUCTION
Glycosaminoglycans (GAG), the fundamental building blocks of proteoglycans (PG), are highly

negatively charged molecules that compose, by dry weigbfp &f the wall of normal arteries

[1]. Their mechanical role has emerged as an active area of research in mechanobiology and
arterial biomechanics {8]. Through theoretical, experimental and computational analyses,
Azeloglu et al. showed that the existence of GAG in the arterial wall induced Donnan swelling
pressure that depends on the osmolarity of the external environment, and suggested that the
heterogeneous transmural GAG distribution provided a mechanism for regulating residual stresses
[2]. Residual stresses are those existing in the absence of external loads; they have been
extensively studied due to their significant impact on the stress distribution within the pressurized
aortic wall [2,7,8]. Residual stresses may be evaluexadvo by measuring the opening angle
obtained after a radial cut has been made in an arterial ring sample [2,9]. Roccabianca et al. also
showed that localized pooling of GAG could lead to stress concentrations that may be able to
disrupt the extracellular matrix of the arterial wall [4,5]. Since ruptures that occur in the ascending
region of the aorta can be lethal [10], and also to develop a better understanding of the roles GAG
may play in the arterial wall mechanics, we aimed to examine the effects of GAG content and

distribution on both residual stresses and opening angle in porcine ascending aortas.

4.4 METHODS

4.4.1 General Framework
A structural mechanics computational analysis was set up based on the equilibrium swelling

theory introduced by Azeloglu et al. [2]. This consisted in analyzing a solid mbxased tissue

that combined an elastic porous solid matrix with a Donnan equilibrium swelling material that
described the swelling induced by the presence of fixed charged densities (FCDs). The tissue was
assumed to be charged with FCDs and bathing in an external solution of monovalent counter ions
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[2]. The FCDs characterize the presence of negatively charged GAG in the aortic tissue, whereas
the external bath describes a NaCl solution normally used to reproduce the physiological
environment during experimental studies. The model was developed using open source software

FEBIo version 2.9.1https://febio.org). Before proceeding with the development of the porcine

ascending aortic model, aortic rings from rodents were modeled and the results were validated

against data obtained in previously published scenarios, using parameters from Azeloglu et al. [2].

4.4.2 Reproducing the Rodent Model
One quarter of an aortic ring was created with an outer diameter of 1.92 mm, a wall thickness of

0.137 mm and a slice thickness of 1.09 mm [2]. To exactly reproduce the work done in Azeloglu

et al., the ring was meshed usingritle quadratic hexahedral elements, with 5 elements across

the wall thickness, 12 elements along the circumference, and 4 elements along the slice thickness

of the onequarter model. A neblookean constitutive relation was used to describe the solid
matrix with a Youngds modulus of 0.28 MPa an:
fraction in the reference configuration was set to 0.7, with an osmotic coefficient of 1 [2]. Due to

the scarcity of experimental data, Azeloglu et al. used published records of GAGCHUD (

Leghorn chickens [3], namely40 meg/L in the first and second layers (intima and meiQ),

meq/L in the third layer (transition), and 0 meq/L in the fourth and fifth layers (adventitia). The
effective(Von Mises)stress distributions in both the uncut and cut geometries were generated and
opening angles were evaluated under external bath osmolarities of 2 mosM, 300 mosM and 2,000
mosM [2].

4.4.3 Porcine Model

To explore the behavior of aortas more simila
build a three dimensional finite element model of a porcine ascending aortic ring using an outer
diameter of 18.58 mm, a wall thickness of 2.26 mm [11] and a slice thickness of 10.55 mm
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(preserving the same length/thickness ratio as in Azeloglu et. al)-q@mer of a ring was
modeled with the same mesh density as in the analysis of rodent rings, which yielded converged
solutions. The response of the porcine model was evaluated using a physiological external bath
osmolarity of 300 mosM. To describe the solid matrix, we usedilzeR family model with a

strain energy density function described by the following equations:

€ 3 - b
= |,-3 + — _@Jlnl 1
¥=5 i3t g
h
In=N.C.N

N = sin( cosder + sind sind ez + cosl e

In these equations, U is a strdike material parameter equal to 0.0491 MPa [12] ansl |
the first invariant of the right Cauckygreen deformationtens@Q; 3> r epresents t he
and is equal to 0.0014 MPa, b is the power of
coefficient of exponential argument equal to 13.311 [L2§ the square of the fiber stretch dad
describes the fiber orientation, where d and
local coordinate system, and are equal t§ &d 51.48 respectively [12]. These material
parameters were obtained by Pena ethabugh biaxial teting performed on porcine ascending
aortic samples [12].

The FCD distribution provided in Azeloglu et al. was used as a baseline distribution,
where-40 meg/L was prescribed in the medial and intimal lay@®,meqg/L in the transition
layer, and 0 meg/L in the adventitial layer [2]. The analysis was then performed on both the uncut
and radially cut aortic ring geometries. The peak wall effecfiwen Mises) stresses were
obtained for both geometries, as well as the opening angle for the cut geometry [9]. To better
explore the influence of the FCD distributiondacontent on the residual stresses in the porcine

aortic ring, three parametric studies were carried out as follows: in Parametric Study 1, the aortic
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wall was assigned a constant FCD distribution ranging between @@madeg/L in increments

of -20 meg/L; in Parametric Study 2, the baseline transmural FCD distributiog}, &40, -20,

0 meg/L in the intima/media, transition layer, and adventitia respectively) was prescribed and
offset in increments of5 meqg/L or iteratively multiplied by a factor of 1;1&nd in Parametric
Study 3, the baseline FCD distribution was inverted ¢es 0, -20, -40 meg/L in the
intima/media, transition layer, and adventitia respectively) and offset in incremebtsef/L or

iteratively multiplied by a factor of 1.15.

4.5 RESULTS

4.5.1 Rodent Model
Our model was able to reproduce the opening angle results of rodent aortic rings in Azeloglu et al.

at external bath solutions of 2, 300 and 2,000 mosM with an average error of 6%. The results are
shown in Table4.1l. The effective(Von Mises) stress distributions in both closed and open
rodent sd r i ngsures4.la anfdrlerespectivetydNote that tRasegrings were not
subjected to any external loads, and as such, the presence of FCDs induced a transmural residual

stress distribution in the aortic wall, as shown iruFég.1a.

When the ring was radially cut, it opened to relieve the internal residual stress. Indeed, the

effective stresses decreased inurggt.1e compared to Fige4.1a.

Table4.1: Opening Angle Comparison

Opening Angle (degrees)
External Bath Osmolarity (mosM)
Azeloglu's Model Our Model (reproduced)
2 206 206.2
300 37 36.1
2,000 5 5.8
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Figure 4.1: Effective(Von Misesktress distribution (MPa) in (a) closed geometry of the reproduced rodent aortic ring from [2];
(b) closed ascending porcine aortic ring assigned a constant FCD distributfpr (40 meg/L in all layers); (c) closed
ascending porcine aortic ring assigned the same baseline FCD distribution as :rg R2]-40 meg/L in the intimal and medial
layers,c = -20 meg/L in the transition layer am§ = 0 meg/L in the adventitia); (d) closed ascending porcine aortic ring
assigned an inverted FCD distribution compared to ["{l £ 0 meq/L in the intimal and medial Iayerﬁ,: -20 meg/L in the
transition layer andtfy = -40 meg/L in the adventitia); (€) open geometry of the reproduced rodent aortic ring from [2]; (f)
radially cut ascending porcine aortic ring assigned the same FCD distribution as in (b); (g) open ascending porcinagortic r
assigned the same FCD distribution as in (c) ; (h) open ascending porcine aortic ring assigned the same FCD distribution as

(d).

4.5.2 Porcine Model
For qualitative comparison purposes, we presented the effé¢tiveMises)stress distributions

in representative cases of the uncut (Fég4.1b,c,d) and radially cut geometries (kig4.1f,g,h)
for the porcineascending aortic rings. Rings with a uniform transmural FCD distributief0at
meg/L are shown in Figes 4.1b and4.1f. Both figures show nearly zero effective stresses within
the aortic wall. In addition, no opening angle was observed in the cut ringréEd.f). In
Parametric Study 1, similar results were obtained for all the cases analyzed by effyong O
to -80 meg/L in increments 620 meq/L.

Figures4.1c and4.1g respectively illustrate uncut and radially cut porcine aortic rings
from the ascending region, when assigned the baseline FCD distribution obtained from Azeloglu

et al. [2]. When the ring was uncut, this distribution induced the development of effective residual
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stresses wit hiuredichslowshighegelestivensaelssies towarisghe intimal and
medial layers which contained the highest GAG quantities, and lower stresses towards the
adventitia with lower GAG quantities. When the ring was radially cut, the FCD distribution
induced an opening angle, shown in ¥g4.1g. By contrast, inverting the FCD distribution
(Figures4ldanddl h) caused the cut ring twed4lhd|l d over

Figures 4.2a and4.2b illustrate the results from Parametric Study 2 when the FCD
distribution varied from off; = -40, -20, 0 meg/L (baseline) i = -100,-80, -60 meg/L in the
intimal/medial, transition and adventitial layers respectively;Gnmeg/L offsets. The peak
effective stresses in the radially cut porcine aortic rings increased with increased offset, but
always stayed lower than the peak effective stresses in the uncut porcine aortic rings. Both the
peak effective stresses in the uncut porcine aortic ringsur@-#2a) and the opening angle
(Figure4.2b) increased to a maximum value with increased offset and then slightly decreased.

Figures 4.2c and4.2d illustrate the results from Parametric Study 2 when the FCD
distribution varied from a distribution @f = -40 meg/L,-20 meg/L and 0 meg/L to a distribution
of ¢§ = -214 meq/L,-107 meg/L, 0 meg/L in the intimal/medial, transition and adventitial layers
respectively, in successive multiplications by 1.15 (15% increases). The peak effective stresses in
the radially cut and uncut porcine aortic rings increased exponentially with successive
multiplications, with the former always staying below the latter. As shown iaré-#2d, the
opening angle increased linearly with successive multiplications.

For lack of space, results from Parametric Study 3 for the inverse FCD distributions are
not included; they yielded similar increasing variations in peak effective stress as those shown for

Parametric Study 2, and increasing closing angles.

86



%
.

Peak Effective Stress (kP
N w N (6] (o]

NS w
a8

N
o

=
o

Peak Effective Stress (kRa)
o &

o

250

o

AN
)]
o

[62]
o

Opening Angle (degr
=
o
o

o

o Cut Geometry
A Uncut Geometry A A 4 o4 .,
A A
A
A
A
. . e ® e © © °
[ ] o T
[ ]
[ J
[ )
0 2 4 6 8 10 12 14
(#1 1) o f-5wmdgi BoenthaselifeCD distribution
[ J [ ]
o ° i R ® o
[ ]
[ ]
[ ]
0 2 4 6 8 10 12 14
(#11) of-5mdgi Boenthaselite fFCD distribution

® Cut Geometry
A Uncut Geometry

A [ ]
A °
A
A ° i
A ' s
A o ®
A [ ]
e o °
0 2 4 6 8 10 12 14
(#11) of multiplications by
)
T
L@
.'..
o
0 2=
. R2?=0.9982
.'.'.
.-..'
L
T )
¥
o
0 2 4 6 8 10 12 14
(#11) of multiplications by

Figure 4.2: Results from porcine aortic ring model. Variation of the peak effe(¥iea Mises)ktress (a) and opening angle (b)
when increasing the baseline GAG distributionByneq/L increments. Variation of the peak effeqtitan Misesktress (c) and
opening angle (d) when multiplying the baseline GAG distribution by 1.15 multiple times.
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4.6 DISCUSSION
The response of radially cut rodent aortic rings due to change in external bath osmolarities has

been studied previously, and higher opening angles at lower osmolarities were reported [2]. Our
main interest in this work was to evaluate the change in residual stresses and opening angles in
both closed and open rings due to variation in GAG content and distribution in the porcine
ascending aorta. None of the rings in this study were subjected to any external loads and, as such,
the developed stresses were indeed residual stresses. We showed that a uniform FCD distribution
did not lead to the development of any stresses in closed ringsgBigib), and did not induce

any opening in radially cut rings (kige 4.1f). This suggested that a heterogeneous transmural
distribution is essential for the development of residual stresses, which was confirmed in both
Figures4.1c and4.1d. PG/GAG have been reported to exist in higher contents towards the intima
and media, with lower levels towards the adventitia of the arterial wall [2,13]. When studying
closed rings using the baseline distribution given in [2], we observed higher effective stresses in
the intimal and medial layers which featured higher FCDs, and lower effective stress values
towards the adventitia which featured lower FCDs\fég4.1c).

In addition, the FCD distribution was found to be an important factor affecting the
opening/closing response of aortic rings subjected to radial cuts. Herein, the porcine ascending
aortic ring was found to open under baseline FCD distributionuf€ig.1g), which featured
higher FCD contents towards the intimal and medial layers. By contrast, the ring curled over itself
(Aclosing angl ed) when assiugdilk)ld an inverse FCI

Moreover, Figire 4.2 suggests that not only the FCD content quantity and distribution
affects the stresses and opening angles, but that, more specifically, the intramural gradient of FCD
content could also have an impact. When the FCD content increased but the gradients between the

intimal/medial and the transition layers as well as between the transition and adventitial layers
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stayed constant, the peak effective stresses in both closed and cut geometries increased until it
reached a plateau (kige 4.2a) and the opening angle increased to a maximum value of
approximately 78 and then slightly decreased (Eig 4.2b). When the FCD content and the
gradients between the intimal/medial and the transition layers as well as between the transition
and adventitial layers increased, the peak effective stress increased sharply, following an
exponential profile (Figre 4.2c), and the opening angle increased linearly to reach a maximum
value of 228 in the extreme evaluated FCD distributioncgf= -214 meg/L,-107 meg/L, O

meg/L in the intimal/medial, transition and adventitial layers respectivelyurBig.2 also
supports the evaluation of residual stresses through the measurement of the opening angle. Indeed,
subjecting the porcine ascending aortic ring to a radial cut was associated with a stress relief
where the effective stresses were reduced by an average 40%.

Given that, in this study, we set FCD contents and distributions based on qualitative
measurements and assumptions [2,3,12], and knowing that in most experimental studies, aortic
rings have been reported to open when subject to a radial cut [2,7,8], a naturalfobpwstion
arises as to whether the contents and distributions used herein exist in porcine or human tissues.
As such, the quantitative measurement of physiochemical properties of GAG in both porcine and

human aortic tissues should now be investigated for better predictive modelling of aortic stresses.

4.7 CONCLUSION
In summary, building on findings established by others in the rodent aorta, this study allowed us

to develop a better understanding of the behavior of the porcine ascending aorta, as a reasonable
model for the human aorta. We confirmed that the existence of GAG contributes to the presence
of residual stresses, which can be at least partially relieved after a radial cut is performed through

the aortic ring. In addition, we showed that the GAG content impacts the intensity of residual
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stresses, and we were able, for the first time, to predict from computational modeling that the
transmural GAG gradient distribution, is expected to modulate the residual stress and opening

angle in porcine ascending aortic rings.
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4.9 SUPPLEMENTARY INFORMATION
Note that the material provided in the Supplementary Information section of Chapter 4 was

generated usingEBioStudio Version 1,Avhile the data provided in the body of Chapter 4 was

generated usingEBIo version 2.9.1lwhich may have led to slighiscrepancies

4.9.1 Principal Stress Figures

Figure $4.1:Principal Stress (a,d) 1, (b,e) 2 and (c,f) 3 in closed (a,b,c) and open (d,e,f) porcine aortiasgigsed the same
baseline FCD distribution as in [2)cf = -40 meg/L in the intimal and medial layec§,= -20 meg/L in the transition layer and
) = 0 meg/L in the adventitia)
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Figure $4.2: Principal Stress (a,d) 1, (b,e) 2 and (c,f) 3 in closed (a,b,c) and open (d,e,f) porcine aorti@assigsed an
inverted FCD distribution compared to [2¢§ = 0 meg/L in the intimal and medial layec§, = -20 meg/L in the transition layer
andc = -40 meg/L in the adventitia)

4.9.2 Mesh Sensitivity Analysis
TableA.1: Meshsensitivityanalysis of open porcine aortic ring modelescribed with-70 mEg/L in the first and second layers
(intima and media);50 mEg/L in the third (transition) layer, ané80 mEqg/L in the fourth and fifth layers (adventitia).
Parameters argrovided for a quarter model

Number of Effective
Number of| Number of Opening | Stress in Oute
elements .| Number of| Number of
. elements | elements in Angle Elementat
in . . elements nodes
. in length | circumference (deg) Free End
thickness
(kPa)
5 4 8 160 951 715 0.52
5 4 10 200 1169 72.04 0.51
5 4 12 240 1387 72.51 0.51
5 4 14 280 1605 72.51 0.51
5 4 20 400 2259 72.82 0.51
5 4 25 500 2804 72.96 0.51
5 4 30 600 3349 73.04 0.50
5 4 35 700 3894 73.09 0.49
5 4 40 800 4439 73.13 0.48
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4.9.3 Additional Information
In Chapter 4, the direction tiiefibers was defined using the global coordinate system (x,y,z) as

illustrated n Figure 4.1. As a follow up to the publication, in this sectiwa report results for
models in which fibers wenedefinedusingelement local coordinate system,order to ensure

that fibers are at an angib1.4% along the circumferencm all elements The conclusions
reported in the chapter are not affected, however, there slight changet the absolute values

for the opening angteand stresseswvhich is the reason why we report them in this appendix
secton. Appropriate changes have been made to Fig@ewhich are now presented kigure

$4.3. There were no changes to the results associated with the baseline distribution, and as such,

Figure 4.1 was not affected, nor rectified.

For parametric Study 2 when the FCD distribution varied fromfaf -40, -20, 0 meg/L
(baseline) taf = -100, -80, -60 meg/L in the intimal/medial, transition and adventitial layers
respectively, in5 meg/L offsetsthe trends for both the stresses in the cut and uncut geometries
as well as the opening angles remained similar. While there were no major changes in the values
for the opening angle, slight changes were detected for the stress results. The corresponding data
is in Figure S4.3a and.b

Similarly, for parametric Study 2 when the FCD distribution varied from a distribution of
c5 = -40 meg/L,-20 meg/L and 0 meg/L to a distribution @f= -214 meg/L,-107 meg/L, O
meg/L in the intimal/medial, transition and adventitial layers respectively, in successive
multiplications by 1.15 (15% increasge#f)e trend for the stresses remained similar, suchhibat t
peak effective stresses in the radially cut and uncut porcine aortic rings increased exponentially
with successive multiplications, with the former always staying below the l|atter.absolute

values slightly differed after redefining fiber axis, and jaresented irFigure S4.3cHowever,
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the opening angle no longer increased linearly, as showhigare S4.3d and reached a

maximum value of 172 which was still much larger than opening angles whenRGE®

distributionwasvariedin offsets of-5 mEq/L.
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Figure $4.3: Results from porcine aortic ring modeith fibers redefined in the element local coordinate systsmufing an
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5.1 FOREWORD
The numericalinvestigation carriedut in Chapter4 provided important first insights into the

effect of glycosaminoglycan (GAG) on residual stresseswaatassociated with a number of
limitations. First, while the distributions of GAG throughout the aortic v&a#xpected to vary
between species, the baseline distribution wast lhsked on observations froireghorn
chickens. Second, these distributions were approximated from qualitative histological
observations, which may introduce inaccuracies iir tpgantity estimations. For these reasons,
and asalsodiscussed irChapter 3, we aimetb characterize the distribution etilfatedGAG
(sGAG) throughout the wall of porcine aortag offer a comprehensive characterizatadrthe
extracellular matrixcollagen and elastin were also investigated. Furtherrtmexperimentally
investigate the impact &fGAG on residual stresses and, consequently, validate the fidelity of the
simulation results, correlations betwe#BAG content and gradierand the opening angle were
established fronin vitro results. This aimed to provide experiential evidence and support to the
simulation outcomes, ensuring their reliability and confirming the influences@AG
distribution onresidual stresdn an attempt t@chieve a comprehensive understanding of how
the primary ECM constituents collectively impact residual stresses in the aorta, correlations

between collagen, elastin and the collag8AG ratio with the opening angle were established.

5.2 ABSTRACT
The heterogeneity and contribution of collagen and elastin to residual stresses has been

thoroughly studied, but more recently, glycosaminoglycans (GA&) emerged as potential
regulators. In this study, the opening angle of aortic rings (an indicator of circumferential
residual stresses) and the mural distributions of sulfated GAG (sGAG), collagen, and elastin

were quantified in the ascending, aortic arch and descending thoracic regiorte 6frbonth
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ol d pigs. The opening angle correlated posi

thickness, with good and moderate correlations respectively. The correlations between the
SGAG, collagen, elastin, and collagen:sGAG ratio and the opening angle were evaluated to
identify aortic compositional factors that could play roles in regulating circumferential residual
stresses. The total collagen:sGAG ratio displayed the strongest correlation with the opening
angle (r =-0.715, p < 0.001), followed by the total SGAG content which demonstrated a good
correlation (r = 0.623, p < 0.001). Additionally, the intramural gradients of collagen, sGAG and
collagen:sGAG correlated moderately with the opening angle. We propose that, in addition to the
individual role sGAG play through their content and intramural gradient, the interaction between
collagen and sGAG should be considered when evaluating circumferential residual stresses in the

aorta.

Keywords: Residual Stress, Opening angle, Aorta, Glycosaminoglycans, Collagen.

5.3 INTRODUCTION
Current statef-the-art mathematical and computational biomechanical models of large arteries,

such as those that might be used to predict aortic ruptures, include elastin, collagen fibers and
possibly smooth muscleells (SMCs) asmicrostructural constituentfli 7]. The high water
content is typically accounted for by isochoric deformations (local incompressiBiljtyThe

models consider onéwo or three loasbearing layers, corresponding to the intima, media and
adventitia, or groups thereof. There is overwhelming agreement that residual stresses (i.e. all the
stresses existing in the unloaded configuration after removatsfurongitudinal stretch and
luminal pressure) play a crucial role in homogenizing ith&ivo stresses experienced by the

arterial wall and, therefore, require inclusion for meaningful biomechanical predifti®hs
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The circumferential and longitudinal residual stresses margfestvovia the opening
angle of a ring of the artery after a radial cut, and the bending of a strip cut longitudinally,
respectively[5,10,11] Such experiments on the intact wall only reveal an approximate zero
stress state (Z9Sa crucial reference configuration in continuum mechafditsindeed, when
the layers of the arterial wall are mechanically separated, they exhibit ZSSs that are different
from that of the intact wa[8,10/ 12].

Focusing on circumferential residual stresses and strains, the opening angle of the intact
wall can be recovered in models either via adopn approach based qgihenomenological
information about layedependent opening angle valydsl3], or via a bottorup approach
using models featuringre-stretches obtaimmefrom microstructural information about elastin and
collagen[4,7]. Indeed, if one knows the ZSS of the individual, or group of, aortic layers, putting
them back into a closed cylindrical tubulsegment allows one to determine the e
configuration (i.e. usrstretched and unpressurized) with residual stresses and strains, onto which
in-situ longitudinal stretch and luminal pressure can be applied to ass@ssstresse$l3i 15].

Al ternativel vy, i f one doesnoét know the openi
layers, and therefore, if the ZSS is unknown, residual stress fields in thrdeazbnfiguration

can be induced via the inclusion of longitudinal and circumferentiadfpeéches, which account

for the existence oflifferent microstructural constituents, such as collagen and elastin, in the
extracellularmatrix (ECM)[1,7,16] For instanceit is well established that elastin is deposited

and crosdinked during theperinatal period and features a H#l# on the order of decades.
Therefore, it experiences extensive elastic deformations during normal biological growth until
maturity [17i 19]. By contrast, collagen turns over continuously and is assumed to be deposited

at a preferred stretch value at matufity,18] However, determination of all the relevant pre
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stretch values remains elusive, and as a result, most biomechanical models, even those
microstructurallyinspired, still require the identification of at least some parameters through a
phenomenological approach (tdpwn) based on the overall response of the artery, rather than
knowledge of its individual constituents (bottam) [1,20]. Therefore, a more comprehensive
understanding of residual stresses is still needed.

Experimental findings have connected residual stresses and strains in large arteries to the
existence of functional elasti21]. As to the role of collagen, contradicting results have been
reported, as itvas shown to have no effef@2], and to play a rol¢23], in residualstresses.
Similarly, while some reports have shown that SMCs are not invde2@3] in regulating
residual stresses, others have shown that their state of activation may play [24fole
Simulations have also shown that less elastin in arteries would induce a reduction in opening
angle, and that collagen plays a complementary [ However, the dependence of the
opening angle on the osmolarity of the bathing fl{@®5] and the intramural distribution of
glycosaminoglycans (GAG) and proteoglycans (PG), which are constituents of the ground
substance in thaortic ECM, has suggestélddat GAG/PG are involved in residual stresses and
strains as well26i 28]. It can therefore be hypothesized that intramural differential concentration
of GAG/PG may influence, at least in part, the elastin and collagestngtehes mentioned
above, and may provide a complementary pathway for regulating residual stresses in the arterial
wall.

For lack ofc ompr ehensi ve dat a, the distribution:
models including swelling through osmotic pressure have been based on an array of assumptions
and histological observatiorj26,27,29,30] the latter remaining qualitative or sequantitative

in nature, as they can be impacted by the use of labelling molecules and sectioring non
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uniformities [31,32] To advance basic knowledge with relevance to the human aorta, the
purpose of this study was to investigate the
and GAG, and their correlation to circumferential residual stressessiménths old porcine

aorta. Special attention was paid to the intramural distributions of these constituents in different
locations of the aortic tree. This study represents an early step of an ongoing program to
elucidate the role of GAG/PG in the dynamic evolution of aortic residual stresses with aging and

pathologies.

5.4 MATERIALS AND M ETHODS

5.4.1 Tissue Harvesting
Seven excised aortas from & 6-monthold pigs weighing approximately 9Q00 kg were

obtained from a local abattoir and were cleaned from adjacent fatty and connective tissue.
Samples were preserved 8€4and were subsequently tested within 24 hours of slaughter. Three
main regions of the aortic tree were studied: the ascending region, the aortic arch region, and the
descending thoracic region, as detailed in Figui&. Samples from the descending thoracic
region were excised from between the sixth and eighth intercostal af@3]e§ hree aortic

rings of 45 mm in axial length were excised from each of the three regions of interest. The front
and right quadrants of the rings were identified using fine surgical stitches (Bidbje This

allowed tracking of the location of the back and left regions subsequent to radially cutting each
ring for opening angle measurements. Following measurement of the opening angle, each ring
was processed for evaluation of the ECM content as described below. Aortas 1 to 5 were tested
for sulfated GAG (sGAG) and caljen contents (n = 45). For completeness, elastin content was
also investigated; one ring per region was obtained and tested for this purpose from Aortas 3 to 7

(n = 15).Samples obtained from Aortas 6 and 7 were used for elastin evaluation only.
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Figure 5.1: (a) Image of an excised thoracic aorta with key anatomical features and location of rings excised for
investigation. (b) Image of an aortic ring after excision from deta including the sutures added for quadrant
localization. Insets show the different quadrants. (c) Image of a cut aortic ring for opening angle measurement. (d)
lllustration of an excised aortic sample stored for microstructural analysis, and direction of cryostat sectioning (€)
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< 0.001 (Welch with Gamédowell PostHoc test).
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To explore potential differences in tissue composition within a single ring, we analyzed
the differences in mural contents and distributions of SGAG and collagen between the back,
front, left and right quadrants. This was investigated in Aortas 1 and 2 for sGAG (n = 18 rings)
and in Aorta 1 for collagen (n = 9 rings). Because no statistical difference was observed between
the quadrantéSupplemental FigureS5.6 andS5.7), only one location per ring was investigated
in the remainder of the study. Similarly, the content and mural distribution of elastin was
assumed to be similar for all quadrants, and only one location was investigated (1 ring per region

of a single aorta).

5.4.2 Opening Angle Measurement
Rings were left to float in transparent petri dishes containing 300 mosM of phosphate buffered

solution at room temperature, positioned over a calibration grid. A digital picture of each closed
ring was taken (Figur&.1b). Each ring was then subjected to a radial cut, which allowed to

relieve most of the circumferential residual stresses. The rings were left to stabilize for
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approximately 20 mi11,22,34]and a second digital picture was taken (Fidhfe). We then
calculated the opening angle usingraviously published customritten MATLAB code[34].

Briefly, the method involved measuring the opening angle from the inner and outer arc lengths in
the loadfree and stresfee configurations, as described[84,35] For referencein the present
study, the opening angle is considered null when the ring is closed, in thdrdead
configuration Samples approximately 5 mm byyén in the axial and circumferential directions

of the aortic ringsvere then excised from eadhg (Figure5.1d) and either kept frozen &(°C

for further testing (microstructural analysis) or processed immediately (histological analysis), as

explained in the followingections.

5.4.3 Microstructural Analysis
To quantify the aortic intramural distributions of SGAG, collagen and elastin, aortic tissue

samples were frozen in water and 300-{lmck sections across the aortic wall thickness from the
stored 5x5 mm samples (Figusd.d) were obtained by serial sectioning using cryostat (CM3050

S; LEICA). Wet weights for each section were obtained for normalization of the ECM contents.
Due to variability in tissue thickness, the number of cryostat sections varied between samples,

and normalized positions of the tissue sections were used through the thickness of the aortic wall
(normalized positon=—, Ai 0 being the index of the corre:

being the total number of cryosections). The innermost intima was always section i = 1, thereby
having a normalized position of 0, and the outermost adventitia was always section i = n, thereby
having a normalized position of O (Figusd.d).

The sGAG and collagen contents in each section were quantified from papain digested
samples. Briefly, sections were incubated with 40 pg/ml of papain from papaya latex in 5 mM of

cysteine and 5 mM of ethylenediaminetetraacetic acid (EDTA) @ &fr 48 hours. The sGAG
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content was determined using a dimethylmethylene blue (DMMB) spectrophotometric assay
[36]. The standard curve was generated using chondroitin sulfate A sodium salt and the color
change was quantified spectrophotometrically by measuring the absorbance at 525 and 590 nm
wavelengths and calculating the ratio A525/A590. The collagen content was estimated by
guantifying hydroxyproline in acid hydrolyzed papain digests. Papain digest aliquots were
hydrolyzed using an equal volume of 6 N HCI at ®@or 18 hours, after which they were
neutralized with an equal volume to the papain digest aliquot of 5.7 N NaOH. Hydroxyproline
was quantified usi ng[37] b-ldydr&pproling wak dsed as sestaigdard,t a s
and the color change was quantified spectrophotometrically at 560 nm. It was assumed that
hydroxyproline contains 10% of the collagen weight. The elastin content was quantified using a
FastifM el astin colorimetric assay kit (Biovendo
instructions. Briefly, tissue sections were immersed in 750 pL of 0.25 M oxalic acid placed in
Pyrex tubes and incubated at 900 f or 2 hours t o -elastinr Bhe t wat
supernatant was collected, and the extraction step was repeated with fresh oxalic acid solution.
Two extractions were sufficient to ensure that most of the tissue elastin was solubilized.
Precipitated elastin was then incubated witi0,15,26tetrapheny21H,23Hporphine tetra

sulfonate (TPPS) in citrate buffeafter which the elastibound dye was released using the
manufacturerdéds dye dissociating reagent. The

at 513 nm. Standards -aastinne prepared from bovin

5.4.4 Histological Analysis
In addition to the quantitative analyses described above, histological analyses were carried out as

follows. Tissue samples from the three anatomical regions investigated were procured from two
aortas and fixed in 10% formalin solution for 72 hours, then transferred to 70% ethanol. Samples

were dehydrated in a watethanol series with increasing ethanol concentration. Samples were
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then cleared with xylene, after which the tissues were infiltrated with molten paraffin wax.
Samples were then cut into 4 ptiick sections and stained with Alcian blue, Masson
Trichrome, and Verhoeff'svanGieson elastic stains. Alcian blue was used to highlight GAG

within the aortic ti ssue i n bl ue; Massonos

collagen in blue and Verhoeffa n Gi esonds stained elastin withi

5.4.5 Statistical Analysis
Results are presented as mean * standard error of the mean (SEM) and statistical analyses were

performed using IBM SPSS Statistics 26.0. @Qrayy ANOVA was used to evaluate the
significance in differences between groups
verify equal variance between groups. Tukey
test was not significant, while Gameswell was used as a Post Hoc test for cases when
significance was found in Leveneodos test.
Correlation between tissue opening angle and contents of ECM components was
evaluated by calculating the total, average (per section) amounts of sGAG, collagen,
collagen:sGAG ratio and elastin, as well as their intramural gradients. The gradient was
calculated as the difference between the values from the first and last sections of the aortic wall.
Pear son6s fcwas rcaculaad itm evaluate the strength and significance of the
correlations. The correlations were classified as strong correlations when the r value was higher
than 0.7, good when the r value was between 0.5 and 0.7, moderate when the r value was
between 0.3 and 0.5, and poor when the r value was lower thgB88).3 Significance was

accepted at the 95% confidence levetgited).
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5.5 RESULTS

5.5.1 Opening Angle and Aortic Dimensions
The opening angle decreased in aortic rings extracted from distal regions compared to those

extracted from more proximal regions to the heart, with statistical difference between the
ascending, arch and descending thoracic regions (Figled. A distal decrease in the aortic

ri ngoés radi us and t hi dréen@iguratiome was @alsoe abservea t he
(Supplemental Figur&5.1). Animalspecific results for the opening angle, radius and thickness

in the loadfree configuration are provided in Supplemental Figu882-S5.4. These figures

show that the extent of the variations in the opening angle, radius and thickness between regions
were animaldependent; however, their overall values decreased from the ascending to the
descending thoracic regions. In addition, the opening angle was found to correlate with the mean
radius and thickness of the aortic ring as shown in Fif@ea good correlation was detected

with the radius (r = 0.544, p < 0.001), and a moderate correlation was found with the thickness (r

= 0.396, p = 0.004).
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Figure 5.2: Variation of the opening angle as a function of (a) mean radius of the aortic ring (r=0.544; N=51 from
7 animals, 3 anatomical regions per animal), and (b) aortic thickness (r=0.396; N=51 from 7 animals, 3 anatomical
regions per animal). The radius and thickness are measured in thefremaonfiguration. Samples from the
ascending, aortic arch and descending thoracic regions are represented by hollow circles, solid squares and solid
triangles, respectively.

105



5.5.2 Dry Weight Contents of ECM Components
Figure53a di spl ays the overall dry weight (dw)

ECM. The sGAG content decreased significantly from 1.03+0.04 %dw in the ascending aorta to
0.83£0.03 %dw and 0.78+0.02 %dw in the aortic arch and descending thoracic regions,
respectively. Compositions in collagen and elastin did not display significant differences

between regions, and varied from 19 to 21 %dw, and 21 to 28 %dw, respectively B3giire

5.5.3 Intramural Distributions of ECM Components
The intramural distributions of SGAG, collagen and elastin are shown in Fagilve Figure

53c, and Supplemental Figur&55, respectively. The intramural distribution of the
collagen:sGAG ratio is shown in Figuse8d. The results show that SGAG decreased in content
from the innermost intima to the outermost adventitia, in accordance with qualitative
observations from histologicataining Figure5.4). An inverse profile was observed in the case

of the collagen and collagen:sGAG ratio distributions, with higher contents found towards the

adventitia. The elastin distribution showed higher content in the media.

The total (Tukey HSD, p < 0.001) and average (Tukey HSD, p < 0.01) amounts
calculated from the sGAG distribution in the ascending region were found to be significantly
different from those in the aortic arch and descending thoracic regions (Adrtdsdure5.3b),
with higher sGAG amounts in the ascending region. The average collagen (Tukey HSD, p <
0.001) and collagen:sGAG (Tukey HSD, p < 0.01) in the ascending region were found to be
significantly different from the descending thoracic region, butnoot the aortic arch region. In
particular, lower levels were observed in the ascending region, with visible differences localized
in the adventitia (Figuré.3c, 5.3d). While no significant difference was found in the total

amount of collagen between the regions, the total collagen:sGAG in the ascending region was
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found to be significantly different from the aortic arch and descending thoracic regions (Tukey

HSD, p < 0.001).
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Figure 5.3: (a) Overall composition of the main ECM components, sGAG (N=15 from 5 animals), collagen (N=15
from 5 animals), and elastin (N=5 from 5 animals) normalized by dry weight in the ascending, aortic arch and
descending thoracic regions of porcine aortas (mean + SEM). *** indicates p < 0.001 (ANOVA with Tukey HSD
PostHoc test). (b) Intramural distribution of SGAG (N=15 from 5 animals) (c) collagen (N=15 from 5 animals) and
(d) collagen:sGAG (N=15 from 5 animals), in the ascending, aortic arch and descending thoracic regions. Position
0.0 along the saxis refers to the innermost intima while position 1.0 refers to the outermost adventitia. Error bars
along xaxis represent the SEM for section position to account for the fact that samples produced different numbers
of sections because of variations in thicknesses.
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The differences in gradients for sGAG, collagen and collagen:sGAG ratio between the
regions were also investigated (Supplemental Fig61®). The sGAG and collagen gradients in
the ascending region were significantly different from those in the descending thoracic region
(Tukey HSD, p = 0.008 and p = 0.017 respectively) but not from those in the aortic arch region.

Elastin did not display any significant differences between the regions of interest.

a) b) c)

Figure 5.4. Representative histology sections of aortic tissues from (a,d,g) the ascending, (b,e,h) aortic arch, and
(c,f,i) descendinghoracic aorta, stained with ¢a) Alcian blue, (ef ) Massonds tiy\Verhdeffse me , and
VanGi esonds. I nti mal |l ayers are aligned with the | eft

For details on the variability between animals, we included examples of the sGAG,
collagen and collagen:sGAG ratio distributions from Aortas 2 and 4 in Supplemental Figure
S5.9. In Aorta 2, for which the opening angle displayed a significant difference between the 3
regions (Supplemental FiguBs.2), there was a visible shift between the sGAG distribution in

the ascending region compared to that in the abdominal and aortic arch regions. The differences
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in distributions were more subtle in Aorta 4 (Supplemental Figared), where no significant

difference in opening angle was detected between the regions.

5.5.4 Correlations with Opening Angle
The correlations between the opening angle and the total and gradient of SGAG, collagen and

collagen:sGAG ratio are presented in Figbife

Results for the average sGAG, collagen and collagen:sGAG ratio and for elastin are
provided in Supplemental Figur&5.10 andS5.11, respectively. It can be observed that SGAG
contents correlated positively with the opening angle, while collagen contents and
collagen:sGAG ratio correlated negatively with the opening angle. The strongest correlations
were associated with collagen:sGAG ratio and the sGAG contents. In particular, collagen:sGAG
ratio calculated from the total amounts of collagen and sGAG (Figbe) displayed the
strongest correlation with the opening angle (strong correlations0t745, p < 0.001). Good
correlations were also found between the total SGAG content (FBdiaeand the opening angle
(r = 0.667, p < 0.001), as well as the average content of sGAG (r = 0.623, p < 0.001) and
collagen:sGAG ratio (r =0.54, p < 0.001), and the opening angle (Supplemental Fi§arE3a
andSb5.10c, respectively).

Moderate correlations were detected between the opening angle and the gradients of
SGAG (r =-0.320, p = 0.032), collagen (r-8.367, p = 0.045), and the collagen:sGAG ratio (r =
-0.348, p = 0.019) (Figures5b, 5.5d and5.5f, respectively). While the total collagen content in
the aortic wall did not display any significant correlation with the opening angle (Fsdioe
the average collagen amount across the aortic wall demonstrated a moderate correlation with the
opening angle, as shown in SuppletaéfrigureS5.10b (r =-0.410, p = 0.005). Elastin did not

display any correlations with the opening angle (Supplemental FEjuE#).
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Figure 5.5: Variation of the (a) total sGAGontent (r=0.667;N=45), (b) sGAG gradient (r=0.320;N=45), (c) total
collagen contents (r.288;N=45), (d) collagen gradient (r8.367;N=45), (e) collagen:sGAG ratio (=
0.715;N=45) calculated from the total amounts of collagen and sGAG, and (f) gradient of the collagen:sGAG ratio
(r=-0.348;N=45), with respect to the opening angle. Samples from the ascending, aortic arch and descending
thoracic regions are represented by hollow circles, solid squares and solid triangles, respectively.
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5.5.5 Influence of Aortic Dimensions
The variation of the total amounts of SGAG, collagen, and their ratio with respect to the aortic

ringés mean radius and t bb)cTetetal sGA@eantent(r nvest.
0.390, p = 0.008) and the collagen:sGAG ratio {0492, p = 0.001) correlated moderately with

the mean aortic ringés radius. While the tota
the aortd s t h,ithe totaledlagen content displayed a moderate correlatiorO(A86, p =

0.006), and theollagen:sGAG ratio showed a good correlation with the aortic thickness (r =

0.535, p < 0.001).

5.6 DiscussioN
In an effort to better understand and predict aortic biomechanics, the need to quantify the

intramural distribution of elastin and collagen, and more recently GAG, in the aortic wall, has
been emphasized in a number of recent styd@sA1]. In the present work, we acquired data
from porcine aortas isolated fromt 6-month old animals. With collagen content highest in the
adventitia, and elastin content highest in the media, quantification of collagen and elastin
confirmed our qualitative histological observations, and information available from the literature
[42,43] Our quantitative results show that pigs, like rod¢p€, display higher sGAG contents
towards the intimal and medial layers of the aortic wall. Detailed spatial quantification
underscored that SGAG also exist in the adventitia, but in lower quantities, in accordance with
gualitative histological observations in Figusel and[42,39,44] Along the aortic tree, while
SGAG content significantly decreased from the ascending to the descending thoracic regions,
collagen tended to increase in content, in agreement with findings from the oving4agrta
While the elastin content in the aorta was expected to decrease away from tHd1l)edre

higher variability of elastin content between aortas in comparison to collagen and sGAG may be
the cause of lack of significance.
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The mass fractions of elastin and collagéetermined hereinvill be useful to inform
future constrained mixture models of the porcaerta [14]. The quantified sGAG mass
distributions can be used to evaluate experimentabed intramural distributions of fixed
charged densities (FCDs), which in turn may improve the representative and predictive
capabilities of the mathematical models that include Donnan osmotic swiérj7,29,30]
Based on plausible, but unverified distributions, such models have previously suggested that
higher GAG amounts may give rise to larger opening arig&27] and that a heterogeneous
distribution of GAG may be a factor in the development of residual stresses within the tissue
[26]. Conversely, simulations have suggested that a homogeneous transmural GAG distribution
would result in the absence of circumferential residual stré@sgOur measurements do show
a good correlation between the opening angle of the intact wall with the total SsGAG content, and
a moderate correlation with the gradient of sGAG through the aortic wall, and this effect spanned
the three regions considered along the aortic tree. As mentioned in the Introduction, the opening
angle of the intact wall relates to the approximate circumferential residual stress field in the load
free configuration.

In studies using elastase and collagenase to selectively remove different components of
the arterial ECM, collagen alone has been reported to not contribute to residual 2&jsses
to play a complementary role in th¢@8,23] Indeed, when evaluating collagen alone, we found
that the total collagen content in the aortic wall did not correlate with the opening angle, while
the average collagen content correlated moderately negatively with the opening angle. However,
because collagen fibers are assembled by PG-linbesl collagen fibrild39,45,46] there exists

a strong microstructural coupling between collagen and GAG, and this may justify our finding
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that, among all parameters studied, the opening angle enjoyed the best correlation with the total

collagen:sGAG ratio.

In addition,according t0[28,29], the swelling stress of the GAG present in the arterial
wall puts the network composed of elastin and collagen fibers, under tension. It was also noted
that collagen fibers can be assumed to resist against the recoil of the stretched elastin network, as
treatment with collagenase resulted in reduced dimensions of af#atjeBecause GAG are the
only microstructural ECM constituents that can sustain the compression needed to balance the
tension present in the elastin and collagen network, in view of our findings, we further suggest
that the inhomogeneous distribution of GAG across the vessel wall could affect the elastin pre
stretch levels, but even more so the collagensprich levels present in the lehde
configuration, and in turn influence the opening angle of the wall after radial cut. Therefore, our
findings are compatible with the current understanding of circumferential residual stresses in

arteries, but also provide new insights into howgiretches may be partially mediated.

Additional experimental findings herein include the effect of geometry on circumferential
residual stresses. Specifically, our data suggest an increase in opening angle with increased
diameter, in accordance with previous computer simulaipés However, our data show a
moderate positive correlation between the aortic thickness and the opening angle, whereas the
latter simulations showed a decrease in opening angles for thicker @&taMore work is
needed for definitive answers while the radius and thickness of the thoracic aorta were
reported to increase with ag@t], the opening angle remained unchangejd4), and increased

in [48].

While our data suggest that the distributions of GAG and collagen may play a

complementary role in the development of circumferential residual stress, other features, such as
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the role of fiber crosslinks GAG to fibers crosslinks should also be evaluated. It should be noted
too, that this study has focused on the evaluation of animal aortic tissues from a single species
with a narrow range of ages and no signs of vascular pathologies. Employing the methods
presented in this study to evaluate changes in the intramural distribution of ECM components
with age and disease will be critical to gaining a more complete understanding of the
compositionfunction relationships in aortic tissues. Furthermore, investigating a broader range
of tissue compositions is likely to provide a clearer appreciation of the correlations between the
contents of ECM components and the development of residual stresses. It is also important to
note that in this study, SMCs were neither passivated nor activated and therefore, a limitation of
this work is that the state of contractility of the SMCs was unknown. Finally,-teemandent
information about the opening angle would help in developing a comprehensive model of the
porcine aorta to further clarify the contribution of Donnan osmotic pressure on circumferential

residual stresses.

For the first time, detailed quantification of SGAG, along with collagen and elastin, was
carried out through the porcine aortic wall thickness. Collagen and sGAG displayed inverse
profiles such that collagen increases in content from the innermost intima to the outermost
adventitia, while the sGAG content decreases. In addition, we were able to show for the first
time through experimental studies that the sGAG content and the sGAG intramural gradient may
play a role m modulating residual circumferential stresses, by demonstrating good and moderate
correlations with the opening angle, respectively. Furthermore, we were able to show, and for the
first time, that the collagen:sGAG ratio may be an important parameter when evaluating residual
stresses, suggesting that the interaction between sGAG and collagen could be a central feature

that deserves to be taken into account when studying the residual stresses in the aorta.
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Figure $5.1: (a) Radius and (b) thickness of aortic rings obtained from different anatomical regions presented as mean + SEM
(n=17 rings per region obtained from 7 animals, 3 anatomical regions per animal). ** p < 0.01 and *** p < 0.001 (Welch with
GamesHowell PostHoc test). The radius and thickness are measured in thefleadtonfiguration.
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Figure $5.2: Opening angle of aortic rings obtained from different anatomical regions in 7 aortas presented as mean + SEM
(n=3 rings per region for aortas-b, n=1 ring per region for aortas 6 and 7, 3 anatomical regions per animatdicates p <
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Figure $5.4: Thickness of aortic rings, measured in the ldiage configuration, and obtained from different anatomical regions
in 7 aortas presented as mean + SEM (n=3 rings per region for aoffas 1 ring per region for aortas 6 and 7, 3 anatomical
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Figure $5.6: sGAG intramural distribution in the back, front, right and left quadrants from 3 rings the ascending region of aorta
1 presented as mean + SEM (n=3 rings from 1 animal). Position 0.0 alonepttie sefers to the intima while position 1.0 refers
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Figure $5.9: Intramural Distribution of (a) sSGAG (N=3), (b) collagen (N=3), and (c) collagen:GAG (N=3) in the Ascending,
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thicknesses.

124



a) R2=0.389
—_ o p<0.001
$ 200 | °© o
o O, ..ueer
o Qe
S 150 o O e
%v o) d Qe o)
= O g Aw W © o

[ T
2100 r ettt A nm "
. d
| e o am o,
O s0 | o
A A A
0 1 1 1 1 J
15 ) 2.5 3 3.5 4
Normalized Average sGAG Content [ug SGAG/mg Tissue]
b)250 r R2=0.168
—_ p =0.005
%) o
$ 200 | °o
§ .............. o o
Sl T o
% 150 - O ................ O o .
é O-e....., '_Sl.. (e} | | 0.
L ... A
g’ 100 .iA .. A . A | ]
3 u A AA A T
8_ 50 L A A
A A A
0 1 1 1 1 1 1 1 J
20 30 40 50 60 70 80 90 100
Normalized Average Collagen Content [ug collagen/mg Tissue]
250 r
©) R2=0.292
_ o p<0.001
2 200 | oo
o o}
> e}
2150 F . & [
@ o LTI ©
2 Rl Ol o o o
< 100 t n AW A n"
? .A . . -....'.A .....
E . A A A ..........
[} A A & T
8— 50 A e
A A A
0 1 1 1 1 1 J
10 20 30 40 50 60 70

Average Collagen:sGAG [ug Collagen /ug sGAG]
Figure $5.10: Variation of the average (a) SGAG content (r=0.623;N=45), (b) Collagen conter0.¢+0;N=45), and (c)

Collagen:GAG (r=0.540;N=45) in the aortic wall with respect to the opening angle. The ascending region is presented with a
hallow circle, the aortic arch region with a full square and the descending thoracic region with a full triangle.

125



250 - R2=0.031
o o p=0.529

200 r

150 | ]

...............

ol : L A

Opening Angle [degrees] o
e}

&)
o
T

0 1 1 1 1 1 1 J
50 60 70 80 90 100 110 120
Normalized Average Elastin Content [ug Elastin /mg Tissue]

O
=
=
N
o
1
(@)

Rz =0.01¢
p=0.627

cees
......
.......

[iny
N
o
T
| |

.....
.....
.........
.....
.....
.......

[

o

o
T
|

[0}
o
T

Opening Angle [degrees]
(2]
o

N
o
T
>

1 IA 1 1 1 1 J

50 60 70 80 90 100 110 120 130
Normalized Total Elastin Content [ug Elastin /mg Tissue]

N
o

R2=0.014

250
C
) © o p=0.676

200

150 ]

.e

Opening Angle [degrees]
e}

0 1 1 1 1 1 1 1 1 )
0 10 20 30 40 50 60 70 80 90

Gradient of Normalized Elastin Content [ug Elastin /mg Tissue]
Figure $5.11: Variation of the (a) Average Elastin (¥8.180;N=15), (b) Total Elastin Amounts (®.137;N=15) and, (c) the
Elastin Gradient (r=0.118;N=15) in the aortic wall with respect to the opening angle. Correlations are not significantsp>0.0

The ascending region is presented with a hallow circle, the aortic arch region with a full square and the descending thoracic
region with a full triangle.
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5.8.1 Opening Angle Measurement
Opening anglse were measuredsing a previously published custemmitten MATLAB code

[34]. Consider the unloaded and unstressed configurations of an @oegtias shown in the

figure below.

lm

Figure S5.12: Annotated aortic ring in the unloaded (left) and unstressed (right) configurations.

The midline arc lengtix is assumed to be equivalent in both unloaded and unstressed

configurations, and can be respectively written as:

This leads to expressing as follows:
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Given the unstressed configuration, angl@nd— relate as follows:

Assuming no change in the sample thickness after opening aorticing’{ ” "), the

opening angle can be finally calculated as follows:
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6.1 FOREWORD
Chapters 4 and 5 provideevidence of the contribution aflycosaminoglycansGAG) to

residual stress througheir content, gradient and intramudastribution However, the extent of
contribution of GAG to the opening angle remains poorly understatich we ained to
uncover in this chapter through enzymatic GAG depletinrthis chapterye alsointended to

gain an alencompassing understanding of the mechanical roles of GAG in the orta
understanding their effect on the compressive propediethe aorta We further ained to
investigate the mechanisms through whgAG modulate the mechanical properties of the aorta
by evaluating the water content in the tissue and their contribution to circumferential prestretch.
Additionally, advanced glycation end products also deposit within the extracellular matrix, but
their effect m residual stress wamt evaluated in Chapter &hd we airedto address this gap in

the presenstudy.

6.2 ABSTRACT
The mechanical properties of the aorta are influenced by the extracellular matrix, a network

mainly comprised of fibers and glycosaminoglycans (GAG). In this workdemonstrate that

GAG contribute to the opening anglen(@rkerof circumferentialresidual stresses) in intact and
glycatedaartic tissue. Enzymatic GAG depletion was associated with a decrease in the opening
angle, byapproximately 25% (p=0.009) in the ascending (AS) region, 32% (p=0.003) in the
aortic arch (AR), and 42% (p=0.001) in the lower descending thoracic (LDT) regisimilar

effect of GAG depletion on aortic ring opening angle was also observed in previously glycated
tissues Using indentatiortesting, we found that the radial compressstiéfness significantly
increased in the AS region following GAG depletion, compared to figsh.§06) and control

samples (p=0.021), and that the compressive properties are heterogeneous along the aortic tree.
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A small loss of water content was also detected after GAG depletion, which was most prominent
under hypotonic conditions. Finally, the AS region was also associated with a significant loss of
compressive deformatio(tircumferential stretch that is < 1) the inner layer of the aorta
following GAG depletion, suggestirtgat GAG interact with ECM fibers in their effect on aortic
mechanics. Té importance of this work lies in its identification of the role GAG in
modulatng the mechanical properties of the aorta, namelyctrmimferentialresidual stresses

and the radial compressive stiffneas,well ascontribuing to the swelling statandthe level of

circumferential prestretcim the tissue.

Keywords: Aorta, Glycosaminoglycans, Residual Stress, Stiffness, Prestretch

6.3 INTRODUCTION
The extracellular matrix (ECM) of the aorta is a complex tuiesensional network of

biomolecules mainly comprised of elastin, collagen and ground substance such as
glycosaminoglycans (GAG). Changes in its composition and organization impact the mechanical
properties of the aortdi 4]. In turn, alterations in the biomechanical properties of the aorta are
implicated in several medical conditions, such as hypertefSjpatherosclerosig], aneurysm

and dissectiofi7], leading in many cases to tissuduses and deadly ruptures. When evaluating

the mechanical function of the aorta, one must account for the residual stresses present in the
tissue. Residual stresses are those existing in the unloaded configuration of the aorta. Their
circumferential component can be assesseslivoby measuring the opening angle following a
radial cut through an unloaded aortic ring, which leads to an open, approximatehfreess
portion of a circular ar¢8]. Circumferential residual stresses have been attributedrtous

levels of circumferential prestretch, whereby the inner layers of the aortic wall are under residual

compression, while the outer layers are under residual tejg&nUnderstanding the origin of

131



residual stresses is paramount because they significantly affect the magnitutdeviod
mechanical stresses, which, when in excess of the aortic strength, result in aortic ruptures.
Residual stresses are also believed to contribute to maintaining the mechanical stresses relatively
homogenous throughout the thickness of the 48r1®]. In addition, residual stresses may affect
aortic stiffnesg[10,11], an important clinical marker in vascular disease. The stiffness of the
aorta dictates its ability to expand and recoil, providing the vessel with a cushioning effect that is

essential to accommodate the deformations caused by the pulsatile pumping ¢f2jlood

The roles of elastic and collagen fibers in impacting the mechanical properties and
functions of the aorta have been studied extensiddiy15]; while the contribution of GAG in
aortic biomechanics has recently garnered increased in{8:&6t18]. GAG are negatively
charged polysaccharides that contribute to the swelling state of the tissue, and have been found to
undergo alterations in vascular disease such as thoracic and abdominal aortic afiE@jrysm
While they represent a minor portion of dry weight of aortic ECM, they are thought to contribute
to residual stresses through their quantities, local distributions and intramural grfibehit}
however, the extent of the contribution of GAG to residual stresses remains poorly characterized.
Moreover, although GAG may also contribute to the local stiffness of the aorta, results reported

to date remain conflicting on that matf&8,20,21]

In addition to ECM compositional changes, aging and pathologies are also associated
with the deposition of advanced glycation end products (AGE2Y 24]. The accumulation of
AGEs, which are the product of a reaction between sugar molecules and lipids or proteins, leads
to the creation of crosslinks in aortic tisg@®]. The effect of glycation crosslinks on aortic
stiffness has been thoroughly studied, and crosslink accumulation has been shown to cause a loss

of compliance[26,27] however, to our knowldge, in the aorta, although increasétiness is
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expected to reduce the opening angl6], the direct contribution of glycation crosslinks to

circumferential residual stresses has not yet been investigated.

In this study, we evaluate the effects of GAG in explanted porcine aortic tissue directly and
after initiating the formation of glycation crosslinks. To do so, we measure the effect of GAG
removal by enzymatic digestion asircumferential residual stresses in the aorta, using the
opening angle method. We also study the effect of GAG removal on the radial compressive
stiffness of the aorta using indentation. Finally, we investigatential underlying mechanisms
by which GAG impact the mechanical properties of the aorta, notably by evaluating the response
of aortic rings to variations in external bath osmolarity, as well as the swelling state of the

tissues, and the distribution of circumferential prestretch, before and after GAG depletion.

6.4 METHODS

6.4.1 Tissue Harvesting
Porcine thoracic aortas -6 months animals; 9000 kg) were acquired from a local

slaughterhouse and cleaned from adjacent fatty and connective tissue. A series of experiments
was carried out using samples (strips or rings) isolated from the ascending (AS) region, the aortic
arch (AR) region, the upper descending thoracic (UDT) (abovetieetcostal artery), and the
lower descending thoracic (LDT) (between tffea®id " intercostal arteries) regions of thoracic

aortas.

6.4.2 Enzymatic GAG Depletion and GlycationTreatments
The GAG in aortic strips and rings were enzymatically removed by treating samples with

0.075U/mL chondroitinase ABC, 15U/mL hyaluronidase, 0.75U/mL heparinase (Bilgimeh;
C3667, H3506 and H3917, respectively) in 100 mM ammonium acetate buffer (pH 7.0)-(Sigma

Aldrich) for 48 hours at 3TC. Control samples were incubated in the buffer only, and fresh
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samples were maintained in PBS at4nd evaluated within 48 hours after death. Before further

testing, samples were washed 3 times in phosphate buffered saline (PBS), for 5 min each.

Aortic tissue glycation was achieved by treatment with 700 mM ribose (Sidainizh) in
100 mM ammonium acetate buffer (pH 7.0) for 48 hours &C3ih order to simulate AGE
crosslinksin vitro. Control samples were incubated in the buffer alone. Samgies washed 3
times in PBS, for 5 min each, after which they underwent a subsequent incubation for GAG

treatment, according to the enzymatic GAG digestion protocol detailed above.

6.4.3 Opening Angle
Measuring the opening angle shown in Figureés.1, is a simple indirect approach to evaluate

circumferential residual stresses in blood vessels. To study the effect of GAG depletion on the
opening angle, five porcine aortasi(N 5 animals) were harvested, from which sets of two
adjacent rings were excised from each of the AS, AR and LDT regions. One ring served as a
control, and the second ring underwent enzymatic GAG depletion, as descriestion 2.2A
subsequent experiment was carried out toysthd contribution of GAG to the opening angle in
glycated tissue. Here, setsfoluir adjacent aortic rings were excised from the UDT region in 9
porcine aortas (N= 9 animals). In this test, the UDT region was harvested instead of the AS,
AR, and/or LDT given the additional space it provides, making it possible to extract four
adjacent rings, which were required for the glycation experimenmdid, ten aortas were
initially tested, but one was detect atiersas an
in SPSS Statistics, and removed from the data set. One ring served as a control, while a second
ring underwent enzymatic GAG depletion alone, the third underwent glycation alone, and the
fourth ring underwent a combination of glycation, followed by enzymatic GAG depletion. The

positions of the ring treatments were randomized to prevent bias with respect to the anatomical
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locations. Fresh aortic rings were also evaluated to verify that the incubation in buffers alone did
not yield any significant differences in the opening angle results, as sho@uppiemental
FigureS6.1. Following incubation, and after 3 PBS washes, rings were left to float in Petri dishes
containing 300 mosM of PBS, under which a calibration grid was positioned. Rings were then
radially cut and left to equilibrate for 20 mj@8]. The unloaded (closed) and approximately
unstressed (cut) configurations of the rings were imaged from which the corresponding inner and
outer radii, thicknesses and opening angles wasasured using a previously published
MATLAB image processing code as detailed[28]. Briefly, digital images for loadree and
stressfree configurations were acquired, from which inner and outer arc lengths were measured.
The opening angle was then calculated via the assumption that tHmenieingth in the load

free and stresBee configurations is identical. Of note, and as can be deduced from Bigjure

the opening angle would equal 180 deg when the ring opens up into a straight line.

A) B)

Figure 6.1: Parameters to describe the opening amglend the inner and outer radii, in the (A) unloaded, and (B) unstressed
configurations.

In addition, using a separate set of porcine thoracic aortas @8\animals), the opening
angle response to different external bath osmolarities of intact and-depléted rings was
evaluated. The opening angles were measured in solutions of different concentrations: hypotonic
(0 mosM NacCl), isotonic (300 mosM NacCl), and hypertonic (3000 mosM NaCl). Rings were
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first radially cut in isotonic baths and were left to equilibrate for 30 min. The ring was then
transferred to a bath of hypotonic (or hypertonic) osmolarity and left for 30 min, then back into
an isotonic bath for 30 min, and finally to a hypertonic (or hypotonic) bath for 30 min. The
sequence of bath osmolarities (hypotonic and hypertonic) was randomized to prevent bias. A
digital image was taken at 0 min, 10 min, 20 min and 30 min in each solution for the opening
angle measurements, confirming that 20 min is sufficient to allow the opening angle to plateau.
This method was adopted frofi6]. To validate our methods against the published work
performed by Azeloglu on rodent tissig], 11 rings were acquired from the thoracic aortas of
two 4-months old rats (N= 2 animals) and the opening angles of aortic rings were measured
immediately after their deathProcedures were approved by the institutional animal care
committee at the University of Ottawa (Protocol #3997) and were performed in accordance with

the ARRIVE guidelines.

6.4.4 Indentation Mechanical Testing
Three aortic strigamples of approximately 2.5 x 2.5 cm were excised from each of the AS, AR,

and LDT regions of 5 porcine aortass(N 5 animals). One sample was tested in a fresh state
(within 24 hours of harvesting; kept &Cluntil testing), the second sample served as a control
that was incubated in the buffer used for GAG depletion without enzymes, and the third sample
underwent enzymatic GAG depletion. Indentation tests were carried out using a Biomomentum
Mach1 mechanical tester (Biomentum Inc., Laval, QC, Canada) with @flls@d cell and a 1
mmdiameter flat cylindrical indenter, with samples being immersed in PBS. The choice of the
indenter was made to address the difficulties stemming from thaumfiorm thicknessand
curvature of the aortic samples. A total of 40 preconditioning cycles were applied. The initial
thickness at the start of the preconditioning test was detected by a protocol that involved

localizing the support and sample surfaces through changes in the force measured. After
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preconditioning, samples were indented radially from the intimal layer, to 20% of their thickness,
in a timespan of 5s. For the compression test, the initial position was selected as the initial
thickness measured before preconditioning and care was taken to examine the generated force
displacement data and determine the new thickness of the sample following preconditigning (

as the thickness corresponding to the onset of the loading cycle and the initiation point of the
stressstrain curve. The onset of each loading cycle was established as the point when the force

transitioned from 0 to a quantifiable value. The fedtgplacement data were then used to

calculate the corresponding first Pida&chhoff compressive stress—

and GreerlLagrange strain-( — p ) whereois the sample thickness at each loagingt,

which enabled to generate compressive sisasen curves. Each sample was subjected to a

series of 5 indentation tests across 5 different locations of its intimal surface.

6.4.5 Water content
To evaluate the swelling state of tissues before and after GAG depletion, 9 samples were

procured from each of the AS, AR, and LDT regions per porcine aorta for a total of 8 aertas (N

= 8 animals). Similar to the other experiments carried out in this study, 3 states were evaluated
(fresh, control, and GA@epleted) and 3 samples were considered for each state: one incubated
in a hypotonic solution, the second in an isotonic solution, and the third sample in a hypertonic
bath for at least 1 hour before weighing. Wet weights were obtained after gentle dabbing to
remove excess water. Samples were storedB@C, and then lyophilized to obtain their
respective dry weights, from which the corresponding water content was calculated, whereby the
weight of water was calculated as the difference between wet and dry weights and expressed as a

percentage of wet weight.
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6.4.6 Circumferential Prestretch
Considering the unloaded and the approximate sfresxonfigurations shown in Figuré.l,

and assuming that the opening anglées the same across the thickness of the ring, the

circumferential prestretch (i.e. the circumferential stretch present in the unloaded aorta) can be

expressed ag ——, where” is the radius in the closed (unloaded) configuration

& " 7 ), Ris the radius in the open configuratiovi ( 'Y Y , and index refers to the
inner radius, while indew refers to the outer radiug2@], p. 290). For given inner radii acquired

as described in Section 2.3, intermediate and R are related by equation
” ! —— Y Y . To investigate the effect of GAG depletion, the circumferential

prestretch was evaluated in 8 positions throughout the aortic wall of control anetl §A¢ied

rings. Given the definition of the circumferential prestretch, a value less than 1 describes a
compressive deformatiora value of 1 describes no deformation, and a value greater than 1
describes a tensile deformation. Furthermore, a prestretch getting closer to, while staying below
1, describes a reduction in the compressive local deformation associated with the closing of the
opening angle. Conversely, a prestretch getting farther from, while staying above 1, describes an

increase in the tensile local deformation associated with the closing of the opening angle.

6.4.7 Biochemical Analysis of Tissue Composition
The sulfated GAG (sGAG), collagen, and general AGE contents were quantified from papain

digests of aortic tissues. After measuring the wet and/or dry weights of aortic tissues, the samples
were incubated for 48 hours at°@0in at least 40 pg/ml papain from papaya latex, in papain
digestion buffer containing 5 mM of cysteine and 5 mM of ethylenediaminetetraacetic acid
(EDTA). The sGAG content of papain digests was determined using a dimethylmethylene blue

(DMMB) spectrophotometric assay as described[i@]. Color changes were evaluated
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spectrophotometrically at a wavelength ratio of 525 nm/590 nm, and the standard curve was
generated using chondroitin sulfate A sodium salt. General AGEs were obtained from
fluorescence readings at 360 nm excitation and 440 nm emission, and were compared against a
guinine standarfB0,31], and normalized to both wet weight and collagen content. The collagen
content was estimated from the hydroxyproline content after hydrolysing papain digest in 6N

HCI for 18 hours at 11, as detailed if17,32] Hydroxyproline content was quantified by

usage of chloraming@ / Ehr | i chds reagent and measur ement

hydroxyproline was used as a standard.

6.4.8 Histology
Aortic tissue samples were fixed in 10% formalin for 72 hours, then transferred to 70% ethanol.

Samples were embedded in paraffin, then cut into 4thick sections and stained with Alcian
blue to highlight GAG within the aortic tissue in blue and Verhe&tin Gieson elastic stain to

highlight elastic fibers in black and visualized by light microscopy.

6.4.9 Statistical Analysis
Statistical analyses were carried out using IBM SPSS Statistics version 28.0.1.1. A paired sample

t-test was used to evaluate the differences between the before and after treatments groups (GAG
depletion, glycation). To evaluate the significance between groups (e.g. regions}wayone
ANOVA was wused. When Leveneods tes-thocteswasnot S
used, otherwise a Welch test was used along with a GHomasll posthoc. Significance was

accepted at p < 0.05-3iled). For compositioal data (GAG, collagen, AGE, as well as water
content) statistical methods were performed onr&im transformed data. An additive logtio

approach was employed for the GAG, collagen and water contents with ratios calculated using

the amalgamation of all tissue components, while a pairwisealomy was used for the AGE
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content with ratios calculated using the collagen content. Resalfgresented as meantstandard

deviation (SD), or standard error of the mean (SEM) as indicated in figure captions.

6.5 RESULTS

6.5.1 Confirmation of tissue treatments
Using enzymatic digestion, the GAG content of aortic tissuesuaessfully decreased by 94

2% in fresh tissues and by 93% in glycated tissues, as shown in Figb2A. The successful
GAG removal for other experiments is also showisupplemental Figur&62. This was also
confirmed by histological sections stained with Alcian blue, with the halltplaik stain absent
in GAG-depleted samples (Figuré2C,D).

The efficacy of the glycation step was also evaluated by quantifying general AGEs,
which were found to be between 1.7 and 2.0 times higher in the samples incubated with ribose
compared to controls (Figue2B andSupplemental Figur&63A). General AGEs and collagen
contents were not altered following GAG depletion, as shown in FiG2B and in

Supplemental Figur&63B, respectively.
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Figure 6.2: (A) sGAG content normalized to tissue weight and (B) general AGEs normalized to collagen content for control,
GAG-depleted, glycated and, glycated and Géépleted aortic rings excised from the UDT region. Results are expressed as
mean + SON2=9 animalg. *** indicates p<0.001 (paired sampletést). (C) Representative histological sections from control
and (D) GAGdepleted aortic samples excised from the AS region.

6.5.2 Effects of treatments on aortic ring opening angles
Following GAG depletion, the opening angle significantly decreéeed 114 + 17 deg to 85 +

18 deg in the AS region (p=0.009), from 61 = 27 deg to 41 £ 24 deg in the AR region (p=0.003),
and from 31 £ 9 deg to 18 = 7 deg in the LDT region (p=0.001), as illustrated in Bi§ée
Detailed results for all samples are presentedsupplemental FigureS64, illustrating the
relative decrease in the opening angle within each pair of control anddepléted rings
excised from the same aorta. In evaluating the combined effect of glycation followed by GAG
depletion in aortic samples from the UDT region, it was observed that the opening angle
significantly decreased from 45 + 7 deg to 30 £ 9 deg following GAG depletion alone (p<0.001),
to 39 £ 9 deg following glycation alone (p<0.001) and to 25 + 9 deg following combined
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glycation andGAG-depletion (p<0.001)as shown in Figure 6.3Bf note, the opening angles of
GAG-depleted (p=0.002) rings, and rings that underwent a combination of glycation and GAG
depletion treatments (p=0.002) were significantly smaller than the opening angle of samples that
underwent glycation only. We also confirmed that incubation in the buffer alone (without
enzymes) did not affect the opening angle, as sho8npplemental Figur&6.1.

To further probe the influence of GAG on the opening angle, a complementary study was
conducted to investigate the effect of solution osmolarity on the opening angle of aortic rings
according to a protocol adapted frg6]. As shown in Figuré.3C the opening angles under
hypertonic conditions were not significantly different from those in isotonic solutions. Similarly,
incubation in hypotonic solution did not elicit a change in opening angle, with the exception of
the AS region for which the openirangleof 131 + 20 deg, was significantly higher than the
opening angle in isotonic solution, at 115 + 23 deg (p=0.032). This was not the case for GAG
depleted tissue, where no significance was found between the opening angles in any of the 3
solutions as shown in FiguBe3D. These results contrast with those obtaineflLByin rodents.

To validate our methods in light of these results, we repeated the experiment with rodent aortic
rings (Supplemental Figur865). The opening angle of rodent rings from the wgion for
hypotonic solution was 144 + 34 deg, significantly higher than the opening angles in isotonic
solution, which was 93 = 47 deg (p=0.016), and in hypertonic solution, which was 97 + 52 deg.
Similarly, the opening angle of rodent rings from the UDT region in hypotonic solution was 127
+ 57 deg, significantly higher than the opening angles in isotonic (p<0.001) and hypertonic
(p=0.037) solutions, which were 100 + 61 deg and 87 * 74rdsgectively. These results are
comparable to those [i6], which validate the adopted protocol, and support the validity of the

different response obtained in porcine tissue.

142



*k

N . 60
140 ok
120 o' 50
8100 r *k % 40
S, — —
()
L 80 5
2 2 30
< <
2 % \ “ 2
e c
& 40 g
8' - e}
20 \ \ ’_I_‘ 10
. N N i
AS R AR LDT Control GAG-depleted Glycated Glycated &
egion
vControl 0" OGAG Depleted Treatment GAG-depleted
C)180 % D) 180 r
'g‘ — i
$ 150 © 150
2 >
S 120 | S, 120 |
Q Q
=3 =)
90 r L
5( E 90
g 2
£ 60 1 £ 60
o o}
=3 o
O 30 O 30 } i
0 0
AS AR LDT AS AR LDT
Region Region
= Hypertonic  mlIsotonic OHypotonic - Hypertonic mIsotonic OHypotonic
= == 5
E) !t; |€ F) N
| . LIS
o

1
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with TukeyHSD PostHoc test.(E) Representative illustrations of radially cut control and (F) Géépleted aortiaings from

the AS region.
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6.5.3 Indentation
Radial indentation was carried out on fresh, control, and @8g@eted samples from each of the

AS, AR and LDTregions to analyse the effect of GAG on the radial compressive stiffness.
Figure6.4 summarizes the first Piekairchhoff stress at 10% Gredragrange strain for a force
applied onto the intimal layer. In the AS region, the first PiGl@hhoff stress in GA&lepleted
samples was significantly higher than in fresh (p=0.006) and control samples (p=0.021). In the
AR and LDT regions, GAG depletion dichot generate any alterations in the stress
measurements. Furthermore, the first Riilehhoff stresses in fresh, control and GAG
depleted samples in the AS region were 17 + 4 kPa, 14 + 4 kPa and 19 + 5 kPa, respectively, and
were significantly higher than in the AR region, where they were 9 + 2 kPa (p=0.002), 7 + 2 kPa
(p<0.001) and 10 * 2 kPa (p<0.001), respectively, and as well as significantly higher than in the
LDT region, where they were 10 £ 3 kPa (p=0)02R + 2 kPa (p <0.001) and 10 + 1 kPa
(p<0.001), respectively. Detailed results for all samples are presentpplemental Figure

S66.
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Figure 6.4: First Piola-Kirchhoff stress in kPa at 10% straiin the radial direction)of fresh, control and GA@epleted aortic
samples from the AS, AR, and DT regigms25 tests from N5 animals). Results are presented as mean + SEM. *** indicates
p<0.001, ** indicates p<0.01, * indicates p<0.05. Horizontal bracket symbols indicate results from the paired saesple t
while straight lines are from Welch with Garéewell PostHoc test.

6.5.4 Swelling
To gain insight into the mechanisms at play in the changes to mechanical properties due to GAG

depletion, we first investigated if swelling, a fundamental behavior of GAG in tissues, was
affected. GAG depletion was associated with a water content loss, which was mostly detectable
in hypotonic conditions as shown kiigure6.5A. Under hypotonic conditions, the water content

in the AS, AR, and LDT regions was respectively 75 + 1%, 71 + 5%, and 75 = 2% in GAG
depleted tissue, showing a significant decreasm 84 + 1% (p<0.001) in the AS, 82 + 2%
(p=0.002) in the AR and 79 £ 3% (p=0.008) in the LDT regions of fresh samples, and from 76 +
4%, 80 + 5% (p=0.028), 78 £ 1% (p<0.001) in control samples. The water loss was also observed

under isotonic and hypertonic conditions, however, it was not always significant. For instance, in
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isotonic solutions, the water content in the AS, AR, and LDT regions was respectively 69 + 4%,
71 + 4%, and 70 = 4% in GAGepleted tissue, showing a decrease from 74 £ 5% in the AS, 76
+ 3% (p=0.039) in the AR and 75 + 1% (p=0.016) in the LDT regions of fresh samples, and from

72 £ 3%, 74 £ 3%, 73 £ 2% in control samples.
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Figure 6.5: (A) Water content of fresh, control and GAl8pleted aortic rings under hypotonic, isotonic, and hypertonic
conditions, n=8 samples per regions@8 animals).(B) Aortic ring thickness of control and GAd&pleted aortic rings, 5 rings

per region (N=5 animals)Results are presented as mean + SD. *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05
(paired sample-test). (C) representative histological sections from control (top) and -@&uleted (bottom) aortic samples
excised from the AS region, under hypotonic, isotonic, and hypertonic condBaats.bar length = 500 um.
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The data also confirmed that swelling was greatest under hypotonic conditions, less in
isotonic, and least in hypertonic solutions, as represented in Fégurand inSupplemental
FigureS6.7. FigureS6.7 also shows that, although water content decreased afterdeplétion,
the tissue still responded with the same swelling trend under the different bath concentrations.
This was also confirmedsing histological sections stained withe r h o &/dnGiésenas
shown inFigure6.5C, where, for both control and GA@epleted tissue, the spacing between the
elastin fibers was found to decrease from hypotonic, to isotonic, to hypertonic conditions. As
shown inFigure6.5B, theeffect of GAG depletion on water content was only accompanied by a
significant decrease in the thickness of the aortic rings in the LDT region (p=0.01). There were
no statistical differences between thickness values in the AR region nor the AS region before and

after GAG depletion.

6.5.5 Circumferential Prestretch
Another factor that underlies the opening angle and could explain the changes following GAG

depletion is the circumferential prestreteh . The circumferential prestretch increased
significantly following GAG depletion in the AS region as showrfigure 6.6A; however, no
statistically significant differences were found in the AR regigupplemental Figur&68), or

the LDT region (Figuré.6B). In the AS region, the loss of compressivealateformation was
prominent in the inner layers. Mainlg, significant loss of compressive local deformation was
found in the inner half of the of the aortic wall, at positions 0.0 (p=0.002), 0.125 (p=0.007), 0.25

(p=0.01), and position 0.375 (p=0.025).
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6.6 DISCUSSION
Recently, GAG have been suggested as potential important regulators of residual stresses in

aortic tissueg16], and our previous efforts demonstrated that a correlation exists between the
GAG content and the opening angle of porcine aortic ribgs However, to date, the extent of

the contribution of GAG to the opening angle is still unknown. To answer this question, we
subjected porcine rings to enzymatic GAG depletion. This resulted in a significant decrease in
the opening angle. On average, the opgrangle decreaseby approximately 33%, with a
decrease by 25% in the AS region, by 32% in the AR, by 42% in the LDT region, and by 33% in
the UDTregion. We previously showed that the sulfated GAG content is approximiada&yt:
0.04%dwin the ascending aorta of animals in the same age range as those investigated in this
study, higher than amounts found in the aortic arch and descending thoracic regions;at 0.83
0.03%dw and 0.7& 0.02%dw, respectivelj17]. It is worthwhile to emphasize the fact that a

relatively minor component of the ECM, sGAG, only occupying ~1% of the dry weight of the

148



aorta in pigs, was found herein to contribute to approximately 30% of the opening angle. Hence

the pressing need to more thoroughly understand the relationship between the two.

In addition, because glycated crosslinks play major roles in aging and disease, and since
their impact on biomechanics has only been studied in the context of stiffness, we also assessed
the changes in the opening angle following glycation, as well as the contribution of GAG to the
opening angle in glycated tissue. Our experiments showed thathitest doubling (1-2.0)
the amount of general AGEs in the tissue, the opening angle significantly decreased by
approximately 13%. Since the tissue stiffness is expected to increase in crosslinked tissue
[26,27], these findings are in line with the numerical evaluations that suggest that the opening
angle decreases with increased stifff@€3. In glycated tissue, GAG still played a similar role,
and the opening angle decreased by 36% after GAG depletion, or by 44% compared to intact
tissue. Hence, in this work, GAG played a more important role than AGEs in regulating the

opening angle, at the glycation levels achieved.

Previous reports have shown that osmolarity affects the opening angle in rodent and
porcine aortas, where a decrease in osmolarity was associated with an increase in the opening
angle[16,33] We therefore evaluated the opening angle of intact and-G&Beted porcine
rings in different external bath osmolarities, and found that in control rings, the opening angle in
hypotonic solution was significantly higher than isotonic solution in the AS region Bhig
was in line with the observations [ih6,33], and with ourSupplemental study on rodent aortas.
However, in contrast t416,33] the opening angle under hypertonic solution was not the
smallest, and no significant differences in the opening angle between solutions were found in the
AR and LDT regions. We suggest two possible interpretations for these observations. Firstly,

while Azeloglu et al. attributed the change in opening angle due to variation in osmolarity to the
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swelling capability of GAG onljj16], Guo et al. related it to the swelling of cells, given their
permeability to watef33]. Therefore, an alternative hypothesis would be that both GAG and
cells contribute to the swelling state of the tissue, possibly confounding the opening angle
variation due to change in osmolarity. Secondly, the porcine aortic tissue used by Gi33Jt al
were excised from animals weighing-32 kg, whereas ours weighed-200 kg, suggesting
significantly different sizes and/or maturity. Furthermore, we also performed the osmolarity
challenge on GA&lepleted samples, and the overall response was like that in control samples.
However, the opening angle in hypotonic solution was no longer significantly higher than that in
isotonic conditions in the AS region. Taken together, these results support that GAG is one of the
contributors to the swelling state of the tissue and may therefore contribute to regulating the

opening angle response to osmolarity.

Indeed, it has previously been shown that the fixed charge density of the negatively
charged GAG present in the ECM produce an osmotic swelling in the f{i84lelt was
therefore of interest to investigate if such a fundamental behaviour of GAG was present in our
samples. We evaluated the tissuebs swelling s
loss of water content, which was accompanied with a decrease in the tissue thickness that was
significant in the LDT region. This confirmed the fundara behavior of GAJG16,34], which
may partially explain the loss in opening angle caused by GAG depletion. However, after GAG
depletion, the tissue still responded to the external bath osmolarity variation in the same manner
as noRGAG-depleted tissue. Namely, the water content remained highest under hypotonic
solution and lowest in hypertonic solution even after GAG were removed, suggesting that GAG

may not be the only regulators of water content and swelling in the aorta as speculated earlier in
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the discussion, and that swelling may not be the only underlying mechanism through which

GAG contribute to the opening angle.

The existence of residual stresses has been primarily attributed to the presence of
prestretch in the ECNB], which is thought to be caused by the fibrous components, elastin and
collagen. Elastic fibers undergo extensive deformation during growth due to change in the size
and shape of the aorta, given that elastin is deposited during the perinatal period and then does
not turnover substantially during the lifespan of an indivig@&l. Conversely, collagen turns
over continuously and is assumed to be deposited at a given pref@6e8it} In our first efforts
to understand the contribution of the ECM constituents to the residual stresses, we found that the
strongest correlation existed between the opening angle and the ratio between collagen and
GAG. This led us to hypothesize that GAG may influence the prestretch level of collagen and
elastin, which in turn may influence residual stresgieg. Focussing specifically on the
circumferential direction of the aorta, we showed that GAG depletion causes a loss of
compressive local deformation in the inner layers of the aortic wall in the AS region, which is
consistent with our previous findings and suggests that fiber prestretch in the aorta may be
influenced by GAG, which in turn may affect residual stresses. We previously showed that
higher amounts of GAG exist in the AS region compared to other regions of the thoracic tree,
and in the inner layers of the aortic wall compared to the outer Ify#tsThis is noteworthy
here since these regions experienced higher significance in loss of compressive local
deformation, as well as an increase in radial compressive stiffnassdiscussed latér after

GAG depletion.

It is important to note a limitation in our calculations of the circumferential stretch, which

is that we assumed that the opening angle is the same throughout the aortic wall thickness,
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whereas it is likely layedependent due to the heterogeneous nature of the aortif838jall his
assumption may impact the estimates of stretch values at each mural location, and lead to
different stretch distributions across the wall of the aorta. However, given that the stretch values
were compared at consistent mural positions between the control anel&?éted rings, this
assumption would not change our conclusion that GAG influence circumferential prestretch. In
addition, in control samples, was 0.91+ 0.02, 0.97+ 0.02, 0.95+ 0.03 in theinnermost
position of the AS, AR, and LDT regions, and 168.03, 1.04+ 0.03, and 1.0% 0.01 in the
outermost position of the aortic wall, respectively. These are similar to res[8{swhich were

0.93+ 0.01 in the intima and 1.a40.00 in the adventitia of porcine thoracic aortas. In the rabbit
aorta, Chuong and Fung showed that the circumferential stretch was around 0.86 in the

innermost layer and 1.14 in the outermost adver8iia

Interestingly, the interaction between GAG and ECM fibers has previously been found to
affect the mechanical behavior of therta. For instance, in aneurysmal aortas, GAG have been
found to be associated positively with local collagen fiber dispersion, and negatively with the
ultimate strength in the circumferential directi¢89]. Additionally, t he
waviness in excised square samples of healthy porcine aortas was reduced after GAG depletion,
and both elastic and collagen fiber were reediiait lower straing20]. This work done by
Mattson et al. also showed that GAG influences the aortic stiffness, whereas earlier, but not
absolute, stiffening was found in the tensile stss®in response of tissues subjected to GAG
depletion[20]. In an earlier study, Gandley et al. found an absolute loss of tensile compliance
after removalof chondroitin sulfate, an abundant sulfa®AG found in the aortg21].
However, Beenakker et dlL3] reported a decrease in the compressive stiffness of thelmedia

and adventitial layers of porcine aortic samples that underwent depletion of GAG using atomic
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force microscopy (AFM). In our study, the radial compressive stiffness of the aorta was
evaluated usingndentation. Our result suggested that, in the AS region only, GAG depletion
induced an increase in radial compressive stiffness (measured by stress at 10% strain, applied
from the intimal layer following GAG depletion. This is conforming to findings on tensile
stiffness[20,21], but seems to contradict findings from ARMB]. However, these, in addition to

our findings, confirm that GAG influence the stiffness of the aorta. Still, more work is needed to
understand at what levels GAG begin to influence stiffness, as well as their actual effect on
compressive stiffness. Also noteworthy is that indentation and AFM enable the analysis of local
properties only, and therefore testing the tissue under macroscopic compression may better

confirm these observations.

Through indentation, we were also able to confirm the heterogeneous nature of the aortic
tree, given that our findings suggest that the AS region, under 10% radial strain (applied from the
intima), is stiffer than the AR and LDT regions. Heterogeneity throughout the aortic wall, as well
as through the aortic tree has been extensively eval{z@etll 44]. Since the aorta is mainly
subjected to tensile deformation under physiological pressure, the focus has been on evaluating
the tensile response of the agrand it is well established that the tensile stiffness (evaluated
through uniaxial and biaxial tensile testing) increases from the proximal to distal samples in the
descending thoracic aorfa8,42 44]. Evaluating the compressive properties has garnered less
attention than those in tension, but nanoindentation previously showed an increase in radial
stiffness in the most distal regions of the descending thoracic[d0rtd ] Although we did not
evaluate the properties through as many positions in theedding thoracic aorta, our results
revealed no differences in radial compressive stiffness between the AR and LDT regions.

However, our findings suggest that, under 10% radial strain (applied from the intima), the
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compressivestiffness in theAS region issignificantly higher than that of the AR and LDT
regions, which may seem to contradict finding§4ih]. Nevertheless, it is important to note that

the indenter is this study was 1 mm in diameter, i.e. larger than the indenter {¥@d 1lhby

several orders of magnitude. In addition, given that the mechanical properties of the layers in the
aortic wall are heterogeneous under ten$f8j, it is expected that the compressive properties
also differ throughout the aortic wall. Our analysi®s alscconducted at an indentation depth of

10% of the tissue thickness from the intimal layer, while the depfiljhwas set to 60 pum.

These differences in the tissue mechanical response at different testing scales highlight the
complexity of the aortic tissue in its mechanical response. Indeed, the aorta is a soft hyperelastic
nonlinear tissue, highly heterogeneous and is characterised by its sensitivity to loading
conditions, which stems from its viscoelastic properties. Under tension, the sensitivity of the
tissue to loading conditions has been discussed in the literature, and for instance, the aorta
possesses distinct mechanical responses that depend on the type of test employed (ex.
Displacementontrolled versus foreeontrolled tests)[45]. As the literature develops a
foundation for evaluating the aorta's response to compression, it will become important to

investigate the tissue's sensitivity across various testing scales.

Another important aspect that requires discussion is the effect of GAG depletion on the
structure and composition of the tissue. GAG depletion is expected to cause alterations in the
ECM structure, given that GAG are closely associated with collagen and elastiZihd&
However, in this work, the contents of collagen and general AGEs were quantified following
GAG depletion and no differences were found. Additionally, histological observations did not
reveal any apparent differences in the elastiargement in the unstressed configuration. It has

been previously shown that GAG depletion alters the waviness of collagen fibers, but no evident
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effects on the structure of elastin was detef26{l This is therefore an area that warrants further
investigation, in order to elucidate other possible effects of GAG removal on the structure of the
tissue, including ECM fibers, crosslinks, as well as cells structures. Additionally, it is important
to note the elevated ribose concentration used to induce AGE crosslvik® in this study. It

is possible that this leads to additional structural changes in the tissue beyond the accumulation
of AGE crosslinks. For example, it has been reported that high glucose concentrations can lead
to deteriorate the endothelial glycocaly47]. Such potential tissue changes waret
investigated here. Another study limitation that needs stating is the use of a low number of
animals for some of the tests. For the opening angle and indentation tests, five porcine aortas
were sufficient to provide key information and statistical significance. For the osmolarity test
however, after running experiments on samples from three porcine aortas, it became clear that
adding more samples would not lead to changes in the conclusions. To ensure the robustness of
our experimental methods for the osmolarity test, we carried out the same investigation using the
rat aortas, from which we were able to reproduce previously published1@itdn this test,

only two animals were used. FHilly, given the possible variations between species,

investigations into human tissue are necessary in future work.

To summarize, it has been previously been speculated that GAG regulate the opening angle
via established correlations and numerical simulations, however the extent of contribution of
GAG to the opening angle remains poorly understood. In this work, and for the first time, we
showed through enzymatic GA@pletion that GAG contribute to 282% of the opening angle
in 5-6 months old porcine aortas. We also showed that the accumulation of AGE crosslinks
causes a reduction in the opening angle. In addition,de@phered potential underlying

mechanisms causing the reduction in opening angle after GAG loss, which in this work was
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attributed not only to the fundamental swelling of GAG, but also to their ability to interact with
the ECM fibers and hence impact circumferential prestretch. Remarkably, we show that GAG
depletion contributed to a loss of compressive deformation in the inner layers of the aortic wall,
mainly in the AS region, which contains the highest levels of GAG in our animals. In addition, it
was confirmed that the compressive properties of the aorta vary throughout its tree, and that
GAG, at certain levels, cause significant alterations to the compressive mechanical response of
the aorta. Indeed, we found a significant increase in radial compressive stiffness under
indentation in the AS region following GAG depletion. Given the contradicting results with the
literature, understanding how GAG contribute to compressive stiffness requires a deeper

evaluation, which should include comparisons between different mechanical testing methods.
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7.1 FOREWORD
With the computational framewosstablished irChapter 4, and thexperimenthdata collected

throughout Chapters 5 and 6, w&engthened the foundations for constructing a more reliable
computer modeand overcome the limitations that were associated with the initial simulations.
This will enable us to rigoroushyassess h e maatwdcydis reproducing experimental
results.The frameworkestablished in Chapter 4 will be used to establish computer aortic rings
from the three main regions (ascending, arch, and descending thoracic) investigated in Chapters
5 and 6. We are better positioned to use the respective geometries and intramural GAG
distributions acquired from the experimental tests, and evaluate the output by comparing the
simulated opening angle to the experimerntlbkervations. However, another challenge is
modelling the solid matrixTo address this, & will also focus on implementing relevant
constitutive model,which entails employingoptimization techniques to determinmaterial
constants specific to each of the regions. Nevertheless, the aortic wall is made of several layers
which are believed to possess distinct mechanical behavioch we aim to account fdoy
modeling the solid matrix as two layers, representing the inti@dia and the adventitia.
Additionally, we will also assess the distinct mechanical behaviors of the Hntietda and
adventitia considering the scarcity and conflicting nature of information available in the

literature.

7.2 ABSTRACT
Recent studies have identified an effect of glycosaminoglycans (GAG) on residual stress in the

aorta, underscoring the need to better understand their biomechanical roles. In thisingerk, t
aortic rings models for each of the ascending, arch and descending thoracic regibas of

porcine thoracic aortaere modelled using FEBjaising a framework that combines the Donnan
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osmotic swelling in a solid matrix of hydrated charged tissue. The fixed charge densities (FCDs)
were prescribed as they were calculated from experimentally quantified sulfated GAG mural
distributions. A Holmedviow constitutive law was used for the solid matrix, for which material
parameters were optimized using data from biaxial tensile tests. In addition to modelling the
solid matrix as one layer, two layers were considered to capture the differences between the
intima-media and the adventitia, for which various stiffness ratios were explored. The simulated
opening angles of rings charged with GAG FCDs wespectively37 deg, 17 deg, and 10 deg

for the ascending, arch and descending thoracic regions when using one layer for the solid
matrix, with respective errors @B%, 15% an®3% compared to the experimental contribution

of GAG to the opening angle. When using two layers for the solid matrix, the smallest errors in
the ascending and arch regions were 21% and 5% when the-mthia was modelled as 10
times stiffer, and as twice stiffer than the adventitia, respectively, and 23% in the descending

thoracic regions when the intinmedia and adventitia shared similar properties.

7.3 INTRODUCTION
The exi stence of circumferenti al resi dual str

when Vaishnawand Vossoughjl], and Chuong and Fur[@] showed that a radial cut through

the vessel 6s wall in the unloaded state cause
aortic segment can be characterized by the opening angle. In the case of the aorta, knowledge of
residual stresses is important for several reasons. First, their relief, such as approximated by a
radial cut, provides an unldad reference geometry from which the mechanical stresses and
strains can be calculatef?], [3]. Secondly, residual stresses are thought to ensure a
homogeneous distribution of the vivo mechanical stresses across the aortic W)l [4].

Finally, understanding the mechanisms causing alterations in residual stresses is of prime interest
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as it may provide insights into aortic pathogengsjs[6]. It is therefore widely accepted that
inclusion of residual stresses in computational models is of paramount importance to obtain an

accurate assessment of therivo mechanical stress field of the tissue.

The development of computational models also requires the use of constitutive equations
to describe the mechanical response of the tissue to loddisgico models may consider one
or multiple layers of the aortic wdll']i [9], whereby using multiple layers allows one to account
for the distinct mechanical properties that the different layers of the aortic wall may €k@jbit
[11]. The main layers of the aortic wall are the intima (the innermost layer from the lumen), the
media (the middle layer) and the adventitia (the outermost layer). These layers occupy different
proportions of the aortic wall at different locations along its [i€$, and contain a mixture of
cells along with a well organized extracellular matrix (ECM). The ECM of the aortic wall is
mainly comprised of elastin, collagen and glycosaminoglycans (GAG). The content and
organization of the ECM components vary throughout the aortic wall thickness. For instance,
while the collagen content increases from the intima to the adventitia and the GAG content
decreases, elastin exists in its highest levels in the njé@8fa In addition, these ECM
constituents influence the mechanical properties of the aorta, such as sfit#legs6], and

residual stressdd], [17].

Different methods for incorporating residual stresses in computational models have been
established. The most common methods have focused on either setting a known opening angle
[7], [18], [19], or incorporating adhoc local prestretchd20]i [22]. On the one hand, knowledge
of the opening angle allows one to determine the residual stress field by putting the opened
sector back into a closed tubular shape, or in other words, by mapping the open unstressed

configuration to the closed unloaded state. On the other hand, the residual stress field can be
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created via the inclusion ah situ prestretches, which have been associated to the fibrous
components on the ECM, elastin and collagen. However, recent evidence shows that it may be
possible to recover the opening angle computationally via the inclusion of fixed charge densities
(FCDs) to model the Donnan swelling of GAZ3]. Due to the lack of comprehensive data on

one single type and age of a given animal, this previous study was limited to incorporating
composite information from different sources. In addition, no recent efforts have been made to
evaluate the feasibility of using Donnan swelling to recover the unloaded, but residually stressed

configuration of an aortic ring.

We recently demonstrated that GAG content and grattighe aortastrongly correlate with
its opening anglg13], and thatenzymatic removal of GAG yields a significant reduction in the
opening angleof the porcine aorta in the ascending, arch, and descending thoracic regions
(Chapter §. Specifically, inChapter 6we demonstratethat GAG contribute toapproximately
25%, 32%, and 42% in thascending aortic arch, andower descending thoracic regions
respectively Thereforejt is expected that the simulated opening asgleuld betterecoverthe
experimental contribution of GAG to the opening angle (corresponding to the difference in
opening anglé whi ch wi | | b Be Irted Ge rir re dti hafose arl @ftBUGAS n t
depletion inChapter §, rather than recover the full opening andteaddition,we characterized
the mural distribution of sulfated GAGGAG) in these3 regions of the aort§l3], and
performed biaxial tests on samples excised from the same régjgjn&)sing these previously
published experimentglarameters obtained from the porcine animals by our team, our aims, in
the present study, were to (1) corroborate our prior experimental findings on the contribution of
GAG to residual stress through silico modelling, (2) evaluate the reliability of using the

Donnan osmotic swelling mathematical law to illustrate the contribution of GAG to the opening
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angle computationally, and (3) evaluate the opening angle response in models using one layer for
the solid matrix versus two layers, in order to illustrate the possible impact of differences in

mechanical properties between the intima bundled with the media, and the adventitia.

7.4 METHODS

7.4.1 General framework
In this work, we used a mixturbased finite element model using FEBioStudio VersionN24Y

(https://febio.ord. The mixture combined a porous solid matrix and a Donnan equilibrium

swelling materialwith a fluid phasewhich describes the presence fofed-charge densities
(FCD9, illustrating the negative charges of GAG. The Cauchy sterssord associated with

the Donnan equilibrium swelling material is givier{23]:

a “« L

whereQs the identity tensor, artie osmotic pressufeis:

In the latterequation,R is the universal gas constaiit,is the temperaturdsg is the
osmotic coefficient and is equal tddr ideal Donnan lawif is the external bath osmolarity, and
o is the proteoglycafCD in the current configuration and relates to the reference configuration

via theequatiorbelow.

e
e

wherelis the relative volume and and® are the fluid volume fraction and FCD in the

reference configuration respectively.
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This approach was usetb model aortic rings from the ascending, aortic arch and
descending thoracic regions of porcine aoftam 5 to 6months old animalbarvested in our
lab in previous studies (cf13], Chapter §. The approach wadirectly adapted fron{23], in
which residual stresses in rodent tisswere studiedand by comparison with kich we
previously validated oumodelin [25]. The ringswere assumed to be bathing irsalution at
physiological osmolarity of 300 mosM. Th&ere meshed using 2tbde quadratic hexahedral
elements, with 8 elements across dloetic wall thickness40 elements along the circumference
of the ring and8 elements along theng height (i.e. aortic slice thicknes§)nly onequarter of
a ring was modelledvith appropriate boundary conditions to represent symmetry, and the radial
cut on one side, as shown in Figure Thbnvergence of solutionsasverified using a classical
mesh sensitivity analysis. Paramstier geometry, FCD distributions and mechanical behaviour
of the solid matrix for each of the ascending, aortic arch, and descending thoracic (from in
between the '8 and %' intercostal arteries) rings were acquired from previous experiments

carried out in our lafl3], [16], asdescribed next.

Y Fixed Node —

L~

Figure 7.1: Representativequarter aortic ring geometryfor symmetry)from the ascending region displaying boundary
conditions. Fane A is fixed in thg-direction, plane B is fixed along thedrection, and the fixed node is constrained in all
directions

Plane A
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7.4.2 Geometry
The model parameters described in this section were averaged from a total of 15 rings per region

from 5 porcine aortas that we investigated1i8]. The outer diameters and thicknesses of the
computer ring models for each of the ascending, aortic arch and descending thoracic regions are

summarized imMable7.1,and aring heightof 4.5 mm was used for all 3 models.

Table7.1: Outer diameter and thickness (moged in the computer modedé rings from the ascending, arch and descending
thoracic regionsaaveragedrom 15 porcine aortic rings ifiL3].

Region Outer Diameter (mm) Mural Thickness (mm)
Ascending 25.5 2.68
Arch 22.0 2.56
Descending Thoracic 17.6 1.82

7.4.3 FCD Distribution
The averagesGAG masses wer@terpolated acros8 equally sized domains through the wall

thickness (corresponding to as many elements in the computer maed) quantitative
normalized sGAG measurements publishe@llB] (cf. Figure 3b) wherethe intramural sGAG
distribution in the ascending, aortic arch, and descending thoracic regions of porcingagorta
measuredusing a DMMB spectrophotometric assay on slices -eaaiioned from the aortic
wall. This allowed us to compute tieD distributionsin each of the ascending, aortic arch, and

descending thoracic regio(see Table 7.2)sing the formuld23]:

& 00 Wi QD G Qi 00 OO i
00 ' WE A QB ATQ 0 oWE 66 a'Q
Consistent witj23], each chondroitin sulfate isomer was assumed to have a molecular weight of

513 g/mol with two negative chargd$he water content was assumed to be 70%.
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Table7.2: Fixed charge densitiegnEq/L] in aortic wall domainsfor each of the ascending, arch, and descending thoracic ring
models

Mural Position Ascending Arch Descending Thoracic
1 -353 -253 -19.4
2 -32.1 -205 -168
3 -296 -17.4 -17.8
4 -258 -16.2 -17.9
5 =217 -14.9 -15.7
6 -199 -142 -14.3
7 -181 -12.9 -12.7
8 -15.0 -9.7 -9.0

7.4.4 Aortic Layers
The proportions of the intimmedia and adventitia in each of the investigated anatomical

regions werebtained from samples procured from 4 porcine aortas. Samples were excised from
each of the ascending, arch, and descending thoracic regions and were fixed in 10% formalin
solution for 72 bburs then transferred to 70% ethanol. Samples then underwent a series of
dehydration in wateethanol, after which they were cleared with xylene and infiltrated with
molten paraffin wax. Samples were then cut intpn#thick sections and stained with a
Verhoeff'sVanGieson elastic staigcanned slices (Figure 7.2) weahen viewed with Zen 3.3

(blue edition), from which input images with calibration scale bars were generated and processed
using Matlab R2020a, to obtain the respective irimelia proportion. The media was found to
occupy 90 + 3%, 76 = 7%, and 6% of the aortic wall thickness in the ascending, aortic arch,
and descending thoracic regions, respectively (Table Tt@xeforeto represent the thickness

of the intimamedia in our computer modelse used 7#lementsn the ascending region §&

of the aortic wall), Gelementsn the aortic arch region (75% of the aortic wall), aneléments

(63% of the aortic wall)n the descending thoracic region.

173



Figure 7.2: Representative histology sections of aortic tissues from (a) the ascending, (b) aortic arch, and (c) descending
thoracic aorta, stained with Verhoeffsa n Gi eson 6 s .

Table7.3: Intima-media proportionmeasuredrom 4 porcine aortas

I nti mal

|l ayers are

aligned

Intima-Media Proportion [%0]

Aorta ; : .
Ascending Arch Descending Thoracic

1 90 67 64

2 86 77 60

3 90 85 70

4 93 76 72
Average 90 76 66
Standard Deviation 3 7 6

7.4.5 Solid Matrix
7.4.5.1 Constitutive Modeling

wi t h

Experimental 2 P-K membrane tension vs. Green strain curves obtained from planar biaxial

tensile tests performed in @herindependent study on similar tissum [16] were used to fit

constitutive models to describe the solid matrix. A total of 9 samples per region acquired from 9

animals were used. One sample from each of the ascending and descending thoracic regions did

not display appropriate stresgetch curves andasgeliminated from the curvétting process. A

total of 9 equibiaxial and neequibiaxial stretching protocols were used, as detailed previously

in [26]. A HolmesMow [27] constitutive law was used to model the solid matrix and is given

by:
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In these equation¥)andOare the first and second invariants of the right Caugtgen
tensor,_ and‘ are the Lamé parametersjs an exponential stiffening coefficient, abi the
determinant of the deformation gradient. Since the modeling framework consists of a fluid phase
is addition to a solid phase, weimposed O t o ensur e a [Bphowevar,nds r a
given the equivalence between the responsmoicompressible material and that of a biphasic
material under short timeading[28], we also imposed= 1. This equivalence between a short
time biphasic response and an incompressible elastic material was introduced by Ateshian et al.
[28]: upon sudden loading, exceptthé boundaries, the pores change in shape, not volume, as
the interstitial fluid does not have time to leave the tissue. Under such conditiodsetigence
of the fluid flux is null and thequations for th€auchy stresgensor, caservation of masand
conservation of linear momentum becomentical for both biphasic anddompressible elastic
responses, sawell as the boundary condition except for the pressure at the boundaries. This
assumption was possible in this context, as the phenomenon we were evaluating was quasi

instantaneoyshoth numerically and physically.

The equations therefore reddcewco — Q p, where0 T O o . Therefore,
two material constants,>0 and >0, were fitted according tdhe protocol outlined in[26].
Briefly, the objective function gY Yoo s §Y Y8 gY

Y s was minimized where"Y represents the "% P-K membrane tension from

experimentally (Q o) rgand theoretically (D § derived membrane tensignga tensor

TOorOo 1T 0O =
M rawo 1o m
Tt TT Tt
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In this expression) "Cw, where H is the undeformed thickness, ands a reduced
function of @ as follows Given that the shear strains are minimal, and using the
incompressibility assumptioin A A@ p, which makes it possibléo expres© in terms of
‘O andO , we canindeedintroduce areducedstrain energy density function such tdat

® O ho ® O hO HO RO . This allowed us to express the HolrMew constitutive

model as a function d® , andO only, such thato — Q p, where0 ¢ ©

o - p andY c¢O p ¢O p . Therefore, the theoretical 2ndkPmembrane

KLl

tensionswerederived as:

v ‘ p ;

Yoo P ywm e ]
‘ P

Y p Y O 5 Q
Y T8

Of note,O is along the fiber (circumferential) direction, a@d is along the cross fiber

(longitudinal) direction.

7.4.5.2 Two-layer material modelling
In addition to modelling the aortic wall as one layee, alsoimplemented a twdayered model

for the solid matrix to represent the distinct mechanical behaviors of the-mwatia (inner

layers) and the adventitia (outer layer) of the aorta. This eaased outin the framework
developed in26], which was used for material parameter optimizatiodesribed in Section
7.4.5.1. Consider the two intimaledial (0 ) and alventitial (0) layers with undeformed

thicknessedO andO in the reference configurations, such ti@at O "O. Heran, four

positive material parameters,f ,‘ ,and’ were considered, such that — Q p
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ando —Q p,withd ¢ ©O O -g p ,0 g O ©
-3 p and¥y ¢O p cO p.

The four constants were optimized by minimizing the objective function introduced in

Section 7.4.5.1The experimental™® P-K membrane tensionsere

Y 0 Y
[O)
Y o Y
iO)
Y o Y
iO)
such that
Y Y o Y SIS Y Y
0 0 ‘
Y Y Y
"Y . . "Y . . "Y .

The theoretical 2¢ P-K membrane tensions can be derived from the respective strain
energy  density functions of layers 0 and o0 , 0 O w and
0 'O® , such thagl 1 & Q andd 0 0 . The values forO and O for
computing the required material parameters for FEBio were calculated from the total thicknesses
of the 9 aortas that underwent biaxial tensile testing, which were approximately 2.00 mm, 1.96

mm and 1.40 mm in the ascending, arch, and thoracic regions, respedtoslgver, since the

behaviors of the 2 layers may differ even if they possess equal thicknesses, ia factowas
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introduced toscalethe stiffness of the adventitia with respectthat of the media.The fixed

relationship betweenn and was used as a constraint during the material constant
identification processGiven that conflicting results have been reported wébpect tothe
behavior of the media and adventii®di [11], [29]i [31], weexploredi ratios of 0.10.2, 0.5, 1,

2, 5 andL0.

7.4.6 Statistical analysis
Results are reported as mean + standard deviation. The material parameters were determined in

MATLAB using nonlinearmultivariate optimization, at the 95% {tailed) confidence interval

(CI) with their Pearson correlation coefficient.

7.4.7 Model evaluation
The computer models were evaluated by comparing simulated opening angles to experimental

onesin [13] andChapter 6 as detailed in the discussion.

7.5 RESULTS
7.5.1 Material Constants

7.5.1.1 OnelLayer Matrix
The materiatonstants obtained from use of all 9 stretching protocols for-éagee solid matrix

are summarized in Table 74. TRee ar sono6s c or sl aadnelagered modled f f | C i
were all above 0.93 in all directions and for all the aortic regions considefieding an overall
good match between the experimental and predicted theoreticaRegia@sentative graphs are

provided in Supplemental Figur&3.1-S7.5.
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Table 7.4: HolmesMow material parameters (meah standard deviation) derived from all protocols for a dager solid
matrix. R-FD and R-XD are the Pearson correlation coefficients between the experimental and predicted membrane tensions in
the fiber direction and crosfber directions respectively.

Region Ascending Aortic Arch Descending Thoracic

* [N/m] 61.31+1.45 65.99 + 1.63 58.90 + 1.46
e 2.09 £ 0.06 2.56 +0.08 2.37 £0.07
R%-FD 0.94 0.94 0.93

R2-XD 0.94 0.94 0.95

7.5.1.2 Two-Layer Matrix
Material parameters for thatima-media and adventitia were also obtained using aldwer

model andare summarized in Tables 7757 for each of the ascending, aortic arch, and
descending thoracic regions. Not all raiidsetween the stiffness of the adventitia and media
yielded acceptable curve fits. In the ascending region (Table 7.5), theubesfits betweerthe
experimental and theoretical curveereachieved when was 0.1, 0.2, and 0.5,thPear sond s
correlation coefficierst 0.93 or aboverhe worst curve figbetween experimental and theoretical
curves vere achieved whemn was 2, 5, and10, with Pear sonds cor salthet i on
range of 0.78.87 In the aortic arch region, the best curve fiereachieved whein was 0.1,

0.2 05and JwithPear sonds c¢ or rsell9a orialmweand theeworfsti carve ditn t

were observeavheni was5 and 10. Finally, in the descending thoracic regidine bestcurve

fits wereachieved wheri was 0.2, 0.51and 2,withP e ar s o n 6 s coefficients ©.94a0t i o n

above
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Table7.5: HolmesMow material parameters derived from all protocols for the media and adventitia oflayeiosolid matrix
in the ascending region, where the media occupig¥ ®f the aortic wall. RFD and R-XD are the Pearson correlation
coefficients between the experimental and predicted membrane tensions in the fiber direction afibecrog®ctions

respectively.

Media

Adventitia

i R%-FD R2-XD
" [N/m] T[] T[]
0.1 55.65+ 1.29  2.00+ 0.06 2.77+0.08 0.94 0.94
0.2 50.88+1.25  2.20+0.06 1.49+ 0.06 0.94 0.94
0.5 38.99+1.24  2.75+0.08 0.00+ 0.10 0.93 0.94
1 23.85+1.23  3.85+0.11 0.00+0.12 0.9 0.91
2 11.92+1.07  5.27+0.19 0.00+ 0.12 0.86 0.87
5 420£0.71  7.17+0.33 0.00+ 0.10 0.80 0.80
10 1.95+0.47  8.50+0.46 0.00+ 0.10 0.76 0.76

Table7.6: HolmesMow material parameters derived from aliotocols for the media and adventitia of a Hiager solid matrix
in the aortic arch region, where the media occupied 75% of the aortic wakDRand R-XD are the Pearson correlation
coefficients between the experimental and predicted membrane tensions in the fiber direction affidecrdggctions

respectively.

i Media Adventitia RLFD RZXD
__[N/m] [ [ [l
0.1 57.36+1.35 2.14+0.07 5.40+0.16 0.93 0.93
0.2 54.44+ 1.30 2.28+0.07 3.64+0.10 0.94 0.94
0.5 43.30+1.18 2.90+0.08 1.82+0.07 0.94 0.94
1 33.79+£1.19 3.49+0.10 0.34+0.11 0.93 0.94
2 19.88+1.16  4.88+0.16 0.00+0.12 0.91 0.92
5 7.80+0.90 7.12+0.28 0.00+0.12 0.86 0.86
10 3.75+ 0.66 8.71+0.41 0.00+0.12 0.82 0.83

Table7.7: HolmesMow material parameters derived from all protocols for the media and adventitia oflayesolid matrix
in the descending thoracic region, where the media occupd8tl 6f the aortic wall. RFD and R-XD are the Pearson
correlation coefficients between the experimental and predicted membrane tensions in the fiber direction afiloeicross

directions respectively.

. Media Adventitia 5 )

! — [Nim] [ e R "D
0.1 45.75+ 1.06 1.86+ 0.07 6.06+ 0.21 0.9 0.93
0.2 45.98+ 1.06 1.85+ 0.07 451+ 0.13 0.92 0.94
0.5 39.33+£0.95 2.18+ 0.07 2.68+ 0.07 0.93 0.95

1 28.60+ 0.86 2.98+ 0.08 1.78+ 0.07 0.93 0.95

2 19.05+ 0.87 3.92+0.11 0.98+ 0.08 0.92 0.94

5 8.45+ 0.76 5.71+0.20 0.62+0.09 0.89 0.91
10 3.55+ 0.54 7.47+0.32 1.17+0.08 0.85 0.87
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7.5.2 Opening Angle

7.5.2.1 Onelayer Matrix
Open ring models for each of the ascending, aortic arch, and descending thoracic regions using

one layer for the solid matrix are shown in Figdr& and he correspondingimulated opening

angles arsummarized in Table 7.8.

Figure 7.3: Openaortic rings(1/2 model)f the (a) ascending, (b) aortic arch, and (c) descending thoracic regions

Table7.8: Simulated openingngle results in the ascending, aortic arch, and descending thoracic regions, usingayeme
solid matrix

Region Ascending Aortic Arch Descending Thoracic

Opening Angle [degrees] 37 17 10

7.5.2.2 Two-Layer Matrix
The simulated opening angles in each of the ascending, arch, and descending thoracic two

layered matrix models, for each of the respective stiffness ratibst were tested are

summarized in Table 7.9. As showhe opening angle increases with r in all regions.
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Table 7.9: Simulated opening angle results in the ascending, aortic arch, and descending thoracic regions, ushtayar two

solid matrix Theopening angles for r ratios that generated curve \its t h
bolded, whereas the others are in italics

Pearsonds correlation

Opening angle [degreks

Ascending Arch Descending Thoracic

0.1 35 10 -7
0.2 40 13 -1
0.5 54 21 8

1 76 28 16

2 105 43 27

5 141 75 52
10 160 99 82

7.6 DIScuUSSION

In this study, animaspecific rings from the ascending, aortic arch, and descending thoracic

regions of porcine aortas were modelled as solid matrices with embeddedd-SiDsilate the

effect of GAG on the opening anglarameters for ring dimensions, FCDs, and the solid matrix

were consistentlyobtained from experimental testirgf porcine thoracic aortas from animals

aged 56 months and weighing approximately-200 kg It is important to note thaheé FCDsn

these mode|sdue to limitations in our experimental techniquasly account for the swelling

effectof sulfated GAGThe FCDs were prescribed inre§ually sized domains twmgh the aortic

wall, and were calculated using previously experimentally quantified GAG distribyB@hs

Overall, the FCD distribution in alhvestigatedregionsof the aortic treedecrease from the

i nner |l ayers

coel

he outer | ay eonesandtwoltagered i ngs 0

solid matrices to simulate the difference in mechanical behavior between thenmtidie and

the adventitia of the aortic wall. The proportion of the intimadia with respect to the aortic

thickness was obtainedsing histological sections from each of the ascending, arch, and

descending thoracic regions, and was found to ocagproximately90% 76%, and 6%,

respectively. These are similar to results reported by SoKttiswho measured the mean
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thickness of the intimanedia at different anatomical locations of the aortic tree (cf. Figure 5A in
[12]), where however the intimamedia occupied a smaller proportion in the ascending region
compared to our animals. Specifically, the intimadia occupied approximately ~78% in the
ascending, ~88% in the arch, and ~580% in the thoracic regioras estimated from the
original graphsThe midthoracic region iff12], in which the intimamedia occupied about 70%

of the aortic wall, best aligsd with the descending thoracic region described in our study. The
intima-media proportions were also evaluated in the thoracic region by other resgandher
Pefiaet al [11] reporing that the intima and media ocoguppproximately 73% and 64% in the
upper (end of arch to™intercostal artery) and lower descending thoracic regi@spectively,

and Guidici and Sprond] reportingthat the intima and media occupy around 69% of the wall

thickness of the porcine thoracic aorta, which are also in line with our findings.

In addition to having different proportions in the aortic veddingthe aortic tree, the intima
media and adventitia also possess different elastic propftigd1], [29]i [31]. However, it
remains unclear whether the adventitia is stiffer or more compliant than the-mgdiain
tension and whetherdifferences areconsistentalong the aortic tree. Previous numerical
calculations have been based on the assumption that the mad@masimately 10 times stiffer
than the adventitiff], which is assoaited with experimental observationd29]i [31]. Yu et al.
[31] showed that the intimmedia of the porcine aorta is stiffer than the adventitia by one order
of a magnitude, and Xie et §80] found that the intimanedia of blood vessels is 3 to 4 times
stiffer than the adventitia. Our results are in line with these findimgjsat,in most casedetter
curve fits were obtained whehe intimamedia was stiffer than the adventitia, except in the
descending thoracic region, where bstiffer and softebehaviorsgprovided satisfactory results

Specifically, our model optimization suggested that in the ascending region, the adventitia was
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more compliant than the intirraedia, given thabestcurve fits were obtained whénwas 0.1,

0.2, and 0.5. Similafindings were obtained in the arch region, which however, also displayed
good curve fits wheh was 1, suggesting that the adventitia could be more compliant than the
intima-media, or share similar elastic properties. In the descending thoracic regsbrgurve

fits were observed whdanranged from 0.2and0.5to 1 and 2 indicating thatboth stiffer and
softerbehaviorswere plausibleRecent biaxial tensile testing performedPsfiaet al.[11] and
Amabili et al.[10] in the descending thoracic aorta of porcine and muatatas respectively,
suggested that the adventitia is stiffer than the mediac@ue fitsin the descending thoracic
region reflected both findings ii29]i [31] and[10], [11], suggesting thatitherboth behaviors

of the intimamedia versus the adventitia are possible, or that more work is neesletti¢chis

issue

The opening angle simulated in badhe and two-layered solid matrices was found to
decrease from the ascending to the descending thoracic region, which is in line with
experimental observationd?2], [13]. The model results were evaluated by comparing the
simulatedopening angles to experimental opening angles evaluated in two previous [i8Hies
Chapter 6 Figure 7.4 summarizes the opening angle results obtained using tlaseme solid
matrix with experimental results frofd3], and Chapter 6 Fran [13], we considered 15 fresh
rings per region from the porcine animals that were studied. The experimental opening angles in
each of the ascending, aortic arch, and descending thoracic regions were approximately 156 + 33
deg, 104 N 19 deg, and 67 N 31 deg, respectiyv
simulated opening angles of models using one layer for the solid matrix were 37 deg, 17 deg, and
10 deg i n the ascending, ar ch, and descending

in Figure 7.4), accounting for 24%, 16%, atf%o of the experimental opening anglesi Ex p 10 ) .
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In contrast toconclusions 23], simulated valueslid not readily yieldvaluesin the range of

the experimental opening angles.

In another stud{Chapter §, we evaluated 5 sets of adjacent rings per region from 5 porcine
animals. In each set, one ring was a control and did not undergo any alterations in the ECM
while the second ring was subjected to enzymatic GAG depleTiba. experimental opening
angles of the control rings were4lt 17 deg, 61+ 27 deg, 31+ 9 deg in the ascending, arch,
and descending thoracic region®spectively( denot Exdp 2acs ifin fandgther e 7 .
simulated opening angles of the dager modelsaccounted for 3%, 28%, and32% of the
experimental opening angles for control ringsGhapter 6 Herein, these errors suggest that
GAG are not the only regulators of the opening angle, in line with our previous experimental

findings Chapter §.

As mentioned in the introductipm this previous study, we captured the contribution of
GAG to the opening angle via the enzymatic digestion experimefies. BAG removal, the
experimental opening angles decreased by 29 + 12 deg, 20 + 6 deg, and 13 + 3 deg (denoted as
ADeltad in Figure 7.4). We believe it is the
following GAG depletionthat is captured by the simulation of GAG done in the present study,
and may be the best reference for comparison of our simulated.resnlid e e t a0fiDelpr es en
the decrease in opening angle caused the removal of GAG from the ECM, which is therefore
expected to directly reflect the effect of GAG on the opening amgl&vit, our simulated results
accounted for 128%,586, and77% of the experimental decreageD e |irt @eéning angle
following GAG removaldemonstratingelatively smallpercenterrois between the experimental
and simulated resultthamely: 28%, 15%, and23% in the ascending, arch and descending

thoracic regiongrespectively.

185



200 -

= =

o) N [oN

o o o
T T T

N
o
T

Opening Angle [degrees]

o

Ascending Arch Thoracic
Region
mExpl mExp2 mDelta «Siml

Figure 7.4: Simulated opening angles (Sim) vs experimental opening angles from 15 fresh rings (N=5 animals, 3 rings per
region) (Expl) cf[13], vs experimental opening angles from 5 control rings, and vs the difference in opening angle following
GAG removal (Delta) (N=5 animals, 1 ring per regions)Giiapter 6.

Anotherline of interesting findings comes frothe difference in simulated opening angles
using a ondayered (Table 7.8) vs. a twayered solidnatrix (Table 7.9). The respective percent
errors of the simulated opening angles with respect to the experimental contribution of GAG to
the opening angle (fADeltad) are summari zed in
to evaluate the simulated opening angles herein, as it reflects the expergffentadf GAG on
the opening angldn the ascending region, the smallest eab21%was when the FCDs were
embedded in a twitayered solid matrix with the intimamedia 10 times stiffer than the
adventitia { ™). In the arch region, the smallest error of 5% was obtained when the solid
matrix was modelled as 2 layers with the media twice stiffer than the adventitia). In the
descending thoracic region, the smallest error of 23% was when the solid matrix was considered
as one layer or when the intimm@edia and adventitia shared similar properties twalayer

matrix ( = 1), and very large errors were found when two layers were used for the solid matrix
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wheni was 2. Unfortunately, it is not possible to report comparisons with findings from other

research groups, due to the lack of literature data on this topic.

Table7.10: Percent errors osimulated opening angles in rings using one and two layers for the solid mathixespect tahe
experimental decrease in the opening angle caused by GAG refiiieigdd. The smallest errors are bolded.

Error [%]

Solid Matrix Number of Layers

Ascending Arch Descending Thoracic
1 - 28 15 23
2 0.1 21 50 -
2 0.2 38 35 -
2 0.5 86 5 38
2 1 - 40 23
2 2 - - 108
2 5 - - -
2 10 - - -

The discreparies between the simulated opening angle and the experimental decrease
caused byYGAG removalsuggest that GAG do not contribute to the opening angle solely through
their Donnan swelling capacity, which was the only factor considered in this work. This is in line
with our previous suggestions thet addition totheir fundamental swelling behavior, GAGay
contribute to the opening angle through their interaction with the ECM fib8fs(Chapter §.

For instance, in addition to loss of swelling, GAG removal was also associated with a loss of
circumferential prestretcim Chapter 6 a known fundamental contributor to residual stf@$s
Consistently,Mattson et al showed that GAG also contribute to collagen fiber recruitments,

whichtheyalso implemented in a constitutive modelling framewa#.

Another interesting observation is this study is the increase in opening angle with increased
ratio r, suggesting that, as the intimedia becomes relatively more compliant compared to the
adventitia, the opening angle increases. One reasonable explanation for this observation is that,

as a material becomes more compliant, it exhibits greater flexibility and becomes less resistant to
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deformation. In fact, the intimmedia contains higher amounts of GAG compared to the
adventitia[13], [23]. Higher osmotic pressures are therefore expected to be experienced by the
intima-media, and as it becomes more compliant, the deformation is amplified leading to a larger

opening angle.

For the porcine samples of 50 6-monthold animals used in our studies, the biaxial
behavior of the intact samples compared to the tissue samples that underwent GAG depletion
was comparable as can be determined by visual inspection from Figurd1B3. iSimilarly to
the young porcine samples herein, no major differences in the overall biaxial behavior were
detected in descending thoracic porcine aortas acquired from older animals aghogdaths,
although indications of earlier stiffening were appafdd}. As such, if one intends to perform a
similar study using a mixture of GAG FCDs in a solid matrix, care should be taken to first verify
that the biaxial behavior of the tissue does not differ when GAG are removed. Indeedl1%or 11
week old Emale Spragu®awley rats an absolute leftward shift in the mechanical stetssn

curve has been reported for samples treated with chondroitinas¢3aBC

Some study limitations need statingheleffect of hyaluronic acid, which is also present in
the aortic wall, but in small proportions compared to sGA&, was excluded. Although the
mechanical separation of the media from the adventitia has been achieved by othefl@pups
[11], in our hands, despite our best efforts on the tissues considered, it was not possible to do so
without arbitrarily deciding where the separation lay between both layers, which defeated the
purpose of the effort. This is why aing ratioi was introduced in the model instead. In
addition, given the expected minimal contribution of the intima in the mechanical behavior of the
healthy aorta, e intima and media were modelled as one laf@rally, while constitutive

equations other than Holm&o wds coul d have been-Gasse€dden such
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model among many others, it was the only one that was readily implemented in FEBioStudio for
combination with Donnan swelling, and afforded satisfactory cfitygSupplementaFigures

S7.1-S7.4).

In conclusion, the majority of studiesin the literature have focused on modelling
circumferential residual stresses via eitherithplementation of gestretch in the aortic walB]
or consideration of FCD3]. The findings in thisvork corroborateur previous experimental
studies[13], (Chapter § andsuggest that although a significant portion of the opening angle is
regulated byGAG, they are not the only contributors. We therefore submit that both
circumferential prestretch and swelling GAG should be considered when modelling the
opening angle in the aorta. In addition, given the coupling effect between GAG and other ECM

fiber, efforts may be warranted to elucid#te interaction betweehe twa
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7.8 SUPPLEMENTARY |NFORMATION
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Figure S7.1: Experimentaldata andmodelfit membranetensions vsgreenstrains for theascendingregionusingone kyer for

the aortic wal. R2-FD = 0.94 andR?-XD = 0.94.
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Figure S7.2: Experimentaldata andmodel fit membranetensions vsgreenstrains for thearch regionusingone kyer for the

aortic wal. R&-FD = 0.94 andR2-XD = 0.94.
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Figure S7.3: Experimentadata andmodelfit membranetensions vsgreenstrains for thedescending thoracicegionusingone
layerfor the aortic wal. R>-FD = 0.93 andR?-XD = 0.95.

Figure S7.4: Experimentaldata andmodelfit membranetensions vsgreenstrains for theascending egionusingtwo layers for
the aortic wal, withi = 0.1. R>-FD = 0.94 andR>XD = 0.94. This is representative of curve fits that were considered
acceptable for finite element modelling.
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