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ABSTRACT

The extracellular matrix (ECM) of the aorta is a complex meshwork of elastin, collagen, and
glycosaminoglycans (GAG). It also modulates the mechanical properties of the aorta, which in
turn dictate lethal ruptures such as those caused by aneurysm and dissection. Amongst other
roles, aortic stiffness controls the aorta’s ability to expand and recoil, and residual stresses,
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 (stiffness) factors are considered to expand our understanding of the
structure-mechanics relationship in the aorta. This is important because the ECM undergoes
extensive remodelling during aging and disease, but 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 an in vitro understanding of the ECM role in modulating residual stresses, biomechanical

mechanisms were explored in thoracic aortas from 5- to 6-month-old pigs. In a second study, we



generated 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 observed between the opening angle and the total collagen:GAG ratio as well as the total
GAG content. In line with our first in silico work, this in vitro investigation revealed that the
GAG content and gradient modulate circumferential residual stresses and suggested that the

interaction between GAG and the ECM fibers also plays 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%, 42% in the AS, AR, and lower 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 simulate animal-specific 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
capture the different mechanical behaviors of the intima-media and the adventitia. A Holmes-
Mow constitutive relationship was used and material parameters were obtained by curve fitting

experimental stress-strain curves obtained from biaxial tests. Numerical results were evaluated
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by comparing simulated and experimental opening angles, revealing a notable overall agreement

between the two.
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PREFACE

This dissertation is structured into three parts (Opening, In vitro and in silico Investigations, and

Closing), each containing multiple chapters, as outlined below:

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 the research presented in this dissertation.

3. Chapter 3: Critically reviews the contribution of glycosaminoglycans (GAG) to
aortic mechanics, identifies gaps in the literature and suggests further lines of
investigations.

Il.  Invitro and in 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 constituents and establishes correlations between these components and
the opening angle, an indicator of residual stresses.

6. Chapter 6: Focuses on gaining a deeper understanding of the mechanical roles of
GAG in the aorta, as well as the mechanisms through which they regulate
mechanical properties.

7. Chapter 7: Introduces animal-specific aortic ring computer models, and evaluates

their ability to capture the contribution of GAG to the opening angle.
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I1l.  Closing:
8. Chapter 8: Provides the key aspects of discussion, concluding remarks and

recommendations for future work.

This dissertation is comprised of five original articles for which | was lead author. | led
the design of the experimental and numerical protocols, the acquisition of the data
experimentally, numerically and/or analytically, and the analysis and interpretation of the data. |
also drafted the first version of the articles and was involved in revising them critically and in
making the final approval decision of the versions to be considered for submission. At the time
of submission of this thesis, one of the articles was published as a conference proceeding, two
were published in journals in the field, one was accepted, and one was prepared for submission.
In this dissertation, the content of the publications has been reformatted to ensure appropriate
presentation and cohesiveness of the document, including and not limited to abbreviations

adjustments, referencing style, and figure, table, section and appendix numbering modifications.



TABLE OF CONTENTS

N o1 = Tod OSSPSR ii
ACKNOWIBAGMENTS. ...ttt sb et Vi
e =] =TRSO PR viii
1 o] (o) O] 01 1=] USROS X
LISE OF FIQUIES ...ttt ettt e et e b et e e st e s neesreensesneesteeneeaneenreas XVi
LSt OF TADIES ...ttt b bbb XXiii
List of Symbols and ADBDIeVIAtIONS...........ccoiveiiiiiicce e XXV
I O 1= 1[40 TSSOSO 1
R 101 10T 13T oo ST 2
1.1 OVerview & RaAtIONAIE.........occuiiiiiieceee e 3
O O ] o T £ VTSSO 6
I R O 1 o <o £V SRS 6
I O 1 o 1T £V SRS 6
I B O 1 o 1T £ V- SRS 7
124 ODJECHIVE 4 ...ttt b bbbt 7

1.3 ODJectives OrganizZatiON.........ccueeiieieiieriesie ettt 8
O o (=] £ 0001 USSR 8

2 LITErature REVIEW .....couiieieieiie ettt sttt ettt et sbenbesbeenenneas 13
220 A | 1o T L1 T 4 o] o PSSR 14
N N (o] N[ (0= PSSR 14
2.2.1  Anatomy OF the AOITA ....ccviiiieiee e 14
2.2.2  The Normal AOrtiC Wall .........ccoviieiieie e 15

2.3 The EXtracellular MALIIX .........oiiiiuiiieiieiieie et 17
2.3. 1 COllAgEN ... 17
2.3.2  EIASHIN ot 19
2.3.3  Glycosaminoglycans/ProteoglyCans ..........cccocvveiieiiiiiiie i 20
2.3.4  Crosslinks & Advanced Glycation End Products ...........ccocovvviniiienencnescnesene 20



2.4 SOFt TISSUE BERAVIOK ...ttt e e e e et e e e e e e eaaan 22

2.5  Preliminaries in ContinuuM MEChANICS ........ccoviiiiiriiie e 24
2.5.1  The Deformation Gradi€Nt.........ccccoviiiiiiiiinieiee e 25
2.5.2  SHAIN et r et r e bt nneenrs 26
2.5.3  TraCtion QN0 STrESS.....ccuiiiiiieeieiie ettt sbe et et esreenbeeneesneeneas 27
2.5.4  Constitutive FOrMUIALION ......cc.eiiiiieiicie e 28

254.1 NEO-HOOKEAN.......ooiiiiiiiiiieee et 31
2.5.4.2 Holzapfel-Gasser-OgUen .........ccciveeiieieeie e sra e 32
2.5.4.3 HOIMES-IMIOW ...ttt bbb 33
2.6 Finite EIeMent ANAIYSIS .....c.ccviiieie ettt 33
2.7 RETEIBNCES ...ttt b e bbbt r bbbt neare s 37

3 The Contribution of Glycosaminoglycans/Proteoglycans to Aortic Mechanics in Health and

DiSease: A CritICAI REVIBW .......ccuiiuiiiiiiiiiieieie ettt bbbttt sbe e 45
TR R o] (111 o [T PO PURRPRPRPN 46
3.2 ADSIFACT .ttt sttt nenre s 46
TR B 1011 70T [¥Tox {To] o ISR SSO P TUTPURRPRPR 47
3.4  GAG and PG in the NOrmMal AOMa ......cccveiieieiieii e 54

3.4.1  Observations from TiSSUE ANAIYSIS .......cooiiiiiiiiieieie e 54
3.4.2 A Fundamental Behavior Associated with GAG/PG: Swelling .........ccccccevenennne 55
3.4.3  RESIAUAL STIESSES. .. eiveeuiiiiieitieieetie sttt et e et este et e e teenteaneesreeneeenee e 57
344 TISSUE SHITFNESS ..oveivieie ettt 59
3.5  GAG/PG in the DiSEaSed AOKIA .....ocueiuiiiiiiieiiiieieie ettt aneas 61
3.5.1  Observations from TiSSUE ANAIYSES.........cccveviiiiiiieiieie e 62
3.5.2  Thoracic Aortic Aneurysms and DISSECLIONS..........ccceevveiieieeieiieieece e 62
3.5.3  ADdominal AOItIC ANBUIYSIMIS .....c.eiiiiiieriiriesieeieeee ettt 63
3.6 Mechanisms at Play in TAAD and AAA ...t 64
T A ©0] o] 11 [ o PSSR 67
IR B L) (=] (] oSSR 68
I In vitro and in SiliCO INVESTIGAtIONS. ........cciiiiiiiiiieieee e 78

Xi



4 Intramural Glycosaminoglycans Distribution vs. Residual Stress in Porcine Ascending

Aorta: a ComputatioNal STUAY™ ........ccvciiiieiece e 79
O o] =111V ] (o ISR PP 80
A2 ADSITACT ...ttt bbb ans 80
T 011 70T L1 od £ o] o PSSR 81
N |V 1= 1 oo PSSR 81

441  General FramEWOIK .......cccuiiieiiiieiieie ettt nnee e 81
4.4.2  Reproducing the Rodent MOdEl ... 82
4.4.3  POICINE MOUEL.....cooiiiiiiie it 82
A5 RESUITS ...ttt bbbt b et bbb b enes 84
451  ROGENT MOGEL.....ccuiiiiieiieitii ettt sbe e 84
4.5.2  POICINE MOUEL ..ot bbb e 85
N I T 1 o]0 (XS] o o PSSR 88
A ©o o Tod [11S] o] o PP 89
T =] (< =110 PSSR 90
4.9  Supplementary INFOrMatioN..........ccooiiiiiiiiii s 91
491  PrinCipal SIrESS FIGUIES........ciiiieieieiieiiesie sttt 91
4.9.2  Mesh SeNSItiVItY ANAIYSIS.........ccouiiieiiiie i 92
4.9.3  Additional INfOrmMation ...........ccoveeiiiiieie e 93

5 Intramural Distributions of GAGs and Collagen vs. Opening Angle of the Intact Porcine

0] oA 1| SR 95
TR R 0T 111V o RSSO PR PRSPPI 96
5.2 ADSIFACT ...ttt ettt areas 96
TR R 1011 70T [FTox (o] o ISP PPURRPRPR 97
5.4  Materials and MethOUS ..........couoiiiiiiiiiii e 100

5.4.1  TISSUE HANVESTING.....civiitiiiiiiieiieieie ettt bbbttt bbb 100
5.4.2  Opening Angle MEASUIEIMENT ........cceieiiriiieieieie ittt 101
5.4.3  MICroStruCtural ANalYSIS........c.coeiiiiiieiiiiiieiee e 102
5.4.4  HistologiCal ANAIYSIS ........oiiiiiiiiiiiie e 103
5.45  StatiStiCal ANAIYSIS......coiiiiiiiiieie e 104
5.5 REBSUILS ..t bttt b e e et ne s 105
55.1  Opening Angle and Aortic DIMENSIONS ........cceiivieiieiiiieiie e 105

Xii



5.5.2  Dry Weight Contents of ECM COMPONENTS ........ccvverieeieiieiieiesieseeneeseeseeiens 106
5.5.3  Intramural Distributions of ECM COMPONENTS..........cccvevieiieieiiieiieseeriesieseeiens 106
5.5.4  Correlations with Opening ANGIe ........ccooieiieii i 109
55.5  Influence of AOrtiC DIMENSIONS.......ccveiiiiiiiieieeie e 112
5.6 DISCUSSION ..uvivieiieteeiiesiee e ee st ettt ssee st e te st e sbe e beaseesae e teeseeebeebeeneeabeesbeeneeaneeaneensens 112
5.7 RETEBIBNCES ..ottt sttt st te et et e b et eere e nteeeeeneenre et 116
5.8  Supplementary INfOrMation...........coooiiiiiiiiiiiee e 120
5.8.1  Opening ANgle MEASUIEMENT ..........cccveiuiiieieeiieeee st e e e seeste e sre e aesreeneeas 127

6 Glycosaminoglycans Modulate Compressive Stiffness and Circumferential Residual Stress

IN the POrCiNg TNOTACIC ADITA .......viiveeiieieitiesie ettt sttt steeneesneenteeneesneenes 129
TN A 0 €111V ] (o S STS SRR 130
8.2 ADSIIACT ...t bbb 130
6.3 INTFOAUCTION ... bbbttt bbb reene e 131
8.4 IMBINOUS ... ettt bbb e 133

6.4.1  TISSUE HAIVESLING.......civieieiiiicie ettt et ae e re e 133
6.4.2  Enzymatic GAG Depletion and Glycation Treatments ..........ccccceevvevveieiieeieennns 133
6.4.3  OPENING ANGIE ...t 134
6.4.4  Indentation Mechanical TeSHING........cccooiriiiriiiieiee e 136
B.4.5  WALEI CONTENT.....ooiiiiiii ettt sttt sre e sreeenee s 137
6.4.6  Circumferential PrestretCh .........ccooooiieiiie e 138
6.4.7  Biochemical Analysis of Tissue COMPOSItiON.........cccveieiieiieie i 138
6.4.8  HIStOIOQY .....cciiiiiiice e e 139
6.4.9  StatiStiCal ANAIYSIS......c.eciiiiiiiece e 139
B.5  RESUILS ..ottt reene e 140
6.5.1  Confirmation of tiSSUE treatMENTS.........cevuiiiere e 140
6.5.2  Effects of treatments on aortic ring opening angles...........ccoovvveieienenesesenenns 141
GRS T T | To (=T o1 = (oo SRS STPS 144
B.5.4  SWEIIING oo 145
6.5.5  Circumferential PrestretCh .........ccooooiiii i 147
6.6 DISCUSSION ...vviiiiiieteeite sttt sttt ettt ettt e s e h e et e e st e e be et e e neesbeenbeebesreenbeannens 148
6.7  RETEIBNCES ...ttt ettt b et e b be b 156



6.8  Supplementary INfOrMAtiON...........ccooiiiiiiicii e 160

7 How Much Opening Angle Does the Swelling of GAG Contribute in Porcine Aortas? Finite

Element Analyses Based on Experimental Data.............ccoovriiieiininiiineeseeeeee e 165
% R o (111 o [ TR ST PI 166
7.2 ADSIFACT ... bbb n e 166
7.3 INEFOAUCTION .. ettt b bbb ne e 167
T4 IMBINOUS ...t bbb bbb 170

7.4.1  General TrAMEWOTK ........cciiiiiieie e 170
TA.2  GROMEIIY ...ttt b e b b e nbe e 172
7.4.3  FCD DIStIDULION ...ocuiiiicie st ne e 172
TAAL  AOITIC LAYELS ..ottt bbbttt sb et st 173
TAD5  SOIT MAITIX cvveviiieciecie e bbbttt st st renne s 174
7.45.1 Constitutive Modeling .......ccooveiiiiiccece e 174
7.45.2 Two-layer material Modeling.........ccoeiveiiiii i 176
7.4.6  StatiStiCal @NAIYSIS......ccviiiiiiiieeie e 178
747  MOel BVAIUALION ..ottt 178
7.5 REBSUILS ..ttt ettt e e te et re e te e eReenreeneeareenreenee s 178
7.5.1  Material CONSLANTS .....ccvveieiiieiieeieeie st sie e te e e sneeneesreenaeeneeas 178
7.5.11 ONE-LAYEN MALIIX ...ttt 178
7.5.1.2 TWO-LAYET IMIEIIX. ... 179
7.5.2  OPENING ANQGIE ..ot 181
7521 ONE-LAYEr MAALIIX ...ttt sre e nre e 181
7.5.2.2 TWO-LAYEr IMLTIX..c.vicviiiiccieeie et sbe e 181

LG B ot U1 (o] USSR 182
A ] (=] (=] o2 SRRSSSSN 189
7.8 Supplementary INfOrMation..........ccooeiiiiiiiiiee e 193
7.9  Supplementary INfOrMation 2..........ccooiiiiiiiiiiee e 195
7.9.1  Firstand Second Partial DeriVatiVES...........cccuervririiereeieseese e e 195
7.9.2  Convexity of Strain Energy FUNCLION ..........cccoeiiiiiie i 199
7.9.3  Mesh SENSItIVILY ANAIYSIS......ccviiiiiiieiie it 203

Xiv



i (O [0 [ 1T TSSOSO U TR 205
S I T {0011 (o] BT OPPRRTRRRN 206
8.1 SUIMMAIY ...ttt et sa e sa e e sb e e e nbb e e e nbb e e e bt e e e sreennreean 207
8.2 GENEIAl DISCUSSION. ... .eiuiiiiiiieiiesieie sttt sttt sttt sb e bbbt ene e 208
8.3 CONCIUSIONS ...ttt bbb bbbttt b bbb ene e 211
8.4  Recommendations for FUTUIE WOTK ..........cccuiiiiiiiniie e 215
8.5 RETBIBNCES ..ttt ettt nr e te e neenre et 217

XV



LIST OF FIGURES

Figure 2.1:(A) Schematic of typical stress-strain relationship of soft biological tissue. (B)
Representative figure of a hysteresis loop showing the loading and unloading paths.................. 23

Figure 3.1:Segments of the normal aorta (left), and layers of the aortic wall (right). ................. 49

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)
Prote0glyCans; (C) AQQIEOALE. ......cuiieeiereerieeeesieesteasieste e teereesteebesseesteesteeseesteebesseesbeesesneesseensens 53

Figure 3.3: Osmotic swelling mechanism caused by the presence of GAG/PG in the ECM of
normal vascular tissue. Only one lamellar unit of the aortic wall is represented. ..............c.c....... 56

Figure 3.4: Opening angle in an aortic ring sample caused by the presence of circumferential
residual stresses in the unpressurized, untethered aortic wall..............ccooovevivieiiic i 57

Figure 3.5: Stress-strain curves of stiffer vs. softer tissues. The same plot can also illustrate the
leftward shift in the stress-strain response of aortic tissues subjected to GAG depletion, as
observed partially in [2], [89]. . oveieeiiee et 61

Figure 4.1: Effective (Von Mises) stress distribution (MPa) in (a) closed geometry of the
reproduced rodent aortic ring from [2]; (b) closed ascending porcine aortic ring assigned a
constant FCD distribution (cOF = -40 meg/L in all layers); (c) closed ascending porcine aortic
ring assigned the same baseline FCD distribution as in [2] (cOF = -40 meg/L in the intimal and
medial layers, cOF = -20 meg/L in the transition layer and cOF = 0 meg/L in the adventitia); (d)
closed ascending porcine aortic ring assigned an inverted FCD distribution compared to [2] (cOF
= 0 meg/L in the intimal and medial layers, cOF =-20 meg/L in the transition layer and cOF = -40
meg/L in the adventitia); (e) 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 porcine aortic ring assigned the same FCD distribution as in (c) ; (h) open ascending
porcine aortic ring assigned the same FCD distribution as in (d)........cccccevvviieriiiiniieneneseens 85

Figure 4.2: Results from porcine aortic ring model. Variation of the peak effective (Von Mises)
stress (a) and opening angle (b) when increasing the baseline GAG distribution by -5 meg/L
increments. Variation of the peak effective (Von Mises) stress (c) and opening angle (d) when
multiplying the baseline GAG distribution by 1.15 multiple times..........ccccvveviiiieiieerie e 87

Figure S4.1:Principal Stress (a,d) 1, (b,e) 2 and (c,f) 3 in closed (a,b,c) and open (d,e,f) porcine
aortic rings assigned the same baseline FCD distribution as in [2] (cOF = -40 meg/L in the
intimal and medial layers, cOF = -20 meg/L in the transition layer and cOF = 0 meg/L in the
AOVENTITIR). ©eeuvetete ittt bbbttt e bbbt bt bt e R et et e bbb b bt ane s 91

XVi



Figure S4.2: Principal Stress (a,d) 1, (b,e) 2 and (c,f) 3 in closed (a,b,c) and open (d,e,f) porcine
aortic rings assigned an inverted FCD distribution compared to [2] (cOF = 0 meg/L in the intimal
and medial layers, cOF = -20 meg/L in the transition layer and cOF = -40 meqg/L in the adventitia)
....................................................................................................................................................... 92

Figure S4.3: Results from porcine aortic ring model with fibers redefined in the element local
coordinate system (ensuring an orientation of £51,45° along the circumference in all elements).
Variation of the peak effective (Von Mises) stress (a) and opening angle (b) when increasing the
baseline GAG distribution by -5 meqg/L increments. Variation of the peak effective (Von Mises)
stress (c) and opening angle (d) when multiplying the baseline GAG distribution by 1.15
MUILIPIE TIMIES....e ettt et e et e e esbe e teeseesteebeaneesteesneaneenreeneens 94

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 the aorta including
the sutures added for quadrant localization. Insets show the different quadrants. (c) Image of a
cut aortic ring for opening angle measurement. (d) Illustration of an excised aortic sample stored
for microstructural analysis, and direction of cryostat sectioning (e) Opening angles of aortic
rings obtained from different anatomical regions presented as mean + standard error of the mean
(SEM) (n=17 rings per region obtained from 7 animals, 3 anatomical regions per animal). ***
indicates p < 0.001 (Welch with Games-Howell Post-HOC test). .........cccevvveiiveiciieceece e, 101

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 the load-free configuration. Samples from the ascending, aortic arch and descending
thoracic regions are represented by hollow circles, solid squares and solid triangles, respectively.
..................................................................................................................................................... 105

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 Post-Hoc test). (b) Intramural
distribution of sSGAG (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 x-axis refers to the innermost intima while position 1.0 refers to
the outermost adventitia. Error bars along x-axis represent the SEM for section position to
account for the fact that samples produced different numbers of sections because of variations in
ENICKINIESSES. ..ttt ettt ettt et st s bt e bt s e e e be et st e nbe et re e be et 107

Figure 5.4: Representative histology sections of aortic tissues from (a,d,g) the ascending, (b,e,h)
aortic arch, and (c,f,i) descending thoracic aorta, stained with (a-c) Alcian blue, (d-f) Masson’s
trichrome, and (g-i) Verhoeff's -VanGieson’s. Intimal layers are aligned with the left side of each
panel, marked with the 1etter “I7. ... 108

xvii



Figure 5.5: Variation of the (a) total SGAG content (r=0.667;N=45), (b) sGAG gradient
(r=0.320;N=45), (c) total collagen contents (r=-0.288;N=45), (d) collagen gradient (r=-
0.367;N=45), (e) collagen:sGAG ratio (r=-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. .................. 110

Figure 5.6: Variation of the (a) total SGAG contents (r=0.390;N=45 from 5 animals), (b) total
Collagen contents (r=-0.26;N=45 from 5 animals), (c) collagen:sGAG (r=-0.492;N=45 from 5
animals) calculated from the total amounts of collagen and sGAG, with respect to the aortic
ring’s mean radius; (d) total SGAG contents (r=0.285;N=45 from 5 animals), (¢) total collagen
contents (r=-0.406;N=45 from 5 animals), (f) collagen:sGAG (r=0.535;N=45 from 5 animals)
calculated from the total amounts of collagen and sGAG, with respect to the aortic ring’s
thickness. Samples from the ascending, aortic arch and descending thoracic regions are
represented by hollow circles, solid squares and solid triangles, respectively. ...........cc.ccocoeuene. 111

Figure S5.1: (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 Games-Howell Post-Hoc test).
The radius and thickness are measured in the load-free configuration.............cc.cccooeviiiiiinennns 120

Figure S5.2: Opening angle of aortic rings obtained from different anatomical regions in 7 aortas
presented as mean + SEM (n=3 rings per region for aortas 1-5, n=1 ring per region for aortas 6
and 7, 3 anatomical regions per animal). * indicates p < 0.05, ** p < 0.01 and *** p < 0.001.
(ANOVA with Tukey’s HSD Post-HOC tES).......ccoiviiiiiiiiiieie e 120

Figure S5.3: Radius of aortic rings, measured in the load-free configuration, and obtained from
different anatomical regions in 7 aortas presented as mean £ SEM (n=3 rings per region for
aortas 1-5, n=1 ring per region for aortas 6 and 7, 3 anatomical regions per animal). * indicates p
<0.05, ** p<0.01 and *** p < 0.001. (ANOVA with Tukey’s HSD Post-Hoc test). .............. 121

Figure S5.4: Thickness of aortic rings, measured in the load-free configuration, and obtained
from different anatomical regions in 7 aortas presented as mean + SEM (n=3 rings per region for
aortas 1-5, n=1 ring per region for aortas 6 and 7, 3 anatomical regions per animal). * indicates p
<0.05, ** p<0.01 and *** p <0.001. (ANOVA with Tukey’s HSD Post-Hoc test). .............. 121

Figure S5.5: Intramural Distribution of Elastin (n=5 from 5 animals) in the Ascending, Aortic
Arch and Descending Thoracic Regions of Porcine Aortas 3-7 presented as mean £ SEM.
Position 0.0 along the x-axis refers to the intima while position 1.0 refers to the adventitia. Error
bars along x-axis represent the SEM for section position to account for the fact that samples
produced different numbers of sections because of variations in thicknesses...............ccccveveee. 122

Figure S5.6: 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).

Xviii



Position 0.0 along the x-axis refers to the intima while position 1.0 refers to the adventitia. Error
bars along x-axis represent the SEM for section position to account for the fact that samples
produced different numbers of sections because of variations in thicknesses...............cccccveve.e. 122

Figure S5.7: Collagen 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 along the x-axis refers to the innermost intima while position 1.0 refers to the
outermost adventitia. Error bars along x-axis represent the SEM for section position to account
for the fact that samples produced different numbers of sections because of variations in
ENICKINIESSES. ..ttt ettt et s e be e e e s e s be e te e s e e be e b e eneenbeenteereenreente s 123

Figure S5.8: Gradients of SGAG (N=15 from 5 animals), collagen (N=15 from 5 animals), and
collagen:sGAG (N=15 from 5 animals) normalized by wet weight in the ascending, aortic arch
and descending thoracic regions of porcine aortas (mean £ SEM). * indicates p < 0.05, ** p <
0.01 (ANOVA with Tukey HSD Post-Hoc test). Units for the collagen and collagen:sGAG
gradients are respectively pg collagen/mg Tissue and pg Collagen/ug SGAG. ........cccecvevvennnne 123

Figure S5.9: Intramural Distribution of (a) SGAG (N=3), (b) collagen (N=3), and (c)
collagen:GAG (N=3) in the Ascending, Aortic Arch and Descending Thoracic Regions of
Porcine Aorta 2; (d) sulfated GAG (N=3), (e) collagen (N=3), and (f) collagen:GAG (N=3) in the
Ascending, Aortic Arch and Descending Thoracic Regions of Porcine Aorta 4. Position 0.0 along
the x-axis refers to the innermost intima while position 1.0 refers to the outermost adventitia.
Error bars along x-axis represent the SEM for section position to account for the fact that
samples produced different numbers of sections because of variations in thicknesses............... 124

Figure S5.10: Variation of the average (a) SGAG content (r=0.623;N=45), (b) Collagen content
(r=-0.410;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. .............ccoooooiiiiiiiienn 125

Figure S5.11: Variation of the (a) Average Elastin (r=-0.180;N=15), (b) Total Elastin Amounts
(r=-0.137;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 significant (p>0.05). The ascending region is presented
with a hallow circle, the aortic arch region with a full square and the descending thoracic region
WIth @ TUIE TrTANGIE. ... 126

Figure S5.12: Annotated aortic ring in the unloaded (left) and unstressed (right) configurations.
..................................................................................................................................................... 127

Figure 6.1: Parameters to describe the opening angle a, and the inner and outer radii, in the (A)
unloaded, and (B) unstressed CONfIQUIAtIONS. ...........civiiiiiiiieiie e 135

Figure 6.2: (A) sGAG content normalized to tissue wet weight and (B) general AGEs normalized
to collagen content for control, GAG-depleted, glycated and, glycated and GAG-depleted aortic
rings excised from the UDT region. Results are expressed as mean £ SD (N2=9 animals). ***

XiX



indicates p<0.001 (paired sample t-test). (C) Representative histological sections from control
and (D) GAG-depleted aortic samples excised from the AS region...........ccccevevveviveveiieeieennens 141

Figure 6.3: Opening angles of (A) control and GAG-depleted aortic rings from the AS, AR, and
LDT regions (N1=5 animals); (B) GAG-depleted, glycated, and glycated in combination with
GAG-depleted aortic rings excised from the UDT regions (N2=9 animals); (C) control rings at
equilibrium under hypertonic, isotonic, and hypotonic osmolarities in the AS, AR, LDT regions
(N3=3 animals); (D) GAG-depleted rings at equilibrium under hypertonic, isotonic, and
hypotonic osmolarities in the AS, AR, LDT regions (N3=3 animals). Results are expressed as
mean + SD; *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05. Horizontal bracket
symbols refer to statistical results from the paired sample t-test while straight lines are from
ANOVA with Tukey-HSD Post-Hoc test. (E) Representative illustrations of radially cut control
and (F) GAG-depleted aortic rings from the AS region. .........ccccovererinininieieee e 143

Figure 6.4: First Piola-Kirchhoff stress in kPa at 10% strain (in the radial direction) of fresh,
control and GAG-depleted aortic samples from the AS, AR, and DT regions (n=25 tests from
N4=5 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 sample t-
test, while straight lines are from Welch with Games-Howell Post-Hoc test..............cccceevenene 145

Figure 6.5: (A) Water content of fresh, control and GAG-depleted aortic rings under hypotonic,
isotonic, and hypertonic conditions, n=8 samples per region (Ns=8 animals). (B) Aortic ring
thickness of control and GAG-depleted aortic rings, 5 rings per region (N1=5 animals). Results
are presented as mean £ SD. *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05
(paired sample t-test). (C) representative histological sections from control (top) and GAG-
depleted (bottom) aortic samples excised from the AS region, under hypotonic, isotonic, and
hypertonic conditions. Scale bar length = 500 M. .....ccoiiiiiiiiciecece e 146

Figure 6.6: Circumferential stretch from the unstressed to the unloaded configuration at 8
positions of the aortic wall of control and GAG-depleted aortic rings of the (A) AS and (B) LDT
regions. Position 0.0 along the x-axis refers to the innermost intima and position 1.0 refers to the
outermost adventitia, Results are presented as mean + SD (N1=5 animals). ** indicates p<0.01, *
indicates p<0.05 (paired SAMPIE t-TEST). ....c.eiiiiiieie s 148

Figure S6.1: Opening angles (mean = SD) of aortic rings evaluated (A) at room temperature in
PBS buffer when fresh, in PBS after 48h incubation at 37°C, and in 100 mM ammonium acetate
buffer after 48h incubation at 37°C (n=5 rings from 5 animals) (B) at room temperature and 37°C
from the AS and LDT FEOIONS ....cvoviiiiiiiiiiiiieieie ettt sb e bbb ene s 160

Figure S6.2: Normalized sGAG levels (mean + SD) of fresh, control and GAG-depleted aortic
samples that underwent (A) opening angle tests, n = 24 rings from 8 animals (N1=5 animals,
N3=3 animals) (B) indentation (Ns=5 animals) and (C) water content measurement (Ns=8
animals). *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05 (paired sample t-test).
..................................................................................................................................................... 161

XX



Figure S6.3: (A) General AGEs (B) and collagen content, normalized by wet weights (mean +
SD) of control, GAG-depleted, glycated, and glycated in combination with GAG-depleted aortic
rings excised from the UDT region (N2=9 animals). *** indicates p<0.001 (paired sample t-test).
..................................................................................................................................................... 162

Figure S6.4: Detailed opening angles results of control and GAG-depleted aortic rings from the
(A) AS, (B) AR, and (C) LDT regions. This figure represents the detailed data of Figure 3A, in
which the data is presented as Mean £ SD. .........cccciiiiiiiiiiiee e 162

Figure S6.5: Opening angle (mean = SD) of rings extracted from the AS and UDT regions of rat
aortas (N4=2 animals), under isotonic, hypotonic and hypertonic osmolarities. *** indicates
p<0.001, * indicates p<0.05 (paired Sample t-1eSt). ......ccceririireriir e 163

Figure S6.6: First Piola-Kirchhoff stress in kPa at 10% strain of fresh, control and GAG-depleted
aortic samples from the (A) AS, (B) AR, and (C) DT regions. Results are presented as mean +
SD (n=5 tests from N4=5 animals). This figure represents the detailed data of Figure 4, in which
the data is presented as Mean £ SEM........c.ccooiiiiiiiiii e 163

Figure S6.7: Water content (mean £ SD) of fresh, control and GAG-depleted aortic rings,
presented to visualize differences between the external bath osmolarity from each of the AS, AR
and LDT regions; n=8 samples per region (Ns=8 animals). *** indicates p<0.001, ** indicates
p<0.01, * indicates p<0.05 (ANOVA with Tukey Post-hoc test). Note: the data in this figure is
identical to Figure 5A in the manuscript, but organized differently to allow us to present
significance bars between osmolarities in a clear Manner. ...........ccccoovevieevieieece s 164

Figure S6.8: Circumferential stretch from the unstressed to the unloaded configuration at 8
positions of the aortic wall of control and GAG-depleted aortic rings of the AR region. Position
0.0 along the x-axis refers to the innermost intima and position 1.0 refers to the outermost
adventitia, Results are presented as mean = SD (N1=5 animals). ..........cc.covvriniininencinennen. 164

Figure 7.1: Representative quarter aortic ring geometry (for symmetry) from the ascending
region displaying boundary conditions. Plane A is fixed in the y-direction, plane B is fixed along
the z-direction, and the fixed node is constrained in all directions.............cccccevevireiiiiniiiinnnns 171

Figure 7.2: Representative histology sections of aortic tissues from (a) the ascending, (b) aortic
arch, and (c) descending thoracic aorta, stained with Verhoeff's-VanGieson’s. Intimal layers are
aligned with the left side of @ach panel............ccooiiiiiii 174

Figure 7.3: Open aortic rings (1/2 model) of the (a) ascending, (b) aortic arch, and (c) descending
1010 - (ot [0 1= o o] TR PPR PP TIPSR 181

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) Cf. CRAPTET B. ........oviiiiiieierie e 186

XXi



Figure S7.1: Experimental data and model fit membrane tensions vs. green strains for the
ascending region using one layer for the aortic wall. R?>-FD = 0.94 and R>-XD = 0.94. ........... 193

Figure S7.2: Experimental data and model fit membrane tensions vs. green strains for the arch
region using one layer for the aortic wall. R?>-FD = 0.94 and R-XD = 0.94. ........ccececvvrvrnnee. 193

Figure S7.3: Experimental data and model fit membrane tensions vs. green strains for the
descending thoracic region using one layer for the aortic wall. R2-FD = 0.93 and R?-XD = 0.95.
..................................................................................................................................................... 194

Figure S7.4: Experimental data and model fit membrane tensions vs. green strains for the
ascending region using two layers for the aortic wall, with r = 0.1. R-FD = 0.94 and R?>-XD =
0.94. This is representative of curve fits that were considered acceptable for finite element
MOTEIIING. <.ttt r et bbbt 194

Figure S7.5: Experimental data and model fit membrane tensions vs. green strains for the arch
region using two layers for the aortic wall, with r = 5. R%-FD = 0.86 and R%-XD = 0.86. This is
representative of curve fits that were considered not acceptable for finite element modelling.. 195

xXii



LIST OF TABLES

Table 4.1: Opening ANgle COMPATISON .......couviieiieieeie et eie s se et e e sae e e nreenee e 84

Table S4.1: Mesh sensitivity analysis of open porcine aortic ring model prescribed with -70
mEQ/L in the first and second layers (intima and media), -50 mEqg/L in the third (transition)
layer, and -30 mEqg/L in the fourth and fifth layers (adventitia). Parameters are provided for a
(o [UE U =T o 0T Lo [ TP RS RTRR 92

Table 7.1: Outer diameter and thickness (mm) used in the computer models of rings from the
ascending, arch and descending thoracic regions averaged from 15 porcine aortic rings in [13].

..................................................................................................................................................... 172
Table 7.2: Fixed charge densities [mEq/L] in aortic wall domains for each of the ascending, arch,
and descending thoracic ring MOUEIS. ........ccvoiiiiiiii e 173
Table 7.3: Intima-media proportion measured from 4 porcine aortas. ..........cccceeevvvevesieeseennens 174

Table 7.4: Holmes-Mow material parameters (mean + standard deviation) derived from all
protocols for a one-layer solid matrix. R?>-FD and R2-XD are the Pearson correlation coefficients
between the experimental and predicted membrane tensions in the fiber direction and cross-fiber
dIreCtioNS FESPECTIVEIY. ...eeiiieie et et e e e teeae s e e sreete s 179

Table 7.5: Holmes-Mow material parameters derived from all protocols for the media and
adventitia of a two-layer solid matrix in the ascending region, where the media occupied 88% of
the aortic wall. R>-FD and R2-XD are the Pearson correlation coefficients between the
experimental and predicted membrane tensions in the fiber direction and cross-fiber directions
TESPECTIVEIY. ..ttt et e et e s e e b e et e e se e s ae e teene e e be e teeneesaeereenee e 180

Table 7.6: Holmes-Mow material parameters derived from all protocols for the media and
adventitia of a two-layer solid matrix in the aortic arch region, where the media occupied 75% of
the aortic wall. R>-FD and R2-XD are the Pearson correlation coefficients between the
experimental and predicted membrane tensions in the fiber direction and cross-fiber directions
TESPECTIVEIY. .ttt bbbt bbbt b e ne bbb 180

Table 7.7: Holmes-Mow material parameters derived from all protocols for the media and
adventitia of a two-layer solid matrix in the descending thoracic region, where the media
occupied 63% of the aortic wall. R2-FD and R?>-XD are the Pearson correlation coefficients
between the experimental and predicted membrane tensions in the fiber direction and cross-fiber
AIrECTIONS FESPECTIVEIY. ....eiviieieeee bbbttt sb b 180

Table 7.8: Simulated opening angle results in the ascending, aortic arch, and descending thoracic
regions, using a one-layer SOl MALFIX. ....c.cocieiiiiii e 181

xXiii



Table 7.9: Simulated opening angle results in the ascending, aortic arch, and descending thoracic
regions, using a two-layer solid matrix. The opening angles for r ratios that generated curve fits
with Pearson’s correlation coefficients above 0.93 are bolded, whereas the others are in italics.

Table 7.10: Percent errors of simulated opening angles in rings using one and two layers for the
solid matrix, with respect to the experimental decrease in the opening angle caused by GAG
removal “Delta”. The smallest errors are bolded. ..........cccccveiiiiiiiiiiii e 187

Table S7.1: Mesh sensitivity analysis of ascending aortic ring model. Parameters are provided
FOr QUAET MOGEL.....c.eieii et sb e 203

Table S7.2: Mesh sensitivity analysis of arch aortic ring model. Parameters are provided for
(01U T T =T o 0T o [ OSSPSR 203

Table S7.3: Mesh sensitivity analysis of thoracic aortic ring model. Parameters are provided for
(0 [U T T =T 0T o [ SR PRSPSRRN 204

XXiV



LIST OF SYMBOLS AND ABBREVIATIONS

2D Two Dimensional
3D Three Dimensional
B Reference Configuration
B Deformed Configuration
C (C) Cauchy-Green Deformation
C Stiffness
det Determinant

Green-Lagrange Strain Tensor

Internal Energy Density

Transformation Gradient

Identity Tensor

First Invariant of the Right Cauchy-Green Deformation
Second Invariant of the Right Cauchy-Green Deformation
Volume Ratio

Bulk Modulus

Circumferential Prestretch

Entropy

First Piola-Kirchhoff Stress Tensor
Helmholtz Potential

Radius in Open Configuration

Radius in Unloaded Configuration

Mass Density in 3,

Second Piola-Kirchhoff Stress Tensor
Cauchy Stress Tensor

Temperature

Second Piola-Kirchhoff Membrane Tension
Strain Energy

Position Vector in 3;

Position Vector in 8,

M T TN gndP e e OIS RS S o~ T,

AAA Abdominal Aortic Aneurysm
AFM Atomic Force Microscopy
AGE Advanced Glycation End Product
ANOVA Analysis of Variance
AR Arch
AS Ascending
Cl Confidence Interval
CML Ne-carboxymethyl-lysine
DHLNL Dehydro-dihydroxylysinonorleucine

XXV



DMMB
DOLD
ECM
EDTA
FCD
FD
FE
GAG
GOLD
HLNL
IEEE
LDT
MOLD
PG
SEM
SGAG
SMC
TAA
TAAD
TPPS
uDT
XD
ZSS

Dimethylmethylene blue

Pyrraline deoxyglucasone-lysine dimer
Extracellular Matrix
Ethylenediaminetetraacetic Acid

Fixed Charge Density

Fiber Direction

Finite Element

Glycosaminoglycans

Glyoxal CML glyoxal-lysine dimer
Dehydro-hydroxylysinonorleucine

Institute of Electrical and Electronics Engineers
Lower descending throacic

Methyl glyoxal-lysine dimer

Proteoglycans

Standard Error of the Mean

Sulfated GAG

Smooth Muscle Cells

Thoracic Aortic Aneurysm

Thoracic Aortic Aneurysms and Dissections
5,10,15,20-tetraphenyl-21H,23H-porphine tetra-sulfonate
Upper Descending Thoracic

Cross Fiber Direction

Zero Stress State

XXVi



I OPENING




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 mortalities [1]. Particularly,
the probability of suffering from an aortic disease continuously increases, carrying a high burden
of morbidity and mortality [2-4]. Thoracic aortic aneurysms and aortic dissections cause around
30,000 to 60,000 deaths per year in the U.S. [5], and around 30,000 individuals are diagnosed
yearly in Europe [6]. 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 alone [3].

An aortic aneurysm is a localised permanent dilatation of the aorta to more than 50% of
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 [8-10]. Indeed, although the thoracic and abdominal aortas differ in size and morphology,
the same threshold of approximately 5.0-5.5 cm diameter is being used to evaluate the patient’s
eligibility for surgery of both aortic regions [8,9,11,12]. This metric also ignores the natural
differences in aortic diameters between sex and/or patients with different body sizes [4]. Aside
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 rupture [8,9,13]. 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 ruptures [10].



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 load [14]. 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 tissue [14,15]. 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 concentrations [14,16,17]. Residual stresses are also believed to affect tissue
stiffness (or its inverse, compliance) [14], a clinically important marker in predicting
cardiovascular disease [18,19]. 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 pressure [20,21]. Residual stresses and aortic stiffness differ between sex

[17,22], and increase with age [17,18].

Residual stresses and stiffness are thought to be modulated by both the morphology and
composition of the tissue. Particularly, the contribution of the non-cellular component, known as
the extracellular matrix (ECM) [23], 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 fibrous constituents, 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 integrity [23]. However, in various pathologies, the ECM
undergoes abnormal remodeling, thereby perturbing its homeostasis which is necessary for
preserving the tissue’s structure-functional relationships [23-26]. The independent contribution
of elastin and collagen to aortic mechanical properties has been an ongoing area of investigation
[27-32], 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 properties [28,29], 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 crosslinks, and non-
enzymatic crosslinks which forms advanced glycation end products (AGEs). Although immature
enzymatic crosslinks, and AGEs are initially found during the early stages of growth and
development [35-37], they are also implicated in aging and disease such as aneurysms [38,39].
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 understanding 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 aorta. The work was
governed by the primary hypothesis that GAG regulate residual stress. The primary 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 FEBio [43], an open-source

finite element software, to simulate the effect of GAG in a computer model, and to replicate the
results reported by Azeloglu et al. [33], 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 al. [33] 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 observations [44,45]. 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 young (5-6 months 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. However, to 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 understood, via enzymatic depletion and 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 to create animal-specific aortic ring models using the experimental anatomical

dimensions and mural GAG distributions acquired in Objectives 2 and 3 in order to capture the
effect of GAG on residual stress through a computational finite element model using FEBio [43].
Furthermore, our Objective 4 was also to mathematically describe the solid matrix’ mechanical
behavior from biaxial tensile data. In addition to modelling the matrix as one layer, the distinct
elastic properties of the intima-media and the adventitia were considered by 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 objectives in-depth, in
Section Il of this dissertation. Objective 1 is presented in Chapter 4 and was published in the
2020 42nd Annual International Conference of the IEEE Engineering in Medicine & Biology
Society (EMBC) [43]. Objective 2 is discussed in detail in Chapter 5 through a published study
in Annals on Biomedical Engineering [46]. Objective 3 is presented in Chapter 6, and was
accepted by Acta Biomaterialia at the time of submission of this thesis. Finally, Objective 4 is
detailed in Chapter 7 as a manuscript that has been prepared for submission. The closing

discussion is in Section I11I.
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2.1 INTRODUCTION
The purpose of this chapter is to 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 oxygen-rich blood 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 diaphragm [1,2]. An illustration is provided in Figure 3.1. The aorta tapers in diameter from
its beginning in the ascending region to its end, and increases in size with age [1,3], height, 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, and 2.4 - 2.5 cm 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 arteries [2,6]. 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 caned-shape 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 artery [2]. 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 begins [2,4,7].
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 esophagus [7]. The 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 adventitia, which are illustrated in Figure 3.1. The intima is the innermost layer that lines the
lumen, and occupies the smallest proportion of the normal aortic wall [10]. The intima is
believed to consists of a single layer in the early stages of life, but can remodel into a thicker
proportion with age [11-13], or due to chronic diseases, such as atherosclerosis [14] or aneurysm

[10]. In a healthy, young subject, 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 lamina) [1,15]. In 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 respectively [1]. Endothelial 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 membrane [1]. 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

proteoglycans [1,15].

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 aortic tree [11]. 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
pm — 200 um [1,15,17], except in minor cases like near bifurcations [1]. 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 extent in elastic arteries,
SMCs contribute to regulating blood flow through their ability to relax and contract 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, Ill, and V, in addition to ground substance such as GAG [1]. Their
proliferation is normally slow except in the case of pathogenesis, during which their phenotype

and ECM production rate become impaired [12,18].

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 aortic tree [1,19]. Particularly, in the
abdominal aorta the adventitia is considerably thicker than in the thoracic aorta [15]. The
adventitia is rich in fibroblasts, collagen namely type I, elastin, nerves and vasa vasorum [1,16].
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 disease [16].

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 migrate [1]. The 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 weight [15,20].

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 around 25-30% of human mass protein [21].
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
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could exceed 10%/day in certain tissues [22]. Collagen fibers are synthesized hierarchically by
cells. At the molecular lever, they comprise three polypeptide a chains, which can be identical or
different, depending on each collagen type. The three polypeptide a chains are wrapped into a
tight collagen triple helix and are made of repeated patterns of Gly-X-Y [23]. Here, “Gly” refers
to glycine, and X and Y refer to any other amino acid of the remaining 19 types [1]. The 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 285-300 nm long, and 1.4-2.0 nm in
diameters [1,25]. At this stage, they are referred to as procollagen [25] or tropocollagen [21], 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 fibril [1,21,23,25]. Collagen fibrils have lengths and diameters on the
order of 1 um [21] and 10-500 nm respectively [1]. Fibrils are further bundled together to form
collagen fibers that vary in length and diameter (1 — 500 pum). Fibrils and fibers are further

stabilized by crosslinks, and form a disordered collagen matrix [21].

At least 28 different types of collagen have been identified so far, with collagen type I
being the most abundant [21,25]. Collagen types are mediated by the differences in assembly at
the level of the hierarchy, including the a chains as mentioned earlier. As an example, collagen
type | possesses two a; (1) and one a, (1) chains. In the cardiovascular system, existing collagen
types include collagen type I, 11, and IV, in addition to type V, VI, and VIII [1]. In the aorta, the
type | and type 11l collagen are dominant, accounting for 80-90% 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 collagen in the 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 straightened [1].

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 40-70 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 composite 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 fibrillin -1 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 elastogenesis [32],
which is still under study and has been a matter of debate for several decades [27,33]. The
process starts from the cells, which synthesize the tropoelastin molecule [32], 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 proteins [28]. After secretion, tropoelastin is released into the extracellular
space, and undergoes crosslinking through enzymes from the lysyl-oxidase family, and
coacervation, a thermodynamic process through which troposelastin assembles into aggregates
[27]. Elastin plays major roles in modulating the mechanical properties of the cardiovascular
system including the aorta, as well as in disease. Elastic fibers’ main mechanical characteristic is
to provide reversible stretchability (compliance), given their ability to stretch when loaded and

revert back to their original size when unloaded [25]. 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 effect [27].

2.3.3 Glycosaminoglycans/Proteoglycans
Briefly, GAG are negatively-charged 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 GAG/PG, 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 bonds [34].

Generally speaking, there are two major types of crosslinks: enzymatic and non-enzymatic [34—
36]. Enzymatic crosslinking is mediated by lysyl-oxidase, and provides elastin and collagen with
stability, which is crucial to their normal function [34,35,37]. In collagen, the biosynthesis of
enzymatic crosslinks starts with the reduction of lysyl- or hydroxylysyl- residues by lysyl-
oxidase into aldehydes [34]. These aldehydes (lysyl- or hydroxylysyl- aldehydes) then undergo a
series of condensation reactions to first form the dehydro-hydroxylysinonorleucine (HLNL) and
dehydro-dihydroxylysinonorleucine (DHLNL) divalent cross-links [36,37]. These then further
react with lysyl- or hydroxylysyl- residues to form multivalent mature crosslinks, which are
mainly pyridinoline and deoxy-pyridinoline [34,37]. Although still elusive, elastin crosslinks are
synthesised through a similar process, mainly via the reduction of lysyl- or hydroxylysyl-

residues, to form elastin crosslinks which are primarily desmosine and isodesmosine [34,36,37].

Non-enzymatic crosslinking is mediated by glycated lysyl- residues to form advanced
glycation end products (AGEs) [34]. AGEs are sugar crosslinks and are also known as

glycotoxins [38]. AGEs are heterogeneous and complex structures, and their characterization

20



remains elusive [39]. In general, AGEs are produced from non-enzymatic reactions between a
sugar and free amino acid groups in proteins [39,40]. This reaction was first described by Louis
Camille Maillard in the early 1900s [41]. The common driving force for the creation of AGEs is
oxidative stress, leading to the formation of glycoxidation products. Examples of glycoxidation
products include pentodisine, N°-carboxymethyl-lysine (CML), and glyoxal CML glyoxal-lysine
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 non-oxidative rearrangement
include methyl glyoxal-lysine dimer (MOLD) and pyrraline deoxyglucasone-lysine 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 proteins [39,42].

Although immature enzymatic crosslinks, like HLNL and DHLNL, and AGEs are present
during the early stages of growth and development [37,43,44], they are also implicated in disease
and aging. For instance, AGEs accumulation contributes to age-related connective tissue deficit
[45], neurological conditions such as Alzheimer’s [39], and are implicated in a wide range of
pathologies such as rheumatoid arthritis [39], diabetes and cardiovascular diseases [40].
Similarly, with age, mature crosslinks such as pyridinoline, and AGEs such as pentosidine and

CML, are thought to accumulate [40,44,46,47].

In the aorta, extensive crosslinking of collagen and elastin alters their physical properties,
which reduces the aortic compliance (or causes aortic stiffening) [48-50]. 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 stiffness [47]. Additionally, breaking AGEs in rat subjects
with alagebrium chloride (ALT-711), a non-enzymatic breaker of AGE crosslinks, increased the
aortic compliance, distensibility and diameter [51]. Similarly, in a clinical study the total arterial

compliance increased in human subjects treated with ALT-711 [52].

AGEs have also been found to be implicated in many other cardiovascular diseases such
as hypertension [53], atherosclerosis [54] and aneurysms [55,56], and have been shown to play a
role in the development of diabetic cardiovascular complications [40]. 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 streaks [57]. Glycation has also been shown to be accelerated in the human aorta with
age and diabetes [57]. 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 increased in patients

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 collagen, elastin and the hydrated matrix of GAG/PG [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 displays a J-shaped non-linear tensile stress-strain
relationship, as shown in Figure 2.1A. This significantly differs from stress-strain relationships
of hard tissue or engineering materials such as steel, which are characterized by a linear curve in
the elastic phase and are therefore characterized by an intrinsic stiffness or Young’s modulus,
defined as the (constant) slope of the curve. By contrast, the slope of a non-linear material stress-
strain behavior varies along the curve. Additionally, consistent with a J-shape, the curve for soft
tissue typically begins with a compliant toe region, and exhibits much stiffer responses over

finite stretches [1].

A) B)

Stress
Stress

Strain Strain

Figure 2.1:(A) Schematic of typical stress-strain relationship of soft biological tissue. (B) Representative figure of a hysteresis
loop showing the loading and unloading 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 orientation [1,58]. However, based on

experimentations conducted on porcine and human samples, both isotropic (or quasi-isotropic)
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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 the stress-strain response
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, they are 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 stress-relaxation is the process through which stress decreases over time
when material is held at constant strain [23,64]. Nevertheless, in the context of quasi-static
loading that can be set in in vitro experiments, viscoelastic effects may be neglected, as done in
the present work. Finally, the 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
“Nonlinear continuum mechanics for finite element analysis” [65] and “Cardiovascular solid

mechanics: cells, tissues, and organs” [1].

2.5.1 The Deformation Gradient
Consider the deformation of an object from a reference configuration (f,) at timet = 0, to a

current (or deformed) configuration (B3;) at time t. The position vector of a given particle in S, is

X, and in B: is X, where the coordinate systems are {O, Ej} and {o, e, } respectively. Here, E_A)

and e, are orthonormal bases, with indices 1,2,3 to describe the 3-D space. The position vectors
can therefore be represented as X = XAE and X = x;e,, using the Einstein summation

convention where entities with repeated indices are summed, and X and X 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 from B, to B, is therefore 7 = ¥ — X.

Because we are interested in describing the motion of material particles, differential line
segments dX and d% in B, and S, are introduced. Knowing that a second order tensor transforms
a vector into another vector, the transformation gradient F that relates the infinitesimal vector in

the reference configuration dX into the corresponding vector in the current configuration dx is

defined using the dot product, such that:
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d

The determinant of the transformation gradient is the volume ratio J = ﬁ = det F, where

dV and dv are the differential volumes in 8, and 3, respectively. Therefore, det F 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 and Z—; =detF =] =1.

Although the non-symmetric tensor F, which may contain rigid body contributions, is a

useful measure of deformation, there is at least one more convenient measure of deformation, the
right Cauchy-Green deformation tensor € , which can be defined in terms of the deformation

gradient tensor F as follows:
C=F"-F

Tensor C is symmetric and independent of rigid body motion. C is a material tensor in the

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

2.5.2 Strain
When there is no motion ()(7 = %), the transformation gradient F =

ax

reduces to the identity
ax

tensor I, and therefore the left Cauchy-Green tensors C also reduces to I. Similarly, when the

motion is a rigid body motion, C also reduces to the identity tensor. This does not make € a good

candidate to describe strain, and there is therefore a need to define a strain tensor that reduces to
0 in the absence of deformation. C can be used to define the Green-Lagrange strain tensor (or St.

Venant) E as:

o]
Il
N| =

N
[

|
=
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E is symmetric and independent of rigid body motion.

2.5.3 Traction and Stress
Consider the differential force df acting on a differential area da, with da having an orientation

given by an outward normal vector 7, in the current configuration ;. The traction vector T

can be introduced as:

-

2o Y

da

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 vector 7 in B, (|7i] = 1) to the traction vector T™ js introduced as

the Cauchy stress tensor @, as well known in linear elasticity, such that

TM = 7.

Qil

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

can often be difficult to predict the deformed configuration of a body, it could be difficult to
assess &. Alternatively, the first Piola-Kirchhoff stress tensor P is a measure of stress that is
defined with respect to the reference configuration. Let us translate the actual force d f acting on
da in the deformed configuration B, from its position X, to its corresponding position X in the

reference configuration S,, such that it acts on dA with a normal vector N. The new traction

vector in the reference configuration is T = %, and the new stress tensor is P such that:

27



—

TW) =N.p

Note that P is defined in terms of the actual force over the reference area and is also a
(non-symmetric) two-point tensor, like F, because is relates d f in the current configuration and

NdA in the reference configuration.

To define the second Piola-Kirchhoff stress tensor S in the reference configuration S,,

one must define a fictitious force df = F~! - df acting on NdA in B,. The new traction vector
isTMNV) = Z—Z, and S is the second order tensor that transforms the orientation vector N in B, to
the traction vector 7™ such that:

o — -3

The first and second Piola-Kirchhoff stress tensors relate to the Cauchy stress tensor, and

therefore these stress measures and the deformation gradient are interrelated.

Qj
Il
S~ =
E>I]
el
Qj
Il
~| =
E>I]
9%T]]
3l
r\]

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 Hooke’s law which describes linear material behavior, and therefore relates
the stress and strain linearly via the Young’s modulus. However, many materials are nonlinear
and have complex behaviors, and their response depends on various parameters like strain rate,

temperature, etc. It is therefore usually not possible to use just one constitutive relationship to
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describe the material’s behavior under all conditions; rather, a set of separate constitutive
equations are formulated to describe various material responses under specific conditions. In this
section, we will focus on deriving constitutive formulations for an isothermal hyperelastic
material, a special case of elastic material, where the work done by the stresses during
deformation is dependent only on the initial and final states. Hyperelasticity is a useful theory
that establishes constitutive formulations for nonlinear material such as rubber-like material,
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 the 2" law of thermodynamics and

can be written in various forms, and the Clausius-Duhem equation is written as follows:

dy = dTy =, dF

1
—po|l=—+n—)+Pi——=q,"V,T=0
p"(dt ndt) dt Tl Vo

In this equation, p, is the mass density in the reference configuration, i is the Helmholtz
potential which is a thermodynamic potential that measures the useful work in a system at
constant temperature, n is the entropy such that ¥ = € —nT, where € is the internal energy

density, T is the temperature, q, is the referential heat flux vector, and V, is the referential del

operator %. The Clausius-Duhem equation suggests that for a given thermoelastic process, one

must define four constitutive functions: Helmholtz potential, entropy, stress, and heat flux. For
an isothermal process (T = constant) with no heat transfer (g, = 0), this equation reduces to:
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dy =
— —
p"dt+P dt_o

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

replaced by an equality. Additionally, with i = w(f), L gf ‘;i the equation becomes:
d dF
(— i d —+ PT) —=0
°dF dt

A sufficient condition to satisfy this equation is —po';—l;+ PT =0, and therefore the

stress (1% Piola-Kirchhoff tensor P) and the Helmholtz potential ¥ are not independent

constitutive functions, and are related via:

For isothermal hyperelastic processes, it can be shown that potp(ﬁ) = W (F), where the

Helmholtz potential v is defined per unit mass and the strain, and W is the strain energy and can
be defined per unit volume. It can also be shown that% = 22—??? Therefore, we can also

write:

d_WFT
dC

P =

The second Piola-Kichhoff stress tensor can therefore be expressed as:
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Although S is a physically non-interpretable measure of stress, it provides an easy

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

E= %(5 — T), we can manipulate constitutive equations in the form of W (E), such that:

9%1]]

Il
Q.| &
D1||| <

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.

(@]l

Il
Q | Q.
o] 1

Alternatively, expressing deformation in terms of the right Cauchy-Green deformation
tensor C instead of the Green-Lagrange strain tensor E can also often be convenient. This allows
for the utilization of constitutive laws in the form of W (C) as an alternative approach. Here, W

can depend on € through its invariants, the roots of the characteristic equation det(C= — ulj = 0.

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 Neo-Hookean
One of the simplest hyperelastic models is the Neo-Hookean constitutive model which can be

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

shear modulus u and bulk modulus k [66]. The Neo-Hookean model is commonly used to
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describe incompressible hyperelastic materials [67,68]. The strain energy density function is

given in the equation below [67]:
PSP Jo
W—2(11 3)+2(] 1)

In this equation, I, is the first invariant of the right Cauchy-Green deformation and I; =
2(Ey; + Eyy + E53) + 3. 1t can be noticed that this equation is a linear function of the 1%
invariant and therefore the Neo-Hookean model does not provide the best predictive capacity for
large strains. In summary, the Neo-Hookean model is robust and efficient when it comes to finite
element modelling but becomes less accurate for larger strains and is limited to isotropic

materials.

2.5.4.2 Holzapfel-Gasser-Ogden
With the purpose of modeling the mechanical behavior of anisotropic arterial tissue, the

Holzapfel-Gasser-Ogden model, known as the HGO model was developed in 2000 [68]. The
constitutive equation consists of two main components: 1) a Neo-Hookean [67] model to
represent the isotropic solid matrix and, 2) a family of fibers to capture the anisotropic behavior
of the material [68]. The motivation behind this formulation was to implement a composite-like
constitutive law that would allow to characterize arterial tissue as reinforced with a family of
collagen fibers [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:

— _ k _
W=c-3)+-— Z [ek2n-1* _ 1]
2k,

n=4,6

Recalling the Neo-Hookean constitutive law, I; = I_l(CE) is the first invariant of the right

Cauchy-Green deformation C, c is a stress-like material constant and k is the bulk modulus. In
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the second component describing the fibers, k, is a positive stress-like material constant and k.,

is a dimensionless material parameter [68]. Furthermore, I, and I, are the fourth and sixth

—_—

invariants of the the right Cauchy-Green deformation: i; =N, -C-N, and iy = N, - C - N, ,

(1]

where ﬁ{ and N, are directional vectors of the two-fiber family. Note that ¢ = J~2/3C.

2.5.4.3 Holmes-Mow
The Holmes-Mow constitutive law that was introduced in the 1990s [69]. The motivation for this

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

constitutive equation is given by:

1
W= Ec(eQ -1)

A+ 2u
c= 2
Q = g (= D =) + 2, = 3) = G+ 200

In these equations, I; and I, are the first and second invariants of the right Cauchy-Green
tensor, where I, = (2E;; + 1)(2Ey, + 1) + (2E1; + 1)(2E33 + 1) + (2E; + 1)(2E33 + 1), A
and u are the Lamé parameters, S is an exponential stiffening coefficient, and J is the Jacobian of

the deformation gradient.

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

differential and integral equations that gained large interest in engineering applications. It has
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 aerospace [70]. In fact, the development of finite element
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methods was also one of the key contributors to the emergence of biomechanics [1], and offers
the potential to advance various domains of medicine and biology [71]. Numerous software
packages have 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 FEBio (platform used in this dissertation), have
become available [71]. These platforms facilitate the development of computer models that can

help simulate and analyse complex structures.

Running a finite element analysis includes three main steps: pre-processing, solution, and
post-processing [72]. The first step in pre-processing involves creating a geometry, which can be
imported or constructed within the finite element software. It also entails assigning boundary and
loading conditions to model the environmental interactions, such as defining forces and
constraints on displacements. Initial conditions may also be specified in dynamic or time-
dependent problems, and may include temperature, velocity, acceleration or initial state of stress.
The material behavior is described using constitutive equations and is one of the most crucial
factors in 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) [70-72]. Hyperelastic constitutive models (discussed in Section 2.5.4) are most
commonly used to describe the behavior of biological tissues, and many of them are available 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 pre-processing step also requires one to discretize the domain via a process called

meshing. This involves dividing a domain into a finite number of non-overlapping subdomains
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called elements connected at nodes. Hexahedral (brick) and tetrahedral (pyramid) elements are
common types of solid (i.e. three-dimensional) elements that consist of a minimum of eight and
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 (two-dimensional) also exist for applications where the continuum’s thickness is
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 pre-processing 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 solutions within the domain [1,72]. The two primary analysis methods are linear
and non-linear 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, the system becomes nonlinear. While
nonlinear methods provide a more accurate representation of real-world phenomena 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: when the 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 referred for example to
“Introduction to Nonlinear Finite Element Analysis” [77] for a comprehensive coverage of this

topic.

One of the most popular methods in finite element analysis to solve nonlinear equations,
also being one of the methods employed by FEBIio, is the Newton Raphson method. Most
numerical methods for solving a system of nonlinear equations consist of initializing the problem
by assuming an initial estimate for nodal displacements (or other variables of interest). The
process then involves finding increments of the initial estimate. The goal is to 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, in 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, precision, and flexibility. 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 along the other variables. As such, the Lagrange multiplier
method ensures that the constraints are precisely satisfied in the solution. Alternatively, the
penalty method adds a penalty factor that multiples a measure of violation of the constraints to

the system of equations. The measure of the violation increases if the constraints are violated,
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and is zero if the constraints are respected. As 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 nearly-incompressible 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 multipliers -for each constraint- to the objective function required to
be minimized. This newly created function is known as the so-called 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.

Post-processing 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 variables [75].
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3.1 FOREWORD
In Chapter 2, basic concepts 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 understanding of 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
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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 Terms—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 (Figure 3.1) [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 and organizations across the tissue depth [2]. The three
main layers of the aortic wall are shown in Figure 3.1: 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 sub-endothelium loose connective tissue, and typically occupies
approximately 5% of the aortic wall thickness [3,4]. It is believed to contribute minimally to the
load-bearing capacity of the aorta [5,6], except in the case of atherosclerotic disease [7,8].
However, it does possess an array of chemical functions [9]. The intima and the media are
interfaced by the internal elastic lamina, which is the first of the many elastic concentric lamellae
that compose the media [4,10]. 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 fibers [10,11]. The media occupies approximately 77-80% of the aortic wall thickness
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[3] and is separated from the outermost layer by the external elastic lamina [4,10]. The outermost
layer of the aorta is the adventitia, which occupies the remainder of the wall thickness, namely
15-18% [3], and consists of a densely woven network of collagen fibers [11]. 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 so-called Windkessel effect) [12].

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 stress-strain behavior exhibited by soft tissues when they are
tested ex vivo. Over the years, detailed investigations have revealed that, even in unloaded
configurations as they can exist ex vivo, elastin is stretched, while undulated collagen fibers are
under compression, and are only progressively recruited (i.e., become load bearing) as stretch or
stress is increased [2,14-17]. Consistent with these observations, selective degradation of elastin
has been demonstrated to cause a major loss of axial pre-stretch, as well as a significant increase
in vessel diameter under pressurization compared to the same intact vessel [15,18-20]. Also
noteworthy is the increasing rightward shift of the stress-strain curve of tissues whose elastin was
degraded at each new loading cycle, suggesting that collagen fibers are disconnected from the

non-collagenous matrix, while they still ensure stiffening under high stress [21].
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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 of so-called deposition stretches, for
the individual configurations of elastin and collagen in the unloaded tissue, as well as for the
microstructural configuration of collagen fibers [22—-27]. These models are especially notable as
they allow one to determine the intramural mechanical stresses in the in vivo geometry with
unprecedented accuracy, and predict the effects of altering the individual contributions of the
wall constituents, via elastin degradation or variations in collagen pre-stretch, whether in bulk
homogenous distributions or according to an intramural compositional gradient [17,23]. When
the intramural heterogeneity of the tissue is represented, typically through two (e.g. medial and
adventitial) layers with distinct material properties, the models can also be used to evaluate the
residual stresses and strains in the unloaded (unpressurized, unstretched) ex vivo geometry, such

as exhibited by the opening angle of a ring, or the longitudinal bend of an axial strip taken from

49



the artery after a radial cut [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 involved [20,29]. 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/PG [32,33]. In addition, it has been
suggested that the compressive behavior of GAG/PG-supported collagen fibers plays an
important role in the unloaded dimensions of arterial tissue [23]. 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 waviness [2].

Microstructural, constrained-mixture-based analytical and numerical models are also
noteworthy because they can replicate the stress-strain response of in 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 compliance [34], and
stems from the Windkessel effect already mentioned. Therefore, a compliant aortic wall is
essential in reducing cardiac afterload and in regulating blood pressure [35,36]. 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 risks [37]. 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
collagen, are the ECM’s main components that modulate the mechanical behavior of cartilage
[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
swelling, which contribute to cartilage’s compressive and shear strengths [38-42]. By contrast,
GAG/PG in aortic tissues have not garnered nearly as much attention. Yet, GAG/PG’s
mechanical and structural roles in normal and pathological aortic tissues have clearly emerged as
areas of research deserving further investigation [2,5,6,32,43,44].

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 predictions [5,45-49]. 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 clinical guidelines, many ruptures unfortunately take place
below these thresholds [47]. 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 adventitia [51]. There 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 ruptures, whether from aortic
aneurysms or dissections, are associated with significant morbidity, as well as devastating and
costly complications [47,52,53]. According to the Centers of Disease Control and Prevention,

aortic aneurysm is the 19th [54,55] leading cause of mortality in the United States and in 2017,
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aortic aneurysms caused approximately 10,000 deaths in the United States alone [56].

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 layer-specific 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 pressure [28,57—
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 units [60]. GAG are classified primarily
based on the chemical structure of their repeating disaccharide units [61]. Essentially, there are
six types of GAG families: hyaluronic acid (also called hyaluronan), dermatan sulfate, keratan
sulfate, chondroitin sulfate, heparan sulfate, and heparin [62]. Heparin is the mostly sulfated
heparan sulfate [63] and hyaluronan is the only non-sulfated GAG that does not bond to a protein

core [6].
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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 (PG) [61], [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 cores [61]. PGs in ECM typically contain
chondroitin sulfate and dermatan sulfate GAG chains [64]. In general, the ECM encloses small

interstitial proteoglycans as well as large proteoglycans. Small PG include decorin, biglycan and
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fibromodulin, whereas large PG include aggregan, versican, neucoran and brevican [64,65]. For
example, decorin contains only one GAG chain, while larger PG like aggrecan contains over 100
chains [64]. Figure 3.2b 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 non-sulfated GAG, to form large aggregates as shown in Figure 3.2c [65—
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 hyaluronan [68], at least three types of sulphated GAG are present in blood

vessels: chondroitin sulfate, heparan sulfate, and dermatan sulfate [69,70]. 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 tissues [71,72]. In mammals such as
porcine, canine, rabbit and humans, the intima and media of the aorta is composed of 40-56%
chondroitin sulfate (percentage of total GAG), 4-30% dermatan sulfate, 9-32% heparan sulfate
and 4-24% hyaluronan [68,71]. Furthermore, it has been noted, through histological

observations [32] and electrophoresis and chromatography [72], 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.

Most recently, 20 types of PG have been identified in the human thoracic aorta’s ECM
[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 intima [74,75].
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 arteries [74,75]. Biglycan is localized in
the intimal, outer medial and adventitial layers, while decorin is restricted to the adventitia of
normal aortas [76]. 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 collagen [77].

Together, GAG/PG represent only 2-5% of the thoracic aortic wall in dry mass [78],
which may account for the little attention they have received compared to collagen and elastin.
However, an increasing number of studies have shown that GAG/PG also contribute to the
arterial wall mechanobiological functions. The following sub-sections 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 as Na* from 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 Gibbs-Donnan swelling [66,80]. An
illustration of this phenomenon is presented in Figure 3.3. In-vitro experiments demonstrate that
swelling in the arterial wall increases when decreasing the osmolarity of the external solution in

which the arterial samples are bathing [30,79]. 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 volume [81]. 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 intra-lamellar space in the media [79].
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Figure 3.3: Osmotic swelling mechanism caused by the presence of GAG/PG 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 its wall [72]. Thus, 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 elastin under tension [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

dissection [82]. This will be discussed in relation to the diseased aorta in Section 3.5.

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 (Figure 3.4). In addition, an
initially straight narrow longitudinal strip cut along an aortic segment takes on a bent shape,
demonstrating the release of longitudinal residual stresses [28]. Although the magnitude of the
residual stresses is typically much less than that of in vivo stresses, inclusion of residual stresses
into detailed single- or multi- layered mathematical models of the aorta has been found to have a
profound impact on the values and distributions of intramural in vivo stresses [28,57-59,83].
Therefore, these stresses are of prime relevance when one 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 development [23,84]. 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
thickness. In turn, this resulted in variations in the opening angle as a tell-tale sign of variations
in circumferential residual stresses. Azeloglu et al.’s findings highlighted the swelling properties
of GAG/PG, combined with their inhomogeneous transmural distribution, as contributing factors
to residual stresses in arteries. Lanir [86] 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 (FCDs) [32]. Indeed, the negatively charged GAG/PG can be expected to
cause charge-to-charge repulsive forces, which serve as a mechanism for resisting compression
and shear [66,80], as well as contribute to residual stresses. In a follow-up numerical study
carried out in our laboratory (please refer to Chapter 4), we observed that FCD levels, as well as
GAG transmural gradients [33], modulated the circumferential residual stresses and opening
angles in porcine ascending aortic rings. It is important to note that Azeloglu’s observations and
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 solution [30]. 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 mosM [32]. This phenomenon
was confirmed in murine thoracic aortic samples in other reports [30,79]. By contrast, a 143%
overall decrease in opening angle was reported in murine carotids when the osmolarity was
decreased [79]. These seemingly contradictory results may suggest different contents and
distributions of GAG/PG between the thoracic and carotid vessels [87]. While 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 investigation [88]. 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 stress-strain curve can be obtained using a uniaxial or biaxial testing machine
for ex vivo testing to measure the force (converted to stress) as a function of displacement or
elongation (converted to strain) on a given tissue sample (see Figure 3.5). As mentioned before,
for soft tissues, the stress-strain curve is typically highly nonlinear, and tissue stiffness (or elastic
modulus) is defined 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 leftward shift has been observed at larger strains in the stress-strain

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/PG [89]. Such findings underscore the fact that,
although collagen and elastin are known as the main contributors to the arterial wall stiffness
[90-93], GAG/PG may also play a role. In another study, Mattson et al. showed, through
equibiaxial and non-equibiaxial testing of porcine thoracic aortas, that the transition points of the
stress-strain curves in both the longitudinal and circumferential directions took place at lower
strains after removal of GAG [2], suggesting earlier stiffening of GAG depleted tissues [2,66].
Moreover, a leftward shift in the stress-strain curve was detected after removal of GAG. The
absence of GAGs was also reported to cause an earlier recruitment and mechanical engagement
of collagen and elastin fibers, and straighter adventitial collagen fibers [2]. The stress-strain
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 mechanics [66].
Interestingly, using atomic force microscopy (AFM), Beenakker et al. [11] 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: Stress-strain curves of stiffer vs. softer tissues. The same plot can also illustrate the leftward shift in the stress-strain

response of aortic tissues subjected to GAG depletion, as observed partially in [2], [89].

In addition, it is worth pointing out that mathematical models of the aorta have shown
that, while the inclusion of layer-specific 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 pressure [28,83], a stiffer aortic behavior under pressurization
was also predicted when the residual stresses were not included in the calculations [59]. Because
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.

61



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 atherosclerosis [94], progeria [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 accumulation [97]. Abnormal GAG deposition, along
with medial degeneration of the aortic wall occur in patients with ascending aortic aneurysms
with Loeys-Dietz Syndrome and Marfan Syndrome [98], as well as in children and young adult
patients with ascending aneurysm and dissection [99]. In addition, accumulation occurs in
dissected aortas, mainly in the dissected regions of the affected aorta [46].

PG have also been observed to accumulate in TAAD [67,73,100]. Furthermore, in
familial TAAD patients, PG deposition is associated with an important loss of smooth muscle
cells but minimal elastin degradation [101]. 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 samples [73]. Accumulation of aggrecan has also been confirmed in
FbnlmgR/mgR mice, which are animal models that usually die from TAAD. In addition,
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 ruptured areas [73].
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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 emerges [102]. One current hypothesis is that small PG exhibit a decrease in TAAD
even though, overall, PG accumulate. There is therefore a need for better gquantitative 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 humber 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 content [45].

AAAs are also associated with a decrease in overall PG quantities. Theocharis and
Karamanos [76] 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
perlecan in AAA. Versican’s mean spectral counts decreased from 190 + 5 in normal subjects to
84 £ 18 in subjects with AAA, and aggrecan’s counts decreased from 154 + 23 to 28 + 11. This
accounted for ~55% and ~82% decreases in versican and aggrecan, respectively [74]. In another
study, AAAs were associated with an 89% decrease in versican concentration [75]. Although
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. However, in [74], spectral
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 aortas [75]. 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 respectively [76]. Therefore,
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 normal aortas [103].

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 fold [5]. It 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 sites [6]. The magnitude of these stress concentrations
depended on the configuration of the GAG pools. For example, in [43], 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 the pools [82],
[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 to intra-lamellar delamination when
their magnitude surpasses a certain threshold [82,104]. Specifically, radial stresses of ~61 kPa
have been established to cause separation of elastic lamellae and failure of medial healthy aortas
[105].

It is also important to note that increasing the fixed charge density from —50 to —160
mEq/l was also found to increase the peak radial stress from ~50 to ~100 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, especially 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 aorta [43]. This 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 that micro-to-meso 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 stiffness [3,106,107], which may
eventually lead to aortic rupture [108-113]. 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 strength [106]. Therefore, the underlying rupture mechanism in AAA
might not be stress-concentration-related as in TAAD [5,73]. The macro-scale compliance loss
observed in AAA is arguably a consequence of the reduction in elastin amounts in these
pathological tissues [114]. 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/PG as a 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 residual stresses 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
whether GAG/PG’ depletion causes an increase or a decrease in aortic stiffness. GAG/PG are
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 might be any relationship between the marked reduction in
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GAG/PG content and the ongoing stiffening and weakening of the aortic wall.
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4.1 FOREWORD
In this chapter, we established the computational framework needed to simulate the effect of

glycosaminoglycans (GAG) on residual stresses. We first validated the implementation of the
framework against previously published scenarios. A preliminary investigation of the effect of
GAG on the opening angle and residual stresses was conducted through parametric studies.
These studies involved evaluating the opening angle under various GAG distributions. These
studies served as an initial investigation into the roles of GAG, offering a preliminary
understanding until the necessary parameters were obtained to construct a more precise computer
model. In this section, the Von Mises stress has been referred to as “effective stress”, as per the

terminology adopted 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 weight, 2-5% of the wall of normal arteries
[1]. Their mechanical role has emerged as an active area of research in mechanobiology and
arterial biomechanics [2-6]. 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 evaluated ex vivo 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 mixture-based 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 2.9.1 (https://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 using 20-node quadratic hexahedral elements, with 5 elements across
the wall thickness, 12 elements along the circumference, and 4 elements along the slice thickness
of the one-quarter model. A neo-Hookean constitutive relation was used to describe the solid
matrix with a Young’s modulus of 0.28 MPa and a Poisson’s ratio of 0 [2]. The fluid volume
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 GAG FCD (cf) in
Leghorn chickens [3], namely: -40 meg/L in the first and second layers (intima and media), -20
meg/L in the third layer (transition), and 0 meg/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 similar to humans’, the previous model was modified to
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). One-quarter 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 used a 2-fiber family model with a
strain energy density function described by the following equations:

\v=%(ll-3)+ z %(e“an'l)ﬁ-l)

n=4,6
Ih=N.C.N

N =sin ¢ cos 0 e1 + sin ¢ Sin 0 e2 + COS @ €3

In these equations, | is a stress-like material parameter equal to 0.0491 MPa [12] and 11 is
the first invariant of the right Cauchy-Green deformation tensor C; & represents the fiber modulus
and is equal to 0.0014 MPa, B is the power of exponential argument with a value of 2, and a is the
coefficient of exponential argument equal to 13.311 [12]; In is the square of the fiber stretch and N
describes the fiber orientation, where 6 and ¢ are the spherical angles for fiber orientation in the
local coordinate system, and are equal to 90° and 51.45° respectively [12]. These material
parameters were obtained by Pena et al. through biaxial testing performed on porcine ascending
aortic samples [12].

The FCD distribution provided in Azeloglu et al. was used as a baseline distribution,
where -40 meq/L was prescribed in the medial and intimal layers, -20 meg/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 effective (Von 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 distribution and content 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 0 and -80 meg/L in increments
of -20 meg/L; in Parametric Study 2, the baseline transmural FCD distribution (i.e. cf = -40, -20,
0 meg/L in the intima/media, transition layer, and adventitia respectively) was prescribed and
offset in increments of -5 meqg/L or iteratively multiplied by a factor of 1.15; and in Parametric
Study 3, the baseline FCD distribution was inverted (i.e. ¢§ = 0, -20, -40 meg/L in the
intima/media, transition layer, and adventitia respectively) and offset in increments of -5 meg/L or

iteratively multiplied by a factor of 1.15.

45 RESULTS

45.1 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 Table 4.1. The effective (Von Mises) stress distributions in both closed and open
rodents’ rings are presented in Figures 4.1a and 4.1e respectively. Note that these rings 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 in Figure 4.1a.

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

effective stresses decreased in Figure 4.1e compared to Figure 4.1a.

Table 4.1: 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 Mises) stress distribution (MPa) in (a) closed geometry of the reproduced rodent aortic ring from [2];
(b) closed ascending porcine aortic ring assigned a constant FCD distribution (c; = -40 meg/L in all layers); (c) closed
ascending porcine aortic ring assigned the same baseline FCD distribution as in [2] (¢} = -40 meg/L in the intimal and medial
layers, cj = -20 meg/L in the transition layer and ¢f, = 0 meqg/L in the adventitia); (d) closed ascending porcine aortic ring
assigned an inverted FCD distribution compared to [2] (c); = 0 meg/L in the intimal and medial layers, ¢ = -20 meg/L in the
transition layer and ¢ = -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 porcine aortic ring
assigned the same FCD distribution as in (c) ; (h) open ascending porcine aortic ring assigned the same FCD distribution as in

().

4.5.2 Porcine Model
For qualitative comparison purposes, we presented the effective (Von Mises) stress distributions

in representative cases of the uncut (Figures 4.1b,c,d) and radially cut geometries (Figure 4.1f,g,h)
for the porcine ascending aortic rings. Rings with a uniform transmural FCD distribution at -40
meg/L are shown in Figures 4.1b and 4.1f. Both figures show nearly zero effective stresses within
the aortic wall. In addition, no opening angle was observed in the cut ring (Figure 4.1f). In
Parametric Study 1, similar results were obtained for all the cases analyzed by varying cf from 0
to -80 meg/L in increments of -20 meq/L.

Figures 4.1c and 4.1g 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 within the ring’s wall: Figure 4.1c shows higher effective stresses towards the 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 Figure 4.1g. By contrast, inverting the FCD distribution
(Figures 4.1d and 4.1h) caused the cut ring to fold over itself (“closing angle”, Figure 4.1h).

Figures 4.2a and 4.2b illustrate the results from Parametric Study 2 when the FCD
distribution varied from of cf = -40, -20, 0 meg/L (baseline) to cf = -100, -80, -60 meg/L in the
intimal/medial, transition and adventitial layers respectively, in -5 meqg/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 rings (Figure 4.2a) and the opening angle
(Figure 4.2b) increased to a maximum value with increased offset and then slightly decreased.

Figures 4.2c and 4.2d illustrate the results from Parametric Study 2 when the FCD
distribution varied from a distribution of ¢} = -40 meg/L, -20 meg/L and 0 meg/L to a distribution
of cf = -214 meg/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 in Figure 4.2d, 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.
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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 rings (Figure 4.1b), and did not induce
any opening in radially cut rings (Figure 4.1f). This suggested that a heterogeneous transmural
distribution is essential for the development of residual stresses, which was confirmed in both
Figures 4.1c and 4.1d. 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 (Figures 4.1c).

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 distribution (Figure 4.1g), which featured
higher FCD contents towards the intimal and medial layers. By contrast, the ring curled over itself
(“closing angle”) when assigned an inverse FCD distribution (Figure 4.1h).

Moreover, Figure 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

88



stayed constant, the peak effective stresses in both closed and cut geometries increased until it
reached a plateau (Figure 4.2a) and the opening angle increased to a maximum value of
approximately 73° and then slightly decreased (Figure 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 (Figure 4.2c), and the opening angle increased linearly to reach a maximum
value of 223° in the extreme evaluated FCD distribution of cf = -214 meg/L, -107 meg/L, 0
meg/L in the intimal/medial, transition and adventitial layers respectively. Figure 4.2 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 natural follow-up question
arises as to whether the contents and distributions used herein exist in porcine or human tissues.
As such, the guantitative 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 using FEBioStudio Version 1.7, while the data provided in the body of Chapter 4 was

generated using FEBio version 2.9.1, which may have led to slight discrepancies.

4.9.1 Principal Stress Figures

Figure S4.1:Principal Stress (a,d) 1, (b,e) 2 and (c,f) 3 in closed (a,b,c) and open (d,e,f) porcine aortic rings assigned the same
baseline FCD distribution as in [2] (¢}, = -40 meg/L in the intimal and medial layers, ¢, = -20 meg/L in the transition layer and
¢ = 0 meg/L in the adventitia).
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Figure S4.2: Principal Stress (a,d) 1, (b,e) 2 and (c,f) 3 in closed (a,b,c) and open (d,e,f) porcine aortic rings assigned an
inverted FCD distribution compared to [2] (¢, = 0 meg/L in the intimal and medial layers, ¢, = -20 meqg/L in the transition layer
and ¢} = -40 meg/L in the adventitia)

4.9.2 Mesh Sensitivity Analysis
Table S4.1: Mesh sensitivity analysis of open porcine aortic ring model prescribed with -70 mEg/L in the first and second layers
(intima and media), -50 mEg/L in the third (transition) layer, and -30 mEqg/L in the fourth and fifth layers (adventitia).
Parameters are provided for a quarter model

Number of . Effe_ctive
elements Number of | Number c_>f Number of | Number of Opening | Stress in Outer
. elements elements in Angle Element at
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 of the fibers was defined using the global coordinate system (X,y,z) as

illustrated in Figure 4.1. As a follow up to the publication, in this section, we report results for
models in which fibers were redefined using element local coordinate system, in order to ensure
that fibers are at an angle +51.45° along the circumference in all elements. The conclusions
reported in the chapter are not affected, however, there were slight changes to the absolute values
for the opening angles and stresses, which is the reason why we report them in this appendix
section. Appropriate changes have been made to Figure 4.2, which are now presented in Figure
S4.3. 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 from of c¢f = -40, -20, 0 meg/L
(baseline) to cf = -100, -80, -60 meg/L in the intimal/medial, transition and adventitial layers
respectively, in -5 meg/L offsets, the 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
cf = -40 meg/L, -20 meg/L and 0 meg/L to a distribution of ¢} = -214 meg/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 trend for the stresses remained similar, such that 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. The absolute

values slightly differed after redefining fiber axis, and are presented in Figure S4.3c. However,
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the opening angle no longer increased linearly, as shown in Figure S4.3d, and reached a

maximum value of 172° which was still much larger than opening angles when the FCD

distribution was varied in offsets of -5 mEq/L.
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Mises) stress (c) and opening angle (d) when multiplying the baseline GAG distribution by 1.15 multiple times.
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5.1 FOREWORD
The numerical investigation carried out in Chapter 4 provided important first insights into the

effect of glycosaminoglycan (GAG) on residual stresses, but was associated with a number of
limitations. First, while the distributions of GAG throughout the aortic wall is expected to vary
between species, the baseline distribution was built based on observations from Leghorn
chickens. Second, these distributions were approximated from qualitative histological
observations, which may introduce inaccuracies in their quantity estimations. For these reasons,
and as also discussed in Chapter 3, we aimed to characterize the distribution of sulfated GAG
(SGAG) throughout the wall of porcine aortas. To offer a comprehensive characterization of the
extracellular matrix, collagen and elastin were also investigated. Furthermore, to experimentally
investigate the impact of SGAG on residual stresses and, consequently, validate the fidelity of the
simulation results, correlations between sGAG content and gradient and the opening angle were
established from in vitro results. This aimed to provide experiential evidence and support to the
simulation outcomes, ensuring their reliability and confirming the influence of sGAG
distribution on residual stress. In an attempt to achieve a comprehensive understanding of how
the primary ECM constituents collectively impact residual stresses in the aorta, correlations

between collagen, elastin and the collagen:sGAG 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 (GAG) also 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 regions of 5- to 6-month-
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old pigs. The opening angle correlated positively with the aortic ring’s mean radius and
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 state-of-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 muscle cells (SMCs) as microstructural constituents [1-7]. The high water
content is typically accounted for by isochoric deformations (local incompressibility [8]). The
models consider one, two or three load-bearing 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 removal of in-situ longitudinal stretch and
luminal pressure) play a crucial role in homogenizing the in vivo stresses experienced by the

arterial wall and, therefore, require inclusion for meaningful biomechanical predictions [1,9].
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The circumferential and longitudinal residual stresses manifest ex vivo via 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 (ZSS), a crucial reference configuration in continuum mechanics [1]. Indeed, when
the layers of the arterial wall are mechanically separated, they exhibit ZSSs that are different
from that of the intact wall [3,10-12].

Focusing on circumferential residual stresses and strains, the opening angle of the intact
wall can be recovered in models either via a top-down approach based on phenomenological
information about layer-dependent opening angle values [1,13], or via a bottom-up approach
using models featuring pre-stretches obtained from 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 tubular segment allows one to determine the load-free
configuration (i.e. un-stretched and unpressurized) with residual stresses and strains, onto which
in-situ longitudinal stretch and luminal pressure can be applied to assess in vivo stresses [13-15].
Alternatively, if one doesn’t know the opening angles of the individual, or group of, aortic
layers, and therefore, if the ZSS is unknown, residual stress fields in the load-free configuration
can be induced via the inclusion of longitudinal and circumferential pre-stretches, which account
for the existence of different microstructural constituents, such as collagen and elastin, in the
extracellular matrix (ECM) [1,7,16]. For instance, it is well established that elastin is deposited
and cross-linked during the perinatal period and features a half-life on the order of decades.
Therefore, it experiences extensive elastic deformations during normal biological growth until
maturity [17-19]. By contrast, collagen turns over continuously and is assumed to be deposited

at a preferred stretch value at maturity [14,18]. However, determination of all the relevant pre-
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stretch values remains elusive, and as a result, most biomechanical models, even those
microstructurally-inspired, still require the identification of at least some parameters through a
phenomenological approach (top-down) based on the overall response of the artery, rather than
knowledge of its individual constituents (bottom-up) [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 elastin [21]. As to the role of collagen, contradicting results have been
reported, as it was shown to have no effect [22], and to play a role [23], in residual stresses.
Similarly, while some reports have shown that SMCs are not involved [22,23] in regulating
residual stresses, others have shown that their state of activation may play a role [24].
Simulations have also shown that less elastin in arteries would induce a reduction in opening
angle, and that collagen plays a complementary role [18]. However, the dependence of the
opening angle on the osmolarity of the bathing fluid [9,25] and the intramural distribution of
glycosaminoglycans (GAG) and proteoglycans (PG), which are constituents of the ground
substance in the aortic ECM, has suggested that GAG/PG are involved in residual stresses and
strains as well [26-28]. It can therefore be hypothesized that intramural differential concentration
of GAG/PG may influence, at least in part, the elastin and collagen pre-stretches mentioned
above, and may provide a complementary pathway for regulating residual stresses in the arterial
wall.

For lack of comprehensive data, the distributions of the ECM’s components in most
models including swelling through osmotic pressure have been based on an array of assumptions
and histological observations [26,27,29,30], the latter remaining qualitative or semi-quantitative

in nature, as they can be impacted by the use of labelling molecules and sectioning 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 ECM’s main constituents, namely elastin, collagen
and GAG, and their correlation to circumferential residual stresses in 5-6 months 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.

54 MATERIALS AND METHODS

5.4.1 Tissue Harvesting
Seven excised aortas from 5- to 6-month-old pigs weighing approximately 90-100 kg were

obtained from a local abattoir and were cleaned from adjacent fatty and connective tissue.
Samples were preserved at 4°C and 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 Figure 5.1a. Samples from the descending thoracic
region were excised from between the sixth and eighth intercostal arteries [33]. Three aortic
rings of 4-5 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 (Figure 5.1b). 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 collagen 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 the aorta including the sutures added for quadrant
localization. Insets show the different quadrants. (c) Image of a cut aortic ring for opening angle measurement. (d)
Illustration of an excised aortic sample stored for microstructural analysis, and direction of cryostat sectioning (e)
Opening angles of aortic rings obtained from different anatomical regions presented as mean * standard error of
the mean (SEM) (n=17 rings per region obtained from 7 animals, 3 anatomical regions per animal). *** indicates p
< 0.001 (Welch with Games-Howell Post-Hoc 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 quadrants (Supplemental Figures S5.6 and S5.7), 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 (Figure 5.1b). 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 min [11,22,34] and a second digital picture was taken (Figure 5.1c). We then
calculated the opening angle using a previously published custom-written MATLAB code [34].
Briefly, the method involved measuring the opening angle from the inner and outer arc lengths in
the load-free and stress-free configurations, as described in [34,35]. For reference, in the present
study, the opening angle is considered null when the ring is closed, in the load-free
configuration. Samples approximately 5 mm by 5 mm in the axial and circumferential directions
of the aortic rings were then excised from each ring (Figure 5.1d) and either kept frozen at -20°C
for further testing (microstructural analysis) or processed immediately (histological analysis), as

explained in the following Sections.

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 pum-thick sections across the aortic wall thickness from the
stored 5x5 mm samples (Figure 5.1d) 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 position = ;%1, “I”” being the index of the corresponding cryosection sample, and “n”

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 0 (Figure 5.1d).

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) at 60°C for 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
quantifying hydroxyproline in acid hydrolyzed papain digests. Papain digest aliquots were
hydrolyzed using an equal volume of 6 N HCI at 100°C for 18 hours, after which they were
neutralized with an equal volume to the papain digest aliquot of 5.7 N NaOH. Hydroxyproline
was quantified using the Ehrlich’s reagent assay [37]. L-Hydroxyproline was used as a standard,
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
Fastin™ elastin colorimetric assay kit (Biovendor R&D), according to the manufacturer’s
instructions. Briefly, tissue sections were immersed in 750 pL of 0.25 M oxalic acid placed in
Pyrex tubes and incubated at 100°C for 2 hours to extract water soluble a-elastin. The
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 with 5,10,15,20-tetraphenyl-21H,23H-porphine tetra-
sulfonate (TPPS) in citrate buffer, after which the elastin-bound dye was released using the
manufacturer’s dye dissociating reagent. The color change was quantified spectrophotometrically

at 513 nm. Standards were prepared from bovine a-elastin.

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 water-ethanol 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 pm-thick sections and stained with Alcian blue, Masson
Trichrome, and Verhoeff's -VanGieson elastic stains. Alcian blue was used to highlight GAG
within the aortic tissue in blue; Masson’s trichrome allowed visualization of cells in red and

collagen in blue and Verhoeff-VanGieson’s stained elastin within the tissue in black.

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. One-way ANOVA was used to evaluate the
significance in differences between groups (regions or quadrants). Levene’s test was used to
verify equal variance between groups. Tukey HSD was used as a Post Hoc test when Levene’s
test was not significant, while Games-Howell was used as a Post Hoc test for cases when
significance was found in Levene’s 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.
Pearson’s correlation “r” was calculated to 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 than 0.3 [38]. Significance was

accepted at the 95% confidence level (2-tailed).
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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 (Figure 5.1e). A distal decrease in the aortic
ring’s radius and thickness measured in the load-free configuration was also observed
(Supplemental Figure S5.1). Animal-specific results for the opening angle, radius and thickness
in the load-free configuration are provided in Supplemental Figures S5.2-S5.4. These figures
show that the extent of the variations in the opening angle, radius and thickness between regions
were animal-dependent; 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 Figure 5.2; a 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 the load-free configuration. 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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5.5.2 Dry Weight Contents of ECM Components
Figure 5.3a displays the overall dry weight (dw) normalized composition of the aortic wall’s

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 (Figure 5.3a).

5.5.3 Intramural Distributions of ECM Components
The intramural distributions of SGAG, collagen and elastin are shown in Figure 5.3b, Figure

5.3c, and Supplemental Figure S5.5, respectively. The intramural distribution of the
collagen:sGAG ratio is shown in Figure 5.3d. The results show that SGAG decreased in content
from the innermost intima to the outermost adventitia, in accordance with qualitative
observations from histological staining (Figure 5.4). 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 (Aortas 1-5, Figure 5.3b),
with higher sSGAG 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, but not from the aortic arch region. In
particular, lower levels were observed in the ascending region, with visible differences localized
in the adventitia (Figure 5.3c, 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).

a) 2 b) S o Ascending
30?\~ =2 o m Aortic Arch
£ £ o]
R1s 525 47 o :
= LA - . § I 5 4 Descending
=2 ax \\\ % 205, Q . " Thoracic
o @ 3F A
s N N 15y g L I o
> . \ ; \\ = @ A A o]
a) AN Y N | 523 = a0
H \ H \ 10 < < L2 | | o
Sos ;\\ :\E h é_ @F2 ¥
0) 3
K N N NIBER: 2
0 FHHL W L L W 0 § g 1 F
SGAG Collagen Elastin 5 g
ECM Constituents by Region - 0 . . . . .
m Ascending © Aortic Arch & Descending Thoracic 0.0 0.2 0.4 0.6 0.8 1.0
Normalized position
¢) 20 [ oAscending d) 100 1o Ascending
m Aortic Arch A 2 g | m Aortic Arch 4
100 r= ] [
- 4 Descending . o 4 Descending
S 2 Thoracic = 60 L Thoracic
(= %] o] o
= b o — o
8§2% | =9 i
2= " Q040 n
N & u | D) @
£2 60 T e ° o . 2 "0
= ..
S 8 - on® 6 I Ok O é) 20 L R & :O 4 'O 0 ©
i T £ g g o
o
o
40 1 1 1 1 1 0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Normalized position Normalized position

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
Post-Hoc 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 x-axis refers to the innermost intima while position 1.0 refers to the outermost adventitia. Error bars
along x-axis 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 Figure S5.8). 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) descending thoracic aorta, stained with (a-c) Alcian blue, (d-f) Masson’s trichrome, and (g-i) Verhoeff's -
VanGieson’s. Intimal layers are aligned with the left side of each panel, marked with the letter “i”.

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 Figure S5.2), 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 Figure S5.9d), 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 Figure 5.5.

Results for the average sGAG, collagen and collagen:sGAG ratio and for elastin are
provided in Supplemental Figures S5.10 and S5.11, 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 (Figure 5.5e) displayed the
strongest correlation with the opening angle (strong correlation, r = -0.715, p < 0.001). Good
correlations were also found between the total SGAG content (Figure 5.5a) and 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 Figures S5.10a
and S5.10c, respectively).

Moderate correlations were detected between the opening angle and the gradients of
SGAG (r =-0.320, p = 0.032), collagen (r = -0.367, p = 0.045), and the collagen:sGAG ratio (r =
-0.348, p = 0.019) (Figures 5.5b, 5.5d and 5.5f, respectively). While the total collagen content in
the aortic wall did not display any significant correlation with the opening angle (Figure 5.5c),
the average collagen amount across the aortic wall demonstrated a moderate correlation with the
opening angle, as shown in Supplemental Figure S5.10b (r = -0.410, p = 0.005). Elastin did not

display any correlations with the opening angle (Supplemental Figure S5.11).
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Figure 5.5: Variation of the (a) total SGAG content (r=0.667;N=45), (b) sGAG gradient (r=0.320;N=45), (c) total
collagen contents (r=-0.288;N=45), (d) collagen gradient (r=-0.367;N=45), (e) collagen:sGAG ratio (r=-
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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Figure 5.6: Variation of the (a) total SGAG contents (r=0.390;N=45 from 5 animals), (b) total Collagen contents
(r=-0.26;N=45 from 5 animals), (c) collagen:sGAG (r=-0.492;N=45 from 5 animals) calculated from the total
amounts of collagen and sGAG, with respect to the aortic ring’s mean radius; (d) total sGAG contents
(r=0.285;N=45 from 5 animals), (e) total collagen contents (r=-0.406;N=45 from 5 animals), (f) collagen:sGAG
(r=0.535;N=45 from 5 animals) calculated from the total amounts of collagen and sGAG, with respect to the aortic
ring’s thickness. 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

ring’s mean radius and thickness were investigated (Figure 5.6). The total SGAG content (r =
0.390, p = 0.008) and the collagen:sGAG ratio (r = -0.492, p = 0.001) correlated moderately with
the mean aortic ring’s radius. While the total sSGAG content did not display any correlation with
the aorta’s thickness, the total collagen content displayed a moderate correlation (r = -0.406, p =
0.006), and the collagen: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 studies [39—41]. In the present work, we acquired data
from porcine aortas isolated from 5- to 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 rodents [26], 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
qualitative histological observations in Figure 5.4 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 ovine aorta [41].
While the elastin content in the aorta was expected to decrease away from the heart [41], the
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 collagen determined herein will be useful to inform
future constrained mixture models of the porcine aorta [14]. The quantified SGAG mass
distributions can be used to evaluate experimentally-based 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 swelling [26,27,29,30].
Based on plausible, but unverified distributions, such models have previously suggested that
higher GAG amounts may give rise to larger opening angles [26,27], 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 stresses [27]. Our measurements do show
a good correlation between the opening angle of the intact wall with the total SGAG 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 stresses [22], or
to play a complementary role in them [18,23]. 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 cross-linked collagen fibrils [39,45,46], 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 to [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 arteries [47]. Because 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 collagen pre-stretch levels present in the load-free
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 how pre-stretches 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 simulations [26]. 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 aortas [26]. More work is
needed for definitive answers -- while the radius and thickness of the thoracic aorta were
reported to increase with age [44], the opening angle remained unchanged in [44], 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
composition-function 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, layer-dependent
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 sSGAG 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 in 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 S5.1: (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
Games-Howell Post-Hoc test). The radius and thickness are measured in the load-free configuration.
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Figure S5.2: Opening angle of aortic rings obtained from different anatomical regions in 7 aortas presented as mean + SEM
(n=3 rings per region for aortas 1-5, n=1 ring per region for aortas 6 and 7, 3 anatomical regions per animal). * indicates p <
0.05, ** p < 0.01 and *** p < 0.001. (ANOVA with Tukey’s HSD Post-Hoc test)
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Figure S5.3: Radius of aortic rings, measured in the load-free configuration, and obtained from different anatomical regions in 7
aortas presented as mean + SEM (n=3 rings per region for aortas 1-5, n=1 ring per region for aortas 6 and 7, 3 anatomical
regions per animal). * indicates p < 0.05, ** p < 0.01 and *** p < 0.001. (ANOVA with Tukey’s HSD Post-Hoc test).
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Figure S5.4: Thickness of aortic rings, measured in the load-free configuration, and obtained from different anatomical regions
in 7 aortas presented as mean + SEM (n=3 rings per region for aortas 1-5, n=1 ring per region for aortas 6 and 7, 3 anatomical
regions per animal). * indicates p < 0.05, ** p < 0.01 and *** p < 0.001. (ANOVA with Tukey’s HSD Post-Hoc test).
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Figure S5.5: Intramural Distribution of Elastin (n=5 from 5 animals) in the Ascending, Aortic Arch and Descending Thoracic
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refers to the adventitia. Error bars along x-axis 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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Figure S5.6: 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 along the x-axis refers to the intima while position 1.0 refers
to the adventitia. Error bars along x-axis 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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5.8.1 Opening Angle Measurement
Opening angles were measured using a previously published custom-written MATLAB code

[34]. Consider the unloaded and unstressed configurations of an aortic ring as shown in the

figure below.

lm

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

The midline arc length [,, is assumed to be equivalent in both unloaded and unstressed

configurations, and can be respectively written as:

. _
L, = 2m [E (R, + R}

1 .
lm = 26, [E (po + pi)
This leads to expressing 6, as follows:

6. = n(Ro + Ri)
? Po T+ Pi
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Given the unstressed configuration, angle a and 6,, relate as follows:
a+6,=m

Assuming no change in the sample thickness after opening aortic ring (R, — R; = p, — p;), the

opening angle a can be finally calculated as follows:
a=mt—46,

T[(Ro + Rl) % RO - Ri

a=Tm
p0+pi Po — Pi
(R3 — R})
=T —T——————.
pé — p?
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6.1 FOREWORD
Chapters 4 and 5 provided evidence of the contribution of glycosaminoglycans (GAG) to

residual stress through their content, gradient and intramural distribution. However, the extent of
contribution of GAG to the opening angle remains poorly understood, which we aimed to
uncover in this chapter through enzymatic GAG depletion. In this chapter, we also intended to
gain an all-encompassing understanding of the mechanical roles of GAG in the aorta by
understanding their effect on the compressive properties of the aorta. We further aimed to
investigate the mechanisms through which GAG 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 on residual stress was not evaluated in Chapter 5, and we aimed to address this gap in

the present study.

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 work, we demonstrate that
GAG contribute to the opening angle (a marker of circumferential residual stresses) in intact and
glycated aortic tissue. Enzymatic GAG depletion was associated with a decrease in the opening
angle, by approximately 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) region. A similar
effect of GAG depletion on aortic ring opening angle was also observed in previously glycated
tissues. Using indentation testing, we found that the radial compressive stiffness significantly
increased in the AS region following GAG depletion, compared to fresh (p=0.006) 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 deformation (circumferential stretch that is < 1) in the inner layer of the aorta
following GAG depletion, suggesting that GAG interact with ECM fibers in their effect on aortic
mechanics. The importance of this work lies in its identification of the role of GAG in
modulating the mechanical properties of the aorta, namely the circumferential residual stresses
and the radial compressive stiffness, as well as contributing to the swelling state and the level of

circumferential prestretch in the tissue.

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

6.3 INTRODUCTION
The extracellular matrix (ECM) of the aorta is a complex three-dimensional 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 aorta [1-4]. In turn, alterations in the biomechanical properties of the aorta are
implicated in several medical conditions, such as hypertension [5], atherosclerosis [6], aneurysm
and dissection [7], leading in many cases to tissue failures 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 assessed ex vivo by measuring the opening angle following a
radial cut through an unloaded aortic ring, which leads to an open, approximately stress-free,
portion of a circular arc [8]. Circumferential residual stresses have been attributed to various
levels of circumferential prestretch, whereby the inner layers of the aortic wall are under residual

compression, while the outer layers are under residual tension [8,9]. Understanding the origin of
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residual stresses is paramount because they significantly affect the magnitude of in vivo
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 aorta [8,10]. In addition, residual stresses may affect
aortic stiffness [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 of blood [12].

The roles of elastic and collagen fibers in impacting the mechanical properties and
functions of the aorta have been studied extensively [13-15]; while the contribution of GAG in
aortic biomechanics has recently garnered increased interest [3,16-18]. 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 aneurysm [19].
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 gradients [16,17];
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 matter [13,20,21].

In addition to ECM compositional changes, aging and pathologies are also associated
with the deposition of advanced glycation end products (AGES) [2,22-24]. 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 tissue [25]. 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 knowledge, in the aorta, although increased stiffness is
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expected to reduce the opening angle [16], 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 on circumferential 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 investigate potential 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 (5-6 months animals; 90-100 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) (above the 1% intercostal artery), and the
lower descending thoracic (LDT) (between the 3" and 5™ intercostal arteries) regions of thoracic

aortas.

6.4.2 Enzymatic GAG Depletion and Glycation Treatments
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 (Sigma-Aldrich;
C3667, H3506 and H3917, respectively) in 100 mM ammonium acetate buffer (pH 7.0) (Sigma-

Aldrich) for 48 hours at 37°C. Control samples were incubated in the buffer only, and fresh
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samples were maintained in PBS at 4°C and 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 (Sigma-Aldrich) in
100 mM ammonium acetate buffer (pH 7.0) for 48 hours at 37°C, in order to simulate AGE
crosslinks in vitro. Control samples were incubated in the buffer alone. Samples were 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 a, shown in Figure 6.1, 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 aortas (N1 = 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 described in Section 2.2. A
subsequent experiment was carried out to study the contribution of GAG to the opening angle in
glycated tissue. Here, sets of four adjacent aortic rings were excised from the UDT region in 9
porcine aortas (N2 = 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 experiment. Of note, ten aortas were
initially tested, but one was detected as an outlier based on Tukey’s method for finding outliers
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 shown in Supplemental
Figure S6.1. 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 min [28]. 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 were measured using a previously published
MATLAB image processing code as detailed in [28]. Briefly, digital images for load-free and
stress-free configurations were acquired, from which inner and outer arc lengths were measured.
The opening angle was then calculated via the assumption that the mid-line length in the load-
free and stress-free configurations is identical. Of note, and as can be deduced from Figure 6.1,

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

A) B)

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

In addition, using a separate set of porcine thoracic aortas (N3 = 3 animals), the opening
angle response to different external bath osmolarities of intact and GAG-depleted rings was
evaluated. The opening angles were measured in solutions of different concentrations: hypotonic
(0 mosM NacCl), isotonic (300 mosM NaCl), and hypertonic (3000 mosM NacCl). 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 from [16]. To validate our methods against the published work
performed by Azeloglu on rodent tissue [16], 11 rings were acquired from the thoracic aortas of
two 4-months old rats (N4 = 2 animals) and the opening angles of aortic rings were measured
immediately after their death. Procedures 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 strip samples of approximately 2.5 x 2.5 cm were excised from each of the AS, AR,

and LDT regions of 5 porcine aortas (Ns = 5 animals). One sample was tested in a fresh state
(within 24 hours of harvesting; kept at 4°C until 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
Mach-1 mechanical tester (Biomentum Inc., Laval, QC, Canada) with a 150-gf load cell and a 1
mm-diameter flat cylindrical indenter, with samples being immersed in PBS. The choice of the
indenter was made to address the difficulties stemming from the non-uniform thickness and
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 preconditioning (t,),
as the thickness corresponding to the onset of the loading cycle and the initiation point of the
stress-strain curve. The onset of each loading cycle was established as the point when the force

transitioned from 0 to a quantifiable value. The force-displacement data were then used to

calculate the corresponding first Piola-Kirchhoff compressive stress (- force )
indenter cross sectional area

2
and Green-Lagrange strain (% ((ti) - 1)) where t is the sample thickness at each loading point,

which enabled to generate compressive stress-strain 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 aortas (Ns
= 8 animals). Similar to the other experiments carried out in this study, 3 states were evaluated
(fresh, control, and GAG-depleted) 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 stored at -80°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 stress-free configurations shown in Figure 6.1,

and assuming that the opening angle a is the same across the thickness of the ring, the

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

p
(m-a)R’

expressed as Ag = where p is the radius in the closed (unloaded) configuration

(p; < p < p,), Ris the radius in the open configuration (R; < R < R,), and index i refers to the
inner radius, while index o refers to the outer radius ([29], p. 290). For given inner radii acquired

as described in Section 2.3, intermediate p and R are related by equation

p? = p? +(7T1_T—0‘)(R2 — R?). To investigate the effect of GAG depletion, the circumferential

prestretch was evaluated in 8 positions throughout the aortic wall of control and GAG-depleted
rings. Given the definition of the circumferential prestretch, a value less than 1 describes a
compressive deformation, a 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 60°C in 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 in [17]. 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
quinine standard [30,31], 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 110°C, as detailed in [17,32]. Hydroxyproline content was quantified by
usage of chloramine-T/Ehrlich’s reagent and measurement of absorbance at 560 nm. L-

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 4 um-thick sections and stained with Alcian
blue to highlight GAG within the aortic tissue in blue and Verhoeff - van 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), a one-way
ANOVA was used. When Levene’s test was not significant, a Tukey HSD post-hoc test was
used, otherwise a Welch test was used along with a Games-Howell post-hoc. Significance was
accepted at p < 0.05 (2-tailed). For compositional data (GAG, collagen, AGE, as well as water
content) statistical methods were performed on log-ratio transformed data. An additive log-ratio
approach was employed for the GAG, collagen and water contents with ratios calculated using

the amalgamation of all tissue components, while a pairwise log-ratio was used for the AGE
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content with ratios calculated using the collagen content. Results are presented as meanzstandard

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 tissues was successfully decreased by 94 +

2% in fresh tissues and by 93 + 3% in glycated tissues, as shown in Figure 6.2A. The successful
GAG removal for other experiments is also shown in Supplemental Figure S6.2. This was also
confirmed by histological sections stained with Alcian blue, with the hallmark blue stain absent
in GAG-depleted samples (Figures 6.2C,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 (Figure 6.2B and Supplemental Figure S6.3A). General AGEs and collagen
contents were not altered following GAG depletion, as shown in Figure 6.2B and in

Supplemental Figure S6.3B, respectively.
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Figure 6.2: (A) sGAG content normalized to tissue wet weight and (B) general AGEs normalized to collagen content for control,
GAG-depleted, glycated and, glycated and GAG-depleted aortic rings excised from the UDT region. Results are expressed as
mean £ SD (N2=9 animals). *** indicates p<0.001 (paired sample t-test). (C) Representative histological sections from control
and (D) GAG-depleted 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 decreased from 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 Figure 6.3A.
Detailed results for all samples are presented in Supplemental Figure S6.4, illustrating the
relative decrease in the opening angle within each pair of control and GAG-depleted 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 and GAG-depletion (p<0.001), as shown in Figure 6.3B. Of 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 shown in Supplemental Figure S6.1.

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 from [16]. As shown in Figure 6.3C 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 opening angle of 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 Figure 6.3D. These results contrast with those obtained by [16] in rodents.
To validate our methods in light of these results, we repeated the experiment with rodent aortic
rings (Supplemental Figure S6.5). The opening angle of rodent rings from the AS region 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 + 74 deg, respectively. These results are
comparable to those in [16], which validate the adopted protocol, and support the validity of the

different response obtained in porcine tissue.
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Figure 6.3: Opening angles of (A) control and GAG-depleted aortic rings from the AS, AR, and LDT regions (N:=5 animals);
(B) GAG-depleted, glycated, and glycated in combination with GAG-depleted aortic rings excised from the UDT regions (N2=9
animals); (C) control rings at equilibrium under hypertonic, isotonic, and hypotonic osmolarities in the AS, AR, LDT regions
(N3=3 animals); (D) GAG-depleted rings at equilibrium under hypertonic, isotonic, and hypotonic osmolarities in the AS, AR,
LDT regions (Ns=3 animals). Results are expressed as mean + SD; *** indicates p<0.001, ** indicates p<0.01, * indicates
p<0.05. Horizontal bracket symbols refer to statistical results from the paired sample t-test while straight lines are from ANOVA
with Tukey-HSD Post-Hoc test. (E) Representative illustrations of radially cut control and (F) GAG-depleted aortic rings from
the AS region.
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6.5.3 Indentation
Radial indentation was carried out on fresh, control, and GAG-depleted samples from each of the

AS, AR and LDT regions to analyse the effect of GAG on the radial compressive stiffness.
Figure 6.4 summarizes the first Piola-Kirchhoff stress at 10% Green-Lagrange strain for a force
applied onto the intimal layer. In the AS region, the first Piola-Kirchhoff stress in GAG-depleted
samples was significantly higher than in fresh (p=0.006) and control samples (p=0.021). In the
AR and LDT regions, GAG depletion did not generate any alterations in the stress
measurements. Furthermore, the first Piola-Kirchhoff 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=0.023), 12 + 2 kPa (p <0.001) and 10 + 1 kPa
(p<0.001), respectively. Detailed results for all samples are presented in Supplemental Figure

S6.6.
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Figure 6.4: First Piola-Kirchhoff stress in kPa at 10% strain (in the radial direction) of fresh, control and GAG-depleted aortic
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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 in Figure 6.5A. 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 decrease from 81 = 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 GAG-depleted 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 GAG-depleted aortic rings under hypotonic, isotonic, and hypertonic
conditions, n=8 samples per region (Ns=8 animals). (B) Aortic ring thickness of control and GAG-depleted aortic rings, 5 rings
per region (N1=5 animals). Results are presented as mean + SD. *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05
(paired sample t-test). (C) representative histological sections from control (top) and GAG-depleted (bottom) aortic samples
excised from the AS region, under hypotonic, isotonic, and hypertonic conditions. Scale bar length = 500 pum.
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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 Figure 6.5 and in Supplemental
Figure S6.7. Figure S6.7 also shows that, although water content decreased after GAG-depletion,
the tissue still responded with the same swelling trend under the different bath concentrations.
This was also confirmed using histological sections stained with Verhoeff’s -VanGieson as
shown in Figure 6.5C, where, for both control and GAG-depleted tissue, the spacing between the
elastin fibers was found to decrease from hypotonic, to isotonic, to hypertonic conditions. As
shown in Figure 6.5B, the effect 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 prestretch Ag . The circumferential prestretch increased
significantly following GAG depletion in the AS region as shown in Figure 6.6A; however, no
statistically significant differences were found in the AR region (Supplemental Figure S6.8), or
the LDT region (Figure 6.6B). In the AS region, the loss of compressive local deformation was
prominent in the inner layers. Mainly, a 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).

147



A) B)

1.10 1.10 ¢
*% *% *%k *
105 Fm M M M 1.05 f
= =
2 8
(<) [<5]
Z 1.00 & 1.00
s =
IS <
S 8
£0.95 L0955
€ IS
(&) (8)
0.90 0.90
0.85 L L L L L L L L y 0.85 L L 1 1 1 L 1 1
0 0.125 0.25 0.375 05 0.625 0.75 0.875 1 0 0.125 0.25 0375 05 0.625 0.75 0.875 1
Normalized Intramural Position Normalized Intramural Position
O Control O0GAG-depleted & Control OGAG-depleted

Figure 6.6: Circumferential stretch from the unstressed to the unloaded configuration at 8 positions of the aortic wall of control
and GAG-depleted aortic rings of the (A) AS and (B) LDT regions. Position 0.0 along the x-axis refers to the innermost intima
and position 1.0 refers to the outermost adventitia, Results are presented as mean + SD (N:=5 animals). ** indicates p<0.01, *
indicates p<0.05 (paired sample t-test).

6.6 DISCUSSION
Recently, GAG have been suggested as potential important regulators of residual stresses in

aortic tissues [16], and our previous efforts demonstrated that a correlation exists between the
GAG content and the opening angle of porcine aortic rings [17]. 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 opening angle decreased by 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 UDT region. We previously showed that the sulfated GAG content is approximately 1.03
0.04%dw in 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 0.78 + 0.02%dw, respectively [17]. 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
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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 that after almost doubling (1.7-2.0)
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 stiffness [16]. 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 GAG-depleted 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 only. This
was in line with the observations in [16,33], and with our Supplemental study on rodent aortas.
However, in contrast to [16,33], 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 only [16], Guo et al. related it to the swelling of cells, given their
permeability to water [33]. 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 Guo et al [33]
were excised from animals weighing 32-35 kg, whereas ours weighed 90-100 kg, suggesting
significantly different sizes and/or maturity. Furthermore, we also performed the osmolarity
challenge on GAG-depleted 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 tissue [34]. It was
therefore of interest to investigate if such a fundamental behaviour of GAG was present in our
samples. We evaluated the tissue’s swelling state following GAG depletion and found an overall
loss of water content, which was accompanied with a decrease in the tissue thickness that was
significant in the LDT region. This confirmed the fundamental behavior of GAG [16,34], 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 non-GAG-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 ECM [8], 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 individual [35]. Conversely, collagen turns
over continuously and is assumed to be deposited at a given prestretch [36,37]. 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 stresses [17]. 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 layers [17]. This is noteworthy
here since these regions experienced higher significance in loss of compressive local
deformation, as well as an increase in radial compressive stiffness — as discussed later — 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 layer-dependent due to the heterogeneous nature of the aortic wall [38]. This
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 and GAG-depleted rings, this
assumption would not change our conclusion that GAG influence circumferential prestretch. In
addition, in control samples, Ag was 0.91 £ 0.02, 0.97 £ 0.02, 0.95 £ 0.03 in the innermost
position of the AS, AR, and LDT regions, and 1.05 + 0.03, 1.04 £ 0.03, and 1.01 + 0.01 in the
outermost position of the aortic wall, respectively. These are similar to results in [9] which were
0.93 £ 0.01 in the intima and 1.04 = 0.00 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 adventitia [8].

Interestingly, the interaction between GAG and ECM fibers has previously been found to
affect the mechanical behavior of the aorta. 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 direction [39]. Additionally, the collagen fibers’
waviness in excised square samples of healthy porcine aortas was reduced after GAG depletion,
and both elastic and collagen fiber were recruited at lower strains [20]. 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 stress-strain response of tissues subjected to GAG
depletion [20]. In an earlier study, Gandley et al. found an absolute loss of tensile compliance
after removal of chondroitin sulfate, an abundant sulfated-GAG found in the aorta [21].
However, Beenakker et al. [13] reported a decrease in the compressive stiffness of the medial

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 using indentation. 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 AFM [13]. 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 evaluated [38,40-44]. Since the aorta is mainly
subjected to tensile deformation under physiological pressure, the focus has been on evaluating
the tensile response of the aorta, and 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 aorta [38,42—-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 aorta [40,41]. Although we did not
evaluate the properties through as many positions in the descending 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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compressive stiffness in the AS region is significantly higher than that of the AR and LDT
regions, which may seem to contradict findings in [41]. Nevertheless, it is important to note that
the indenter is this study was 1 mm in diameter, i.e. larger than the indenter used in [40,41] by
several orders of magnitude. In addition, given that the mechanical properties of the layers in the
aortic wall are heterogeneous under tension [38], it is expected that the compressive properties
also differ throughout the aortic wall. Our analysis was also conducted at an indentation depth of
10% of the tissue thickness from the intimal layer, while the depth in [41] was 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.
Displacement-controlled versus force-controlled 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 elastin fibers [20,46].
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 elastin arrangement 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 detected [20]. 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 crosslinks in vitro 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 glycocalyx [47]. Such potential tissue changes were not
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 published data [16]. In this test,
only two animals were used. Finally, 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 GAG-depletion that GAG contribute to 25-42% 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, we deciphered potential underlying

mechanisms causing the reduction in opening angle after GAG loss, which in this work was

155



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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Figure S6.1: Opening angles (mean = SD) of aortic rings evaluated (A) at room temperature in PBS buffer when fresh, in PBS
after 48h incubation at 37°C, and in 100 mM ammonium acetate buffer after 48h incubation at 37°C (n=5 rings from 5 animals)
(B) at room temperature and 37°C from the AS and LDT regions
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Figure S6.2: Normalized sGAG levels (mean + SD) of fresh, control and GAG-depleted aortic samples that underwent (A)
opening angle tests, n = 24 rings from 8 animals (N:=5 animals, N3=3 animals) (B) indentation (Ns=5 animals) and (C) water
content measurement (Ns=8 animals). *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05 (paired sample t-test).
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7.1 FOREWORD
With the computational framework established in Chapter 4, and the experimental data collected

throughout Chapters 5 and 6, we strengthened the foundations for constructing a more reliable
computer model and overcome the limitations that were associated with the initial simulations.
This will enable us to rigorously assess the model’s accuracy in reproducing experimental
results. The framework established 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 experimental observations. However, another challenge is
modelling the solid matrix. To address this, we will also focus on implementing a relevant
constitutive model, which entails employing optimization techniques to determine material
constants specific to each of the regions. Nevertheless, the aortic wall is made of several layers
which are believed to possess distinct mechanical behavior, which we aim to account for by
modeling the solid matrix as two layers, representing the intima-media and the adventitia.
Additionally, we will also assess the distinct mechanical behaviors of the intima-media 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 this work, three
aortic rings models for each of the ascending, arch and descending thoracic regions of the

porcine thoracic aorta were modelled using FEBIo, using 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 Holmes-Mow 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 were respectively 37 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 of 28%, 15% and 23% 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 intima-media was modelled as 10
times stiffer, and as twice stiffer than the adventitia, respectively, and 23% in the descending

thoracic regions when the intima-media and adventitia shared similar properties.

7.3 INTRODUCTION
The existence of circumferential residual stresses in blood vessels was revealed in the 1980’s,

when Vaishnav and Vossoughi [1], and Chuong and Fung [2] showed that a radial cut through
the vessel’s wall in the unloaded state causes it to spring open. The open state of a tubular shaped
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 unloaded reference geometry from which the mechanical stresses and
strains can be calculated [2], [3]. Secondly, residual stresses are thought to ensure a
homogeneous distribution of the in vivo mechanical stresses across the aortic wall [2], [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 pathogenesis [5], [6]. It is therefore widely accepted that
inclusion of residual stresses in computational models is of paramount importance to obtain an

accurate assessment of the in vivo 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 loading. In silico models may consider one
or multiple layers of the aortic wall [7]-[9], whereby using multiple layers allows one to account
for the distinct mechanical properties that the different layers of the aortic wall may exhibit [10],
[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 tree [12], 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 media [13]. In addition, these ECM
constituents influence the mechanical properties of the aorta, such as stiffness [14]-[16], and

residual stresses [4], [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 ad-hoc local prestretches [20]-[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 of in 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 GAG [23]. 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 gradient in the aorta strongly correlate with
its opening angle [13], and that enzymatic removal of GAG vyields a significant reduction in the
opening angle of the porcine aorta in the ascending, arch, and descending thoracic regions
(Chapter 6). Specifically, in Chapter 6 we demonstrated that GAG contribute to approximately
25%, 32%, and 42% in the ascending, aortic arch, and lower descending thoracic regions
respectively. Therefore, it is expected that the simulated opening angles would better recover the
experimental contribution of GAG to the opening angle (corresponding to the difference in
opening angle — which will be referred to as “Delta” in this document — before and after GAG
depletion in Chapter 6), rather than recover the full opening angle. In addition, we characterized
the mural distribution of sulfated GAG (sGAG) in these 3 regions of the aorta [13], and
performed biaxial tests on samples excised from the same regions [16]. Using these previously
published experimental parameters 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 in 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 mixture-based finite element model using FEBioStudio Version 1.7 [24]

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

swelling material with a fluid phase which describes the presence of fixed-charge densities
(FCDs), illustrating the negative charges of GAG. The Cauchy stress tensor o associated with

the Donnan equilibrium swelling material is given in [23]:
o=-—mnl

where I is the identity tensor, and the osmotic pressure 7 is:

n::RT¢(J(d32+(ﬁ02—5ﬂ

In the latter equation, R is the universal gas constant, T is the temperature, ® is the
osmotic coefficient and is equal to 1 for ideal Donnan law, ¢* is the external bath osmolarity, and
cf is the proteoglycan FCD in the current configuration and relates to the reference configuration

via the equation below:

w
F _ Po F

C T 14

where | is the relative volume and ¢§ and cj are the fluid volume fraction and FCD in the

reference configuration respectively.
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This approach was used to model aortic rings from the ascending, aortic arch and
descending thoracic regions of porcine aortas from 5- to 6-months old animals harvested in our
lab in previous studies (cf. [13], Chapter 6). The approach was directly adapted from [23], in
which residual stresses in rodent tissue were studied, and by comparison with which we
previously validated our model in [25]. The rings were assumed to be bathing in a solution at
physiological osmolarity of 300 mosM. They were meshed using 20-node quadratic hexahedral
elements, with 8 elements across the aortic wall thickness, 40 elements along the circumference
of the ring, and 8 elements along the ring height (i.e. aortic slice thickness). Only one-quarter of
a ring was modelled, with appropriate boundary conditions to represent symmetry, and the radial
cut on one side, as shown in Figure 7.1. Convergence of solutions was verified using a classical
mesh sensitivity analysis. Parameters for geometry, FCD distributions and mechanical behaviour
of the solid matrix for each of the ascending, aortic arch, and descending thoracic (from in
between the 3™ and 5" intercostal arteries) rings were acquired from previous experiments

carried out in our lab [13], [16], as described next.

Plane A

Figure 7.1: Representative quarter aortic ring geometry (for symmetry) from the ascending region displaying boundary
conditions. Plane A is fixed in the y-direction, plane B is fixed along the z-direction, and the fixed node is constrained in all
directions.
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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 investigated in [13]. The outer diameters and thicknesses of the
computer ring models for each of the ascending, aortic arch and descending thoracic regions are

summarized in Table 7.1, and a ring height of 4.5 mm was used for all 3 models.

Table 7.1: Outer diameter and thickness (mm) used in the computer models of rings from the ascending, arch and descending
thoracic regions averaged from 15 porcine aortic rings in [13].

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 average sGAG masses were interpolated across 8 equally sized domains through the wall

thickness (corresponding to as many elements in the computer model) using quantitative
normalized sGAG measurements published in [13] (cf. Figure 3b), where the intramural SGAG
distribution in the ascending, aortic arch, and descending thoracic regions of porcine aorta was
measured using a DMMB spectrophotometric assay on slices cryo-sectioned from the aortic
wall. This allowed us to compute the FCD distributions in each of the ascending, aortic arch, and

descending thoracic regions (see Table 7.2) using the formula [23]:

F GAG charge number GAG mass
c

= X
GAG molecular weight water volume

Consistent with [23], each chondroitin sulfate isomer was assumed to have a molecular weight of

513 g/mol with two negative charges. The water content was assumed to be 70%.
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Table 7.2: Fixed charge densities [mEq/L] in aortic wall domains for each of the ascending, arch, and descending thoracic ring
models.

Mural Position Ascending Arch Descending Thoracic
1 -35.3 -25.3 -19.4
2 -32.1 -20.5 -16.8
3 -29.6 -17.4 -17.8
4 -25.8 -16.2 -17.9
5 -21.7 -14.9 -15.7
6 -19.9 -14.2 -14.3
7 -18.1 -12.9 -12.7
8 -15.0 -9.7 -9.0

7.4.4 Aortic Layers
The proportions of the intima-media and adventitia in each of the investigated anatomical

regions were obtained 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 hours, then transferred to 70% ethanol. Samples then underwent a series of
dehydration in water-ethanol, after which they were cleared with xylene and infiltrated with
molten paraffin wax. Samples were then cut into 4 pum-thick sections and stained with a
Verhoeff's-VanGieson elastic stain. Scanned slices (Figure 7.2) were then 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 intima-media proportion. The media was found to
occupy 90 £ 3%, 76 + 7%, and 66 * 6% of the aortic wall thickness in the ascending, aortic arch,
and descending thoracic regions, respectively (Table 7.3). Therefore, to represent the thickness
of the intima-media in our computer models, we used 7 elements in the ascending region (88%
of the aortic wall), 6 elements in the aortic arch region (75% of the aortic wall), and 5 elements

(63% of the aortic wall) in the descending thoracic region.
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Figure 7.2: Representative histology sections of aortic tissues from (a) the ascending, (b) aortic arch, and (c) descending
thoracic aorta, stained with Verhoeff's-VanGieson’s. Intimal layers are aligned with the left side of each panel.

Table 7.3: Intima-media proportion measured from 4 porcine aortas.

Intima-Media Proportion [%)]

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

tensile tests performed in another independent study on similar tissues in [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 stress-stretch curves and was eliminated from the curve-fitting process. A
total of 9 equibiaxial and non-equibiaxial stretching protocols were used, as detailed previously

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

by:

1
w =Ec(eQ -1)

A+ 2u
=25

c
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__F
A+ 2u

Q [2u =) (U; —3) + AU —3) — (A + 2u) InJ?]

In these equations, I, and I, are the first and second invariants of the right Cauchy-Green
tensor, A and u are the Lamé parameters, § is an exponential stiffening coefficient, and J is the
determinant of the deformation gradient. Since the modeling framework consists of a fluid phase
is addition to a solid phase, we imposed A = 0 to ensure a Poisson’s ratio of zero [28]. However,
given the equivalence between the response of an incompressible material and that of a biphasic
material under short time loading [28], we also imposed J = 1. This equivalence between a short
time biphasic response and an incompressible elastic material was introduced by Ateshian et al.
[28]: upon sudden loading, except at the boundaries, the pores change in shape, not volume, as
the interstitial fluid does not have time to leave the tissue. Under such conditions, the divergence
of the fluid flux is null and the equations for the Cauchy stress tensor, conservation of mass and
conservation of linear momentum become identical for both biphasic and incompressible elastic
responses, as well 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-

instantaneous, both numerically and physically.

The equations therefore reduced to W = %(eQ — 1), where Q = B(I; — 3). Therefore,
two material constants, x>0 and £>0, were fitted according to the protocol outlined in [26].
Briefly, the objective function || |75 exp — Tii theol + IT22 exp — T2 theol + | Tis exp —
T theol || Was minimized, where TS represents the 2" P-K membrane tension from

experimentally (_exp) and theoretically (_theo) derived membrane tensions, via tensor

__ [0w/0Ey, 0w/dE;, 0
TS = |0w/0E,, Ow/dE,, O
0 0 0
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In this expression, w = HW, where H is the undeformed thickness, and W is a reduced
function of W as follows. Given that the shear strains are minimal, and using the
incompressibility assumption J = det F = 1, which makes it possible to express E55 in terms of
E,; and E,,, we can indeed introduce a reduced strain energy density function such that W =

W (E11, Ezp) = W(E11, E2z, E12, E33). This allowed us to express the Holmes-Mow constitutive

model as a function of E;;, and E,, only, such that W = %(e‘2 — 1), where Q =28 (E11 +

E,, + % E - 1]) and A= (2E;; + 1)(2E,, + 1). Therefore, the theoretical 2nd P-K membrane

tensions were derived as:

TS =u [1 - ;] e?
11_th€0 A(ZEll + 1)

PR N S
22 theo A(ZEZZ + 1)

S —
T12_the0 =0.

Of note, E,; is along the fiber (circumferential) direction, and E,, is along the cross fiber

(longitudinal) direction.

7.4.5.2 Two-layer material modelling
In addition to modelling the aortic wall as one layer, we also implemented a two-layered model

for the solid matrix to represent the distinct mechanical behaviors of the media-intima (inner
layers) and the adventitia (outer layer) of the aorta. This was carried out in the framework
developed in [26], which was used for material parameter optimization as described in Section
7.4.5.1. Consider the two intimal-medial (M) and adventitial (A) layers with undeformed

thicknesses H,, and H, in the reference configurations, such that H = H,, + H,. Herein, four

positive material parameters u,,, B, 1a,and B4 were considered, such that Wy, = Z#TM (e — 1)
M
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. . 1|1
and Wy = 224 (e% 1), with Qu = 2Bu (Evy + Exo +3|5—1]) » Qu =284 (Euy + Bz +

%E - 1]) and A= (2E; + 1)(2E,; + 1).

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

Section 7.4.5.1. The experimental 2" P-K membrane tensions were

Hy

S — S
Tll_exp_A - H Tll_exp

Hy

S — S
T22_exp_A - H T22_exp

Hy

S — S
TlZ_exp_A - H T12_exp

such that

H -
S S _ Ams Ams _ T8
Tll_exp_A + Tll_exp_M - H Tll_exp + H Tll_exp - Tll_exp

S S —_ 7S
TZZ_eXp_A + TZZ_eXp_M - T22_exp

S S S
T12_exp_A + TlZ_exp_M = T12_exp

The theoretical 2" P-K membrane tensions can be derived from the respective strain

energy  density  functions of layers M and A , wy=H,W, and

w, = H,W,, such that TS = ow/0E, and w =wy +w,. The values for H, and H, 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, respectively. However, since the

behaviors of the 2 layers may differ even if they possess equal thicknesses, a factor r = ::—A was
M
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introduced to scale the stiffness of the adventitia with respect to that of the media. The fixed
relationship between u, and u, was used as a constraint during the material constant
identification process. Given that conflicting results have been reported with respect to the
behavior of the media and adventitia [9]-[11], [29]-[31], we explored r ratios of 0.1, 0.2, 0.5, 1,

2, 5and 10.

7.4.6 Statistical analysis
Results are reported as mean * standard deviation. The material parameters were determined in

MATLAB using nonlinear multivariate optimization, at the 95% (2-tailed) confidence interval

(C1) with their Pearson correlation coefficient.

7.4.7 Model evaluation
The computer models were evaluated by comparing simulated opening angles to experimental

ones in [13] and Chapter 6, as detailed in the discussion.

7.5 RESULTS
7.5.1 Material Constants

7.5.1.1 One-Layer Matrix
The material constants obtained from use of all 9 stretching protocols for a one-layer solid matrix

are summarized in Table 7.4. The Pearson’s correlation coefficients for a one-layered model
were all above 0.93 in all directions and for all the aortic regions considered, reflecting an overall
good match between the experimental and predicted theoretical data. Representative graphs are

provided in Supplemental Figures S7.1-S7.5.
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Table 7.4: Holmes-Mow material parameters (mean * standard deviation) derived from all protocols for a one-layer solid
matrix. R?-FD and R?-XD are the Pearson correlation coefficients between the experimental and predicted membrane tensions in
the fiber direction and cross-fiber directions respectively.

Region Ascending Aortic Arch Descending Thoracic

u [N/m] 61.31+1.45 65.99 + 1.63 58.90 + 1.46
B[] 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 the intima-media and adventitia were also obtained using a two-layer

model and are summarized in Tables 7.5-7.7 for each of the ascending, aortic arch, and
descending thoracic regions. Not all ratios r between the stiffness of the adventitia and media
yielded acceptable curve fits. In the ascending region (Table 7.5), the best curve fits between the
experimental and theoretical curves were achieved when r was 0.1, 0.2, and 0.5, with Pearson’s
correlation coefficients 0.93 or above. The worst curve fits between experimental and theoretical
curves were achieved when r was 2, 5, and 10, with Pearson’s correlation coefficients in the
range of 0.76-0.87. In the aortic arch region, the best curve fits were achieved when r was 0.1,
0.2, 0.5 and 1, with Pearson’s correlation coefficients 0.93 or above, and the worst curve fits
were observed when r was 5 and 10. Finally, in the descending thoracic region, the best curve
fits were achieved when r was 0.2, 0.5, 1 and 2, with Pearson’s correlation coefficients 0.94 or

above.
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Table 7.5: Holmes-Mow material parameters derived from all protocols for the media and adventitia of a two-layer solid matrix
in the ascending region, where the media occupied 88% of the aortic wall. R>-FD and R2-XD are the Pearson correlation
coefficients between the experimental and predicted membrane tensions in the fiber direction and cross-fiber directions

respectively.

Media

Adventitia

T R2-FD R2-XD
g [N/m] Bu [-] Ba -]
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 0.90 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

Table 7.6: Holmes-Mow material parameters derived from all protocols for the media and adventitia of a two-layer solid matrix
in the aortic arch region, where the media occupied 75% of the aortic wall. R>-FD and R?-XD are the Pearson correlation
coefficients between the experimental and predicted membrane tensions in the fiber direction and cross-fiber directions

respectively.

. Media Adventitia R.FD RZXD
Ha [N/m] Bu [ Ball
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

Table 7.7: Holmes-Mow material parameters derived from all protocols for the media and adventitia of a two-layer solid matrix
in the descending thoracic region, where the media occupied 63% of the aortic wall. R?>-FD and R?-XD are the Pearson
correlation coefficients between the experimental and predicted membrane tensions in the fiber direction and cross-fiber
directions respectively.

Media Adventitia ) )

" g [N/] B [ A R Rxb
0.1 45.75 + 1.06 1.86 + 0.07 6.06 + 0.21 0.90 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 One-Layer 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 Figure 7.3, and the corresponding simulated opening

angles are summarized in Table 7.8.

Figure 7.3: Open aortic rings (1/2 model) of the (a) ascending, (b) aortic arch, and (c) descending thoracic regions.

Table 7.8: Simulated opening angle results in the ascending, aortic arch, and descending thoracic regions, using a one-layer
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 ratios r that were tested are

summarized in Table 7.9. As shown, the 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, using a two-layer
solid matrix. The opening angles for r ratios that generated curve fits with Pearson’s correlation coefficients above 0.93 are
bolded, whereas the others are in italics.

Opening angle [degrees]

r
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 DiscussION
In this study, animal-specific rings from the ascending, aortic arch, and descending thoracic

regions of porcine aortas were modelled as solid matrices with embedded FCDs to simulate the
effect of GAG on the opening angle. Parameters for ring dimensions, FCDs, and the solid matrix
were consistently obtained from experimental testing of porcine thoracic aortas from animals
aged 5-6 months and weighing approximately 90-100 kg. It is important to note that the FCDs in
these models, due to limitations in our experimental techniques, only account for the swelling
effect of sulfated GAG. The FCDs were prescribed in 8 equally sized domains through the aortic
wall, and were calculated using previously experimentally quantified GAG distributions [32].
Overall, the FCD distribution in all investigated regions of the aortic tree decreased from the
inner layers to the outer layers. The rings’ responses were evaluated in one- and two-layered
solid matrices to simulate the difference in mechanical behavior between the intima-media and
the adventitia of the aortic wall. The proportion of the intima-media with respect to the aortic
thickness was obtained using histological sections from each of the ascending, arch, and
descending thoracic regions, and was found to occupy approximately 90%, 76%, and 66%,

respectively. These are similar to results reported by Sokolis [12] who measured the mean
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thickness of the intima-media at different anatomical locations of the aortic tree (cf. Figure 5A in
[12]), where, however, the intima-media occupied a smaller proportion in the ascending region
compared to our animals. Specifically, the intima-media occupied approximately ~78% in the
ascending, ~70-88% in the arch, and ~50-80% in the thoracic region, as estimated from the
original graphs. The mid-thoracic region in [12], in which the intima-media occupied about 70%
of the aortic wall, best aligned with the descending thoracic region described in our study. The
intima-media proportions were also evaluated in the thoracic region by other researchers, with
Pefia et al. [11] reporting that the intima and media occupy approximately 73% and 64% in the
upper (end of arch to 4™ intercostal artery) and lower descending thoracic regions, respectively,
and Guidici and Spronck [8] reporting that 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 wall along the aortic tree, the intima-
media and adventitia also possess different elastic properties [9]-[11], [29]-[31]. However, it
remains unclear whether the adventitia is stiffer or more compliant than the intima-media in
tension, and whether differences are consistent along the aortic tree. Previous numerical
calculations have been based on the assumption that the media is approximately 10 times stiffer
than the adventitia [9], which is associated with experimental observations in [29]-[31]. Yu et al.
[31] showed that the intima-media of the porcine aorta is stiffer than the adventitia by one order
of a magnitude, and Xie et al. [30] found that the intima-media of blood vessels is 3 to 4 times
stiffer than the adventitia. Our results are in line with these findings in that, in most cases, better
curve fits were obtained when the intima-media was stiffer than the adventitia, except in the
descending thoracic region, where both stiffer and softer behaviors provided satisfactory results.

Specifically, our model optimization suggested that in the ascending region, the adventitia was
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more compliant than the intima-media, given that best curve fits were obtained when r was 0.1,
0.2, and 0.5. Similar findings were obtained in the arch region, which however, also displayed
good curve fits when r was 1, suggesting that the adventitia could be more compliant than the
intima-media, or share similar elastic properties. In the descending thoracic region, best curve
fits were observed when r ranged from 0.2 and 0.5 to 1 and 2, indicating that both stiffer and
softer behaviors were plausible. Recent biaxial tensile testing performed by Pefia et al. [11] and
Amabili et al. [10] in the descending thoracic aorta of porcine and human aortas, respectively,
suggested that the adventitia is stiffer than the media. Our curve fits in the descending thoracic
region reflected both findings in [29]-[31] and [10], [11], suggesting that either both behaviors
of the intima-media versus the adventitia are possible, or that more work is needed to settle this

issue.

The opening angle simulated in both one- and two-layered solid matrices was found to
decrease from the ascending to the descending thoracic region, which is in line with
experimental observations [12], [13]. The model results were evaluated by comparing the
simulated opening angles to experimental opening angles evaluated in two previous studies [13],
Chapter 6. Figure 7.4 summarizes the opening angle results obtained using the one-layered solid
matrix with experimental results from [13], and Chapter 6. From [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 £ 19 deg, and 67 + 31 deg, respectively (denoted as “Expl” in Figure 7.4). Herein, the
simulated opening angles of models using one layer for the solid matrix were 37 deg, 17 deg, and
10 deg in the ascending, arch, and descending thoracic regions, respectively (denoted as “Sim1”

in Figure 7.4), accounting for 24%, 16%, and 15% of the experimental opening angles (“Exp1”).
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In contrast to conclusions in [23], simulated values did not readily yield values in the range of

the experimental opening angles.

In another study (Chapter 6), 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 depletion. The experimental opening
angles of the control rings were 114 + 17 deg, 61 + 27 deg, 31 £ 9 deg in the ascending, arch,
and descending thoracic regions, respectively (denoted as “Exp2” in Figure 7.4) and the
simulated opening angles of the one-layer models accounted for 32%, 28%, and 32% of the
experimental opening angles for control rings in Chapter 6. Herein, these errors suggest that
GAG are not the only regulators of the opening angle, in line with our previous experimental

findings (Chapter 6).

As mentioned in the introduction, in this previous study, we captured the contribution of
GAG to the opening angle via the enzymatic digestion experiments. After GAG removal, the
experimental opening angles decreased by 29 + 12 deg, 20 + 6 deg, and 13 + 3 deg (denoted as
“Delta” in Figure 7.4). We believe it is the opposite of this relative decrease in the opening angle
following GAG depletion that is captured by the simulation of GAG done in the present study,
and may be the best reference for comparison of our simulated results. Indeed, “Delta” represents
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 angle. To wit, our simulated results
accounted for 128%, 85%, and 77% of the experimental decrease “Delta” in opening angle
following GAG removal, demonstrating relatively small percent errors between the experimental
and simulated results (namely: 28%, 15%, and 23% in the ascending, arch and descending

thoracic regions, respectively).
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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) cf. Chapter 6.

Another line of interesting findings comes from the difference in simulated opening angles
using a one-layered (Table 7.8) vs. a two-layered solid matrix (Table 7.9). The respective percent
errors of the simulated opening angles with respect to the experimental contribution of GAG to
the opening angle (“Delta”) are summarized in Table 7.10. Again, “Delta” is used as a reference
to evaluate the simulated opening angles herein, as it reflects the experimental effect of GAG on
the opening angle. In the ascending region, the smallest error of 21% was when the FCDs were
embedded in a two-layered solid matrix, with the intima-media 10 times stiffer than the
adventitia (r = 0.1). 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 (r = 0.5). In the
descending thoracic region, the smallest error of 23% was when the solid matrix was considered
as one layer or when the intima-media and adventitia shared similar properties in a two-layer

matrix (r = 1), and very large errors were found when two layers were used for the solid matrix
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when r 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.

Table 7.10: Percent errors of simulated opening angles in rings using one and two layers for the solid matrix, with respect to the
experimental decrease in the opening angle caused by GAG removal “Delta”. The smallest errors are bolded.

Error [%]

Solid Matrix Number of Layers r

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 discrepancies between the simulated opening angle and the experimental decrease
caused by GAG removal suggest 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 that, in addition to their fundamental swelling behavior, GAG may
contribute to the opening angle through their interaction with the ECM fibers [13], (Chapter 6).
For instance, in addition to loss of swelling, GAG removal was also associated with a loss of
circumferential prestretch in Chapter 6, a known fundamental contributor to residual stress [2].
Consistently, Mattson et al. showed that GAG also contribute to collagen fiber recruitments,

which they also implemented in a constitutive modelling framework [15].

Another interesting observation is this study is the increase in opening angle with increased
ratio r, suggesting that, as the intima-media 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 intima-media 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 5- to 6-month-old 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 Figure 23 in [16]. Similarly 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 aging 12-24 months,
although indications of earlier stiffening were apparent [34]. 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. Indeed, for 11-15
week old female Sprague-Dawley rats, an absolute leftward shift in the mechanical stress-strain

curve has been reported for samples treated with chondroitinase ABC [35].

Some study limitations need stating. The effect of hyaluronic acid, which is also present in
the aortic wall, but in small proportions compared to SGAG [36], was excluded. Although the
mechanical separation of the media from the adventitia has been achieved by other groups [10],
[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 scaling ratio r was introduced in the model instead. In
addition, given the expected minimal contribution of the intima in the mechanical behavior of the
healthy aorta, the intima and media were modelled as one layer. Finally, while constitutive

equations other than Holmes-Mow’s could have been used, such as the Holzapfel-Gasser-Ogden

188



model among many others, it was the only one that was readily implemented in FEBioStudio for
combination with Donnan swelling, and afforded satisfactory curve-fits (Supplemental Figures

$7.1-S7.4).

In conclusion, the majority of studies in the literature have focused on modelling
circumferential residual stresses via either the implementation of prestretch in the aortic wall [8]
or consideration of FCDs [23]. The findings in this work corroborate our previous experimental
studies [13], (Chapter 6) and suggest that although a significant portion of the opening angle is
regulated by GAG, they are not the only contributors. We therefore submit that both
circumferential prestretch and swelling of 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 elucidate the interaction between the two.
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7.8 SUPPLEMENTARY INFORMATION
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Figure S7.1: Experimental data and model fit membrane tensions vs. green strains for the ascending region using one layer for

the aortic wall. R2-FD = 0.94 and R2-XD = 0.94.
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Figure S7.2: Experimental data and model fit membrane tensions vs. green strains for the arch region using one layer for the
aortic wall. R?-FD = 0.94 and R?-XD = 0.94.
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Figure S7.3: Experimental data and model fit membrane tensions vs. green strains for the descending thoracic region using one
layer for the aortic wall. R>-FD = 0.93 and R?-XD = 0.95.
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Figure S7.4: Experimental data and model fit membrane tensions vs. green strains for the ascending region using two layers for
the aortic wall, with » = 0.1. R>-FD = 0.94 and R%-XD = 0.94. This is representative of curve fits that were considered
acceptable for finite element modelling.
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Figure S7.5: Experimental data and model fit membrane tensions vs. green strains for the arch region using two layers for the
aortic wall, with » = 5. R-FD = 0.86 and R>-XD = 0.86. This is representative of curve fits that were considered not acceptable
for finite element modelling.

7.9 SUPPLEMENTARY INFORMATION 2

7.9.1 Firstand Second Partial Derivatives
Through the information in this Supplemental material section, we first provide more details into

the derivations the constitutive formulation and the considerations in the optimization process.

The Holmes-Mow constitutive law can be written as,

B

Q=/1+2u

w

1
Ec(eQ -1)

A+ 2u
=25

c

[Cu—DU=3)+ A, —3) — A+ 2w Inj?]

By imposing J =1 (incomressibility) and A = 0 (biphasic medium), the expression

becomes:
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1
W = EC(GQ - 1)

_
-2

Cc

_ B
Q= 2 (2w Uy = 3)]

Q=pU—3)

Therefore,

with
Q=pU—3)
I, = 2(Eyy + Epp + E33) + 3
Q = B(2(E1; + Epp + E33) +3—3)
Q = B(2(Ey; + Eqy + E33))
Q = 2B(E;; + Eyy + E33)

The incompressibility assumption was achieved by imposing det F = 1 (Chapter 2,
Section 2.5.1), and will allow us to express E55 as a function of E;; and E,,. Under no shear

conditions:
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F=|0 2, 0

/1100]
0 0 A3

detﬁ = 111213 = 1
(/11/12/13)2 =1

With A2 = 2E;; + 1, A3 = 2E,, + 1, 1% = 2E;5; + 1 (Refer to Chapter 3.4 in J. D.
Humphrey, Cardiovascular Solid Mechanics: Cells, Tissues, and Organs. Springer Science &

Business Media, 2002.), the equation becomes:

(2E11 + 1)(2E22 + 1)(2E33 + 1) == 1

1
QB+ = G D @E, + 1)
1 1
Fas = 2 [(2E11 +DQRE,; +1) 1] 2 [Z ) 1]

The first partial (S = Z—ME:) derivatives can therefore be derived as:
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The second partial derivatives (C;jx; = —) are:
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7.9.2 Convexity of Strain Energy Function
It is also essential to verify the convexity of the strain energy function, as it is required for the

stability of the finite element analysis. Convexity of the strain energy function requires its
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Hessian (square matrix of second order partial derivatives of a scalar function) to be positive

definite. The Hessian of W is the elasticity tensor. Recall from Chapter 2 Section 2.5.4 that the

second Piola-Kirchhoff stress tensors can be expressed as S = —5 ¥ and the stiffness (or tangent
= S = S 2
modulus) is C = @ Therefore, C = sy
dE dE d?E
62

C:.
UKL= 9 E 0

Knowing that in 2D (in-plane), the tangent modulus can be represented as:

= C11 C12 Cl4-
(CZD = C12 sz C24
C14 C24 C4-4
we have
o= EA 4 o= GEA 4 o= a*w
N 9E,0E,; % 0Ey0E,, * 7 QE,,0E,,
c = EL o= 9*W = R
T 9E,,0E;, ** 0Ey,0E;, **  0E,,0E,,
With no shear:
EL EL R

Cop==——=0 Cp=——=0 Cpy=n— =
* " 9FE,,0E;, " 9E,,0F,, >4 9E,,0E;,

The matrix is positive definite if it is symmetric and its eigenvalues are positive. The
eigenvalues are the roots of its characteristic equations. The characteristic equation of the tangent

modulus is given by:
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Cll ClZ Cl4-
det C12 CZZ Cz4_ =0

Cia Cos Cyq
Ci1—x Ci2 Cia
Cy1 Cyy —x Ca4 =0
Cia Caa Caqa — X

(C11 —0)[(Caz — x)(Cag — x) — 6224] — C12[C31(Caq — x) — C14C34]

+ C14[C21Co4 — C14(Co —x)] =0

which becomes

x3 - (Ci1 +Cpp + C44)x2 + (C11C22 + C11C4q + C33C4y — 6224 - C124 - C122)x — (11C52Cs4

— 2C14C4C15 + 632614 + C124622 + 6116224 =0

To get three positive roots, the sign must alternate between the non-zero terms, and

therefore the following equations need to be respected.
—C11 = (3 =G <0
C11Ca2 + C11Caq + C23C4s — C34 — €, — CF, > 0
_C11C22C4-4 - 2C14C24C12 + C122C14 + 6124-622 + 6116224 <0

Let us ensure that the constraints on the material constants for the strain energy function
are convex at least at the origin. At the zero strain (origin), E;; = E,, = E33 = 0. Therefore Q =

0, and
e? =1

0Q _ .14 1 ~
0E,, ﬁ[ 0+ D20+ 1) =0
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aQ

=0,
°Q ) 4 _ g
02E;, A 0+130+1) g
22Q o
02E,, A
62
o _
Therefore,
aZ
o« Ciu=gp- =518+ (0)2] = 4u
a‘w
¢ Gy =g -=5-1086+ (0)7] = 4u

o Cp, = %1[43 +0] =2u
(1) From —C;; — Cy5 — C44 <0
—-8u <0 u>0
(2) From Cy1Cyy + C11Caq + CypCay — C2 — C2 — C% > 0, 16p% — 4u? > 0
12u2 >0 always true

(3) The third equation is always satisfied.
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7.9.3 Mesh Sensitivity Analysis

Table S7.1: Mesh sensitivity analysis of ascending aortic ring model. Parameters are provided for quarter model.

Number of Number of Number of Opening

elementsin | elementsin elements in Number of Number of Angle
thickness length circumference elements nodes (degrees)

7 4 8 256 1449 36.44

7 4 10 320 1781 36.91

7 4 12 384 2113 37.03

7 4 14 448 2445 37.07

7 4 20 640 3441 37.10

7 4 25 800 4271 37.11

7 4 30 960 5101 37.11

7 6 20 960 4893 37.10

7 8 20 1280 6345 37.10

7 10 20 1600 7797 37.11

Table S7.2: Mesh sensitivity analysis of arch aortic ring model. Parameters are provided for quarter model.

Number c_>f Number qf Number of elements | Number of | Number Opening

elements in elements in o " lements of nodes Angle
thickness length Ih circumterence € (degrees)

7 4 8 256 1449 16.58

7 4 10 320 1781 16.71

7 4 12 384 2113 16.75

7 4 14 448 2445 16.76

7 4 20 640 3441 16.76

7 4 25 800 4271 16.76

7 4 30 960 5101 16.76

7 6 20 960 4893 16.78

7 8 20 1280 6345 16.82

7 10 20 1600 7797 16.86
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Table S7.3: Mesh sensitivity analysis of thoracic aortic ring model. Parameters are provided for quarter model.

Number of Number of Number of Number of ber of Opening

elementsin | elementsin elements in mber 0 Number o Angle

. . elements nodes

thickness length circumference (degrees)

7 4 8 256 1449 12.90

7 4 10 320 1781 13.01

7 4 12 384 2113 13.04

7 4 14 448 2445 13.05

7 4 20 640 3441 13.06

7 4 25 800 4271 13.06

7 4 30 960 5101 13.06

7 6 20 960 4893 13.09

7 8 20 1280 6345 13.18

7 10 20 1600 7797 13.25

7 20 20 3200 15057 13.44

7 40 20 6400 29577 13.55
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8.1 SUMMARY
To begin, let us provide a recapitulation of this dissertation. Chapter 3 reviewed the current

understanding on glycosaminoglycans (GAG) in the normal and diseased aorta, and their roles in
regulating the mechanical properties of the aorta. It identified gaps in the literature and suggested
avenues for future investigations to expand our current knowledge of the roles of GAG in the
aorta. Chapter 4 introduced and validated a finite element model that simulated the effect of
GAG in uncut and radially cut aortic rings. The model served to launch an initial in silico
investigation into the effect of GAG on the opening angle and residual stresses, via a series of
parametric studies. To ascertain the observations made based on the computer simulations,
Chapter 5 aimed to study the effect of GAG on the opening angle experimentally. Attention was
also paid to the extracellular matrix (ECM) fibers, elastin and collagen, to seek a comprehensive
understanding of the mechanical roles of the ECM constituents. Chapter 5 investigated the
intramural distribution of these components in the three main regions of the aorta: ascending,
arch, and descending thoracic regions, and correlated this compositional data with opening angle
measurements. Chapter 6 then uncovered the effect of GAG on the opening angle and radial
circumferential stiffness via enzymatic GAG depletion. The contribution of glycated crosslinks
to the opening angle was also investigated. Additionally, the possible underlying mechanisms
through which GAG may play mechanical roles were also examined. Chapter 7 finally
established finite element models of aortic rings for each of the ascending, arch, and descending
thoracic regions, that depict the experimental effect of GAG swelling on the opening angle with

small errors.
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8.2 GENERAL DISCUSSION
This dissertation employs experimental and computational methodologies, highlighting their

synergy as they consistently produced congruent outcomes and mutually reinforced each other
with their data and findings. Observations from both in vitro and in silico experimentations
offered robust evidence and new knowledge on the roles of GAG in regulating residual stress.
Specifically, finite element modelling suggested that an increase in the fixed charge density
(FCD) of GAG would increase the residual stresses in a closed ring, as well as the opening angle
of a radially cut aortic ring. In line with these findings, a positive correlation between the GAG
content and the opening angle was established, and GAG depletion also resulted in a decrease in
the opening angle. Taking these observations together, the accumulation of GAG is therefore
expected to cause an increase in circumferential residual stress. Additionally, finite element
modelling suggested that the opening angle continuously increased only when the GAG gradient,
not just content, increased, as higher GAG content only led to a plateau in the opening angle
without further increase. Experimental data also suggested that the GAG gradient correlates with
the opening angle of porcine thoracic aortas. Both in silico and in vitro experimentations
therefore suggested that the GAG gradient affects the level of circumferential residual stress

present in the aortic wall.

Other roles of GAG in the thoracic aorta were elucidated, such as their contribution to the
radial compressive properties of the aorta. The effect of GAG on osmotic swelling was
investigated and GAG removal via enzymatic digestion was associated with loss of water
content. The findings of this work also shed light on the complexity of the synergy of the ECM
constituents in their effect on the mechanical properties of the aorta. The correlation between the
ratio of the collagen and GAG contents and the opening angle was one of the strongest,

highlighting the interaction between GAG and collagen fibers. Additionally, GAG removal
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altered the level of circumferential stretch in the aorta and, given that the origin of
circumferential stretch has been attributed to the fibrous components of the ECM, this suggests
that GAG, in their interaction with the ECM fibers, may influence the level of prestretch present

in them.

Furthermore, the mural distribution of the main ECM constituents of the thoracic aorta
were characterized quantitatively and histologically, providing new detailed data regarding the
distribution of collagen, elastin, and GAG through the aortic wall of different regions of the
thoracic aorta of 5- to 6-month-old porcine animals, which sheds light on the heterogeneous
nature of the aorta. In addition to changes in the aortic size along its tree, the ECM exhibited
regional variations, characterized by decreased levels of GAG and elastin, and increased collagen
content in the distal regions. The ECM also exhibited intramural variations, such that GAG
content decreased from the intima to the adventitia, collagen content increased, and elastin
content was highest towards the media. This work not only expands our understanding on the
ECM distribution in the porcine thoracic aorta, but also establishes a robust methodology to
quantitatively assess the distributions of these ECM components in other tissues. Such inroads
are necessary for our understanding of tissue composition-structure effects on tissue function,
and for the development and advancement of mathematical and numerical models that can not
only further our knowledge of the physical behaviour of the aorta, but also are promising in

predicting lethal ruptures caused by aortic disease such as aneurysm and dissection.

Similarly, the mechanical properties of the aorta exhibited regional variations. The radial
compressive stiffness was highest in the ascending region and the opening angle decreased
distally, suggesting higher levels of residual stresses in the proximal aorta. Additionally, the

layers of the aorta, namely the intima-media and adventitia in this work, were demonstrated to be
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characterized by distinct elastic properties which also varied throughout the regions of the aorta.
This is particularly noteworthy considering the impact of the aorta’s heterogeneous nature on its
mechanical integrity and function, as well as the potential implications of its heterogeneity in the
development of aortic disease. Indeed, this sheds light on 1) the importance of targeted and
tailored medical interventions, and 2) the necessity of improving computational models to take

into account these compositional and mechanical variations.

The experimental studies conducted within this dissertation provided the essential
components (geometry and dimensions including layer dependent information, tissue
composition namely GAG content, biaxial data to inform constitutive formulation) required to
establish and evaluate finite element models of aortic rings for each of the ascending, arch and
descending thoracic regions, which captured the effect of GAG swelling on the opening angle
with a relatively small error. To date, numerous efforts have been developed with the aim of
incorporating residual stresses in aortic computer models [1]-[3], yet challenges persist. Aside
from the limitations associated with the ability to non-invasively measure the opening angle to
represent residual stresses, the inclusion of in-situ prestreches or FCDs has thus far relied heavily
on substantial assumptions. These efforts are primarily motivated by the impact of residual
stresses on the in vivo state of mechanical stresses, as well as the importance of including them in
finite element models to prevent biased prediction of the mechanical stress distributions. Indeed,
computational modeling offers a distinct advantage over the current diameter criterion in
predicting aortic ruptures, by leveraging advanced algorithms and patient-specific data,
providing clinicians with enhanced decision-making capabilities and thereby paving the way for

personalized medical interventions.
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Another aspect that requires discussion is the definition of circumferential residual stresses
adopted by the scientific community in vascular mechanics, being the stresses in the unloaded
configuration of an excised aortic ring. As discussed throughout this dissertation, the swelling
pressure caused by the presence of GAG in the aortic wall contribute to a portion of the opening
angle, and this leads to an open question on whether this swelling pressure should be

distinguished from residual stresses.

This dissertation contributes new data and knowledge to the scientific community’s current
understanding of the biomechanics of the aorta and lays the foundation for future lines of
investigation. Indeed, understanding the biomechanical properties of the aorta is imperative to
the community’s efforts in preventing deadly ruptures caused by aneurysms and dissection, as
these catastrophic events stem from mechanical failures, which occur when mechanical stresses

exceed the strength of the wall of the aorta.

8.3 CONCLUSIONS
Overall, this dissertation provides new knowledge on the roles that GAG play in the thoracic

aorta by modulating its mechanical properties and the circumferential residual stresses present in
it, through their fundamental swelling behaviour and interaction with the ECM fibers. It
establishes a finite element ring model for each of the ascending, arch, and descending thoracic
regions, which through prescription of the FCDs of GAG present in the matrix, demonstrated
overall good agreement with the experimental findings. To summarize, the main conclusions of

this work are;

1- Through an in-depth review of the scientific literature, it was concluded that overall,
GAG accumulate in thoracic aortic aneurysm and diminish in abdominal aortic aneurysm.

We also underscored the potential biomechanical roles of GAG in the aorta with regards
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to their contribution to the aortic stress-strain behavior, stiffness and residual stresses,
which remain poorly understood. We highlighted gaps in the literature and recommended
future lines of investigations such as the need to (1) accurately characterise the layer-
specific GAG quantities in the aorta to overcome current computational limitations that
have been based on qualitative assumptions; (2) delineate the relationship between the
GAG and swelling distributions; (3) clarify the contribution of GAG to aortic stiffness.
Quantitative and histological characterization revealed that the GAG content is
significantly higher in the ascending aorta compared to the arch and descending thoracic
regions of 5- to 6-month-olds porcine animals, and that the GAG content decreases from
the intimal to the adventitial layers of the aortic wall. By contrast, the collagen content
was found to increase from the intimal to the adventitial layers, and the elastin content
was highest towards the medial layers.

Correlations between the opening angle and the content and intramural gradient of the
ECM constituents, as well as the ratio between the collagen and sulfated GAG (sGAG)
content (collagen:sGAG) were established and classified based on Pearson’s correlation
“r” as strong, good, moderate and poor. These correlations revealed that residual stresses
are significantly modulated by the sSGAG through their content and interaction with the
collagen fibers, given that strong and good correlations were found between the
collagen:sGAG ratio, and the sGAG content with the opening angle, respectively.
Additionally, the gradients of SGAG, collagen and the collagen:sGAG ratio correlated
moderately with the opening angle.

This work not only established correlations between GAG and the opening angle but also

delineated the extent of contribution of GAG to circumferential residual stresses in the
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main regions of the porcine thoracic aorta. GAG were found to contribute to
approximately 25%, 32%, and 42% of the opening angle in the ascending, arch, and
descending thoracic regions, respectively.

This dissertation also shows that the accumulation of advanced glycation end products
(AGEs), which create crosslinks in the tissue, contribute to circumferential residual
stresses by reducing the opening angle. GAG also played a role in glycated tissue, such
that their removal still caused a decrease in the opening angle.

GAG were found to affect the radial compressive stiffness of the ascending aorta, which
contains the highest amount of GAG (sGAG occupy ~1% dry weight). Specifically, an
increase in radial compressive stiffness was detected following removal of GAG from the
ECM.

Mechanisms by which GAG contribute to the residual stresses and mechanical properties
were deciphered. Although this dissertation revealed that GAG may not be the only
regulators of the swelling state of the tissue, GAG were found to contribute though their
fundamental swelling behaviour given that a small loss of water content was detected
after GAG removal. In addition, GAG contribute to the aorta’s radial compressive
properties and circumferential residual stresses by interacting with ECM fibers and
affecting their level of prestress. This stems from the strong correlation established
between the ratio between collagen and GAG and the opening angle, and from the
discovery that GAG removal caused a loss of compressive deformation in the inner layers
of the aortic wall.

This work highlights the heterogeneity of the aorta along its tree and its wall. The

opening angle and radial compressive stiffness were highest in the ascending region and
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decreased distally. The ECM composition (collagen, elastin, GAG), as mentioned in
Point 2, also varied along the tree of the aorta, and through its wall.

9- The biaxial tensile mechanical behaviour of the ascending, arch and descending thoracic
regions of the porcine thoracic aorta were modelled using a Holmes-Mow constitutive
formulation, which demonstrated an overall good representation of the tissue’s
mechanical behavior. The intima-media and adventitial layers were also mathematically
simulated to reflect the difference in elastic properties between the two, and the behavior
of the adventitia with respect to the intima-media was predicted via optimization. The
findings suggested that in the ascending region, the intima-media was stiffer than the
adventitia; it was stiffer or just as stiff as the adventitia in the aortic arch; and it was
possibly either stiffer or softer than the adventitia in the descending thoracic region.

10- Finite element models were built to capture the effect of GAG on the opening angle,
using animal-specific (5- to 6-month-old pig aortas) parameters collected experimentally,
including dimensions, material parameters and layer specific intramural GAG FCDs.
Simulated opening angles of aortic rings modelled with one layer for the solid matrix
were 37 deg, 17 deg and 10 deg in the ascending, arch and descending thoracic regions.
The best opening angle prediction capacity of the computer models was achieved when
the intima-media was prescribed as 10 times stiffer than the adventitia in the ascending
region; in the aortic arch, the best match was when the intima-media was two times stiffer
than the adventitia; and for the descending thoracic region, the best match was achieved

when using one layer for the solid matrix.
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8.4 RECOMMENDATIONS FOR FUTURE WORK
This dissertation offers robust findings and comprehensive analyses regarding the mechanical

roles of GAG in the aorta, but also lays foundations for future investigations.

One of the notable revelations from this research is the potential mechanism of
interaction between GAG and the ECM fibers. While the correlation between the
collagen:GAG ratio and the opening angle (Chapter 5) suggested an interaction
mechanism between collagen and GAG in regulating residual stress, our work did not
reveal details on how this interaction occurs. This has been a matter of debate within the
literature and no conclusive evidence has been established. It is believed that the swelling
of GAG puts both collagen and elastic fibers under tension [4]-[6], which is in line with
the theorical assumption that collagen fibers do not support compression [7]. However,
other studies have demonstrated that collagen [8] and elastin [9], [10] fibers may be
under residual compressive stress. Based on a more recent study [11], GAG removal was
found to cause a decrease in the collagen waviness, suggesting that the swelling of GAG
could either contribute to the collagen waviness, or fill in the existing collagen waviness
which could be under compression due to tensile elastin. To address this lack of
understanding, future work could include investigating the interaction between the ECM
constituents, and specifically whether the swelling of GAG puts the ECM fibers under
tension or compression. Characterizing the ECM fibers using more advanced
technologies such as multiphoton microscopy [13] may provide further information and
details regarding fiber structure and help bridge this gap.

Chapter 6 allowed us to evaluate the effect of GAG on the circumferential stretch, where

we found that GAG depletion reduced the circumferential compressive stretch in the
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inner layers of the aortic wall. In line with [12], the inner layers were shown to be under
residual compression, while the outer layers were shown to be under residual tension.
Although the correlation between the collagen:GAG ratio and the opening angle suggests
that GAG puts the collagen fibers under some level of prestretch, the concept of
circumferential prestretch remains elusive. Further characterizing the ECM fibers, which
are believed to be the origin of circumferential prestretch, may provide a deeper
understanding on how fiber prestretch regulates the circumferential prestretch. Similar to
the previous recommendation, multiphoton microscopy may also enable to elucidate the
relationship between the fiber and circumferential prestretch via an in-depth
characterization of the matrix.

While this dissertation was concerned with understanding the effect of the ECM on the
residual stresses and mechanical properties of the aorta, the cellular component may also
be implicated, but was not considered. It has been previously shown that destroying
smooth muscle cells (SMCs) by freezing does not affect arterial opening angle [14].
Additionally, Azeloglu et al. found no difference in the opening angle of aortic rings
treated with cytochalasin D, which eliminates SMC contraction [2]. However, Guo et al.
speculated that changes in the opening angle of aortic rings due to change in external bath
osmolarity may be due to the swelling of the cellular component of the aortic wall [15].
On the other hand, SMC activation was found to affect the mechanical properties of the
thoracic aorta, namely aortic stiffness and its viscoelastic properties [16]. To address
these conflicting findings, and bridge the gap in the present dissertation, one
recommendation for future work would be to study the effect of SMCs and their

activation status on residual stress and the mechanical properties of the aorta.
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In this work, we implemented a mathematical optimization technique to model two layers
of the aortic wall. One interesting suggestion for future work would be to validate the
effectiveness of this optimization method by comparing its results to experimental
findings where intima-media and adventitia have been mechanically separated before
testing.

Since GAG swelling only contributes a portion of the opening angle, in numerical
simulations, a model that combines both the effects of GAG and circumferential
prestretch could be developed.

While this work offers a robust framework for studying the GAG roles in the aorta, it is
important to note that it was limited to porcine tissue. Therefore, future research should
focus on validating and/or investigating these mechanisms in the context of the healthy
and diseased human aorta.

To establish clinical relevance, it would be interesting to develop a methodology for
measuring GAG or their FCDs non-invasively. Interestingly, multiple imaging methods
are available and widely used to measure the FCD of GAG in cartilage from magnetic
resonance images (MRI). Two examples of these methods are known as the Delayed
Gadolinium-Enhanced MRI (dGEMRIC) [17]-[20] and the T1rho method [21]-[24]. One
suggestion for future work would be to evaluate the feasibility and efficiency of such

methods for measuring GAG in the aorta.
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