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A cerebral aneurysm (CA) is most commonly a saccular enlargement in the wall of a
cerebral artery. Aneurysm rupture is associated with high morbidity and mortality and hence there
IS a pressing need to better understand the disease progression and rupture mechanisms. Clinically
useful metrics for assessment of rupture risk can be identified based on this information.

Accurate measurements of mechanical properties of arterial tissues is essential for rupture
risk assessment and development of more realistic mathematical models. Although uniaxial tensile
testing is commonly used to evaluate failure properties of vascular tissue, there is no established
protocol for specimen shape or gripping method. We developed a new uniaxial testing approach
that can achieve consistent failure in the mid-region of small specimens, even for vessels from
older individuals and small cerebral aneurysm tissues and used this approach to analyze the failure
process in human cerebral and sheep carotid arteries.

Collagen is the major passive load bearing component in arteries including cerebral artery
and aneurysmal walls. To maintain a sustainable level of intramural loads and avoid rupture, the
collagen fabric must adapt in response to the temporally evolving cerebral aneurysm geometry. To
study the remodeling of collagen structure during disease progression as well as its role in failure
of arterial tissue, 22 elastase-induced rabbit aneurysms were studied using multiphoton microscope
(MPM) imaging and mechanical testing. The results were also compared to human aneurysm data.

Inclusions such as calcification can affect the stress distribution and strength of arterial

walls. The role of calcification in failure of cerebral arterial tissues remains unknown. The high
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prevalence of calcification in cerebral aneurysms has been shown previously. To better understand
the role of calcification in cerebral arterial tissues, the prevalence of calcification in cerebral
arteries was investigated. A methodology was developed and preliminary data obtained to analyze

the interaction between collagen fibers and calcification during mechanical loading.



Table of Contents

P T AL et b bbbt XXI
1.0 INEFOAUCTION ...t bbb bbb e bbb nneene s 1
2.0 A Uniaxial Testing Approach for Consistent Failure in Vascular TiSSUES...........ccccceeuene. 6
2.1 INEFOAUCTION ..ttt bbbttt e bbbt nbenne s 6

2.2 IMIBENOAS ...ttt bbb bbb nre s 9
2.2.1 SamMPIe ACGUISTTION ..o 9

2.2.2 StUY POPUIALION ... 10

2.2.3 SPECIMEN PreparatiOn..........cccooiiiiiiiiieieiese e 10

2.2.4 MeChaniCal TESTING .....ccveieiirieiieicseree e 11

2.2.5 Classification of Failure Location and Failure Mode.............c.ccococvniiviiennen, 13

2.2.6 Classification of Failure Process as Abrupt or Gradual...............ccoceovvnneee. 14

2.2.7 SEAtISTICAI ANAIYSIS ..o 15

2.3 RESUITS ...ttt 16
2.3.1 Dogbone Specimen Failure TeSTING .......cocovviiieniiiieeee e 21

2.3.2 Rectangular Specimen Failure TeStING .......cccooviiriiinieieeee e 21

2.3.3 Comparison of Dogbone and Rectangular Specimens...........c.ccocvvvvrvnnennn, 22

2.3.4 Relationship between Failure Mode and Mechanical Response.................... 24

2.4 DISCUSSION ...ttt ettt b bbbt b et e b et s bt b s bt e bt e s e e st e b et et e st be bt e 25

2.5 ACKNOWIEAGMENT ... nneens 32

3.0 Adaptive Remodeling in the Elastase-Induced Rabbit Aneurysms ...........cccccevvvevivrnenee. 33
3L INEFOTUCTION ..ot 33



B2 M NOAS ..o 37

3.2.1 Creation of Rabbit Aneurysms and Acquisition of TiSSUE............ccccceeveeennen. 37
3.2.2 OVverview Of TiSSUE ASSESSIMENT.......ccuiieiiieierierie st 38
3.2.3 Imaging the Evolving Collagen Fiber Organization.............cc.ccocvovniiiniennen, 39
3.2.3.1 Multiphoton Imaging of Collagen and Elastin Fibers............c........... 39
3.2.3.2 Quantification of Collagen Fiber Orientation and Waviness............ 40

3.2.3.3 Assessment of Wall Structure in Cross Sections of Fixed Tissue

3.2.3.4 Assessment of Collagen Fiber Reorganization under Sub-Failure

LOAAING oottt 42

3.2.4 Assessment of Mechanical Properties through Complete Failure................. 43
3.2.5 Estimating the Multi-Axial Nature of Intramural Stresses...........c.ccocevvvenenn 43
3.2.6 Structurally Motivated Constitutive Equation for the Remodeled Wall......44
3.2.7 SEAtiSTICAl ANAIYSIS ..o 48

K J0C BN TS 1 ] | SRR 49

3.3.1.2 First Phase Remodeling - Formation of New Layer between Media and
0 Y= o] ) - USROS 50

3.3.1.3 Second Phase Remodeling — Reorientation of Medial Collagen Fibers

vii



3.3.2 Capacity of Collagen Fibers for Longitudinal Load Bearing .............ccccue.... 56
3.3.2.1 Collagen Fibers in Control Artery Show Little Capacity for
Contribution to Longitudinal Load Bearing ...........cccccoceviiiniennnins 56

3.3.2.2 Remodeled Collagen Fibers in the Aneurysm Wall Reorient under

Longitudinal Loading .........cccovviiieiiiiiencieseseseeeeee e 59

3.3.3 Strength under Longitudinal Loads............cccooeiirininieieienec e, 60
3.3.4 Constitutive Equation for Remodeled Aneurysm Wall..............ccocoovvvenennen, 62

314 DISCUSSION ...ttt ettt b bbbkt b e e bbbt bbbt e e e b et et e bt b e e 66
3.5 CONCIUSION ... b bbbt e ettt 72
3.6 ACKNOWIEAGMENT ... 73
4.0 Prevalence and Distribution of Calcification in Human Cerebral Arteries.................... 74
A1 INEFOTUCTION L.ttt bbbttt et sb e 74
4.2 IMEBENOAS ... bbbttt bbb 76
4.2.1 TISSUE ACQUISTTION ..ottt bbb 76
4.2.2 MICFO-CT SCANNING.....eitiitiitiitieiieiieieie ettt bbbttt 76
4.2.3 MESN GENEIALION ...ttt bbbt 78
4.2.4 Classification of Wall TYPES.......ccveiiiiiiieieee e, 78
4.2.5 Bifurcation 1dentifiCation ............ccooiiiiiiiicieee e 79
4.2.5.1 Vascular Branch SPItting ........ccccooveiiiiniiiinceeee e 79

4.2.5.2 Bifurcation REJIONS .........ccoiiiiiiiiiieie et 80

4.2.6 Calcification Location and Volume Fraction Analysis for Separate
=T [0 USSR SRS 82

4.2.6.1 Calcification Location ANalysiS.........ccccvvieiieieiie e 82

viii



4.2.6.2 Calcification Volume Fraction in Separate Regions ...........c.cc.ccocveene 82

4.2.7 StAtiStICAl ANAIYSIS ....c..oviiiiiieee s 83

A3 RESUITS ...ttt ettt re et et n e bt re et nee e 83
4.3.1 Calcification is Present in All Cerebral Artery Samples............ccoccooviieiennn. 83

4.3.2 Most Calcification Particles Are Micro-Calcifications.............c.ccoovvvvveiennen, 87

4.3.3 Most Calcification Found in Atherosclerotic FOrm.........c.ccccocviiinininnennn, 89

4.3.4 Calcification at BifurCations...........cccceveiieiiiie e 93

O D T 1T oL 11T o PSSR 95

4.5 ACKNOWIEAGMENT ...t 98
Appendix A Constitutive Modeling of Rabbit ANBUIYSM ... 99
Appendix A.1 Fiber Dispersion Model ... 99

Appendix A.2 Determination of Material Parameters from Uniaxial Tension

EXPEITMENTS ...t 102
Appendix A.3 Acquisition of Other Parameters...........ccocoviiiininieieie e 104
Appendix A.3.1 Thickness Fraction of Each Layer - y.......c.cccoeiviiciiiicicnnns 104
Appendix A.3.2 Areal Fraction of Collagen Fibers - p.......cccoooveiiiiciiiiicinn 105
Appendix A.3.3 Activation Stretch of FIDer ..o 106
Appendix A.3.4 Probability Density Function of Fiber Angle............ccooovveiennnn. 106
Appendix B Added Information on Rabbit ANEUIYSM ... 107
Appendix B.1 Analysis of Wall Thickness and Endothelial Cell Coverage ................ 107
Appendix B.1.1 Detailed Wall ThiCKNESS............cccoiiiiiniiiiee e 107
Appendix B.1.2 CD31 Cell SCONE .....ccveiiiieie st se e nae e 108
Appendix B.1.3 Relationship between Cell Score and Wall Thickness................ 110



Appendix B.1.4 Heterogeneity of Wall Thickness and Strength ..............cccccc..... 111

Appendix B.2 Biaxial Response of Rabbit ANeurysms ..........ccccoovviieieieincncnenen 112
Appendix C Visualization of Collagen Fibers and Calcification.............cccoceeeiiniiiiinnnnne 114
APPENdIX C.1 INTFOQUCTION ..o 114
APPENAIX C.2 METNOUS. ... 114
Appendix C.2.1 TiSSUE ACQUISTTION ........ciiiieieiinieite st 114
Appendix C.2.2 MiCro-CT SCANNING ....coviieiiieieiie e 115
AppendixX C.2.3 MPM IMAGING .....cooiiiiiiieieieiiesie st 115
Appendix C.2.4 Post-processing MPM IMAges .........ccccuvveieieneneniieneseseeeeen, 115
APPENAIX C.3 RESUILS ...t bbb 116
Appendix C.3.1 Calcifications at Different Spots of One MCA Case .................. 116
Appendix C.3.2 Calcifications of Other Arteries ..........cccocvvniiiinncee 120
APPENIX C.4 DISCUSSION. .....itiitieiieiieieie sttt sttt et bbb enes 121
BIBIIOGIaPNY ... 123



List of Tables

Table 1 Uniaxial failure testing methods and clamp failure data for arterial tissue from
representative PUDIISNE WOTK.........cooiiiiiii e 7
Table 2 Results of failure testing for sheep carotid artery specimens. The notation N/A is
used for cases where there was no visible initial crack before total failure...................... 19
Table 3 Results of failure testing for human basilar artery specimens ............cccccocvvnvnenn. 20

Table 4 Shape features and mechanical properties in longitudinal loading for aneurysms and

control arteries across all SAMPIES..........coiiiiiii s 55
Table 5 Overview of parameters in constitutive MOdel...........ccccovvieiiieii i 63
Table 6 Results for measured and fitted parameters in constitutive model..............cc.co....... 65
Table 7 Summary of patient clinical data.............cocooeiiiiiiiii 84

Table 8 Calcification volume fraction, wall type and largest particle size in cerebral arteries

Xi



List of Figures

Figure 1 Sample preparation and experimental setup for failure testing. (a) Arterial
segment, (b) Sample opened longitudinally with schematic of dogbone and rectangular
shaped specimens, (c) Rectangular specimen, (d) Dogbone specimen, (e¢) Custom
mechanical testing system with (A) linear actuator, (B) the load cell, (C) metal clamping
system, and (D) CMOS camera. In (f) foam tape attached to underside of both grips on all
four surfaces and (g) enlarged image of clamps showing grip region............cccccccevenennene 12

Figure 2 Illustration of abrupt and gradual failure in mechanical loading curves. Shown are
idealized loading curves to illustrate nature of abrupt failure and the three types of
gradual TaIlure (G-1, G-2, G-3). ..ottt bbb 15

Figure 3 Failure process in sheep carotid artery specimens. Four levels of deformation
during loading to failure are shown: Row 1: DB-FT for (a) #S2 and (b) #S7; Row 2: Rect-
FT for samples (c) #513 and (d) #S15; as well as Row 3: Rect-SP for (e) #S19 and (f) #S21.
Location of crack that led to catastrophic failure is marked by a white arrowhead, where
identifiable. Adventitial side of specimen is facing Camera...........c.ccoovvvvvrieneienene s 17

Figure 4 Failure process in human basilar artery specimens. Four levels of deformation
during loading to failure are shown. Row 1: DB-FT for (a) #H2 and (b) #5; Row 2: Rect-
FT for (c) #H8 and (d) #H11; as well as Row 3: Rect-SP for (e) #H14 and (f) #H17. Location
of tear that led to catastrophic failure is marked by a white arrowhead or circled in red,

where identifiable. Adventitial side of sample is facing camera. ..........c.cccoccevvveviiieiienne 18

xii



Figure 5 Middle failure consistently achieved in dogbone specimens with foam tape.
Distribution of clamp versus middle failure for three test groups for (a) sheep carotid
artery and (b) human basilar artery. No samples failed in the Transition region............ 23

Figure 6 No significant difference in ultimate stress or strain for different testing methods.
Row 1: Ultimate stress in (a) sheep carotid and (b) human basilar arteries: Row 2:
Ultimate strain in (c) sheep carotid and (d) human basilar arteries. The bars show average
ultimate failure stress and stretch with standard deviation.............c.cccoccevveienieniccieseene. 23

Figure 7 Failure process differs significantly between failure modes. (a) Distribution of
abrupt and gradual failure are significantly different for three failure modes in ensemble
of 39 samples of vascular tissue (p<0.0001), (b) Cluster diagram showing distribution of
samples into abrupt and gradual failure groups based on areas under mechanical loading
CUNVE USING The R FACTOT. ...o.oiiiiiii e 24

Figure 8 Tissue Harvest and Sample Preparation. (a) DSA image of aneurysm before
sacrifice, aneurysm circled. (b) Aneurysm sac was bisected longitudinally, cut line shown
in red, into dorsal and ventral pieces, (c) and (d) with aneurysm region in ventral pieces

shown in red. (e) Dogbone shaped sample cut in longitudinal direction from ventral piece.

Figure 9 Example of ctFIRE traced fibers. (a) The input MPM image. (b) Output from
CtFIRE With traced fIDEIS. ......c.vo oo 41
Figure 10 Schematic of coordinates and mapping used for fiber kinematics. (a) Unit vector
Mo represents arbitrary fiber direction with respect to Cartesian coordinate system (ez is
circumferential direction, ez is longitudinal direction). (b) Schematic of fiber and

associated fiber stretch during 10ading. .........cccveviiiiiieie s 45

Xiii



Figure 11 Shift to a more biaxial load state after aneurysm formation. (a) 3D reconstruction
of the vasculature from DSA data from a representative two week case (H396). (b, c)
Contour plots of the ratio of the principal Cauchy stress components o2/c1. The direction
of the first principal stress is shown (arrows), demonstrating that o1 and o2 are
approximately in the circumferential and longitudinal directions, respectively. In the
aneurysm wall (b), the longitudinal stress is generally at least half the circumferential
stress due to the end cap that is formed after vessel ligation. In contrast, in the control
arteries (c), longitudinal stress is much smaller relative to circumferential stress(l........ 49

Figure 12 Comparison of wall layers in artery and aneurysm wall. Wall structure of control
artery (a-d) and aneurysm in (e-i) as seen using multiphoton imaging with collagen fibers
in red (SHG signal) and elastin fibers in green (2PE signal). (a) schematic of layered
organization of wall of control artery, (b) cross section of artery wall showing elastin layers
in media and collagen fibers in both medial and adventitial layers. (c,d) projected
substacks from enface imaging images. Wall layers in aneurysm wall with (e) schematic of
layered organization of wall of aneurysm, (f) cross section of 1A wall showing an additional
layer between the media and adventitial layers. (g-i) Substacks obtained from enface
imaging for each of three wall layers in illustrative 8 week case (H629). The Al values for
each image: (c) 0.49; (d) 0.93; (g) 0.62; (h) 0.44; (i) 0.50. ....ccoeviiieiiee e 53

Figure 13 Evolution of elastin layers after aneurysm initiation. Projected stacks of MPM
images showing elastin (2PE signal) of (a) control artery with area coverage of 96%, (b)
aneurysm wall 2 weeks after creation with area coverage of 23%, and (c) 4 weeks after
creation with area coverage of 4%. The area fraction was analyzed by ImageJ (NIH, MD,

USA). oovvveeeeeeeeeeeesseeseeessess e sees e e e e et e ettt et e 53

Xiv



Figure 14 New collagen layer seen as early as two weeks. Substacks of MPM imaging of new
wall layer, for representative cases from all four time points. Projected MPM images show
wide distribution of collagen fiber orientation (Al = 0.56 + 0.15, average over all samples).
Circumferential orientation is 0 or 180 in the circular histogram. Longitudinal orientation
IS 90 OF 270, ..ottt ettt sttt R bRt R e bt n e aRe e be et e re e reenteereeareenae s 54

Figure 15 Remodeled media shows transition of collagen fiber orientation from longitudinal
to circumferential direction. Collagen fibers (SHG signal) in substacks of MPM images
across the medial layer for a representative 8 week case (H551) and associated heat map
of distribution of fiber orientation. (a) Heat map of distribution of fiber angle as a function
of distance from lumen surface. Circumferential direction is 0 and © and longitudinal
direction is m/2. Fiber distribution is normalized to range from zero to one; (b) In inner
media, (depth 0-20 pm), collagen fibers are largely aligned in longitudinal direction; (c) In
mid-region of media, (depth 20-40 pm), fibers display a more dispersed distribution; (d)
In outer media, (depth 40-80 pm), fibers are largely circumferentially aligned............... 57

Figure 16 Collagen fibers in control artery show little recruitment even under substantial
longitudinal stretch. 15t row: Projected stacks of MPM images show medial collagen fibers
are largely circumferentially aligned in the unloaded state (A = 1). 2" row: Contours of
fiber angle as a function of wall depth show largely circumferential alignment throughout
the wall thickness in the unloaded state. With increasing stretch there is only a modest
reorientation of fiber angle and fibers remain wavy and unrecruited, even at stretch up to
2.4. 3" row: The undulations in the adventitial collagen similarly remain unrecruited even

AL STIEICIN OF 2. 58

XV



Figure 17 Fibers in new layer reorient under longitudinal load. With increasing axial load,
collagen fibers in new layer show reorientation in the loading direction (7/2), and nearly
complete alignment by stretch of 1.4 (case H629, 8 WEeKS).........ccovvviviiniinieiieiieie e 59

Figure 18 Collagen fibers in remodeled media of aneurysm further align under longitudinal
loading (Case H626, 12 weeks). Heat maps of fiber distribution of collagen fibers across

medial layer showing increasing longitudinal alignment with stretch across medial layer.

Figure 19 Failure properties of longitudinal samples of control artery and aneurysm wall as
a function of remodeling time. (a) Ultimate Cauchy stress of all samples, split into below
average strength (red circles) and above average strength (blue diamond), with average
values for each time point denoted by “x”. All above average cases have strength greater
than 5 MPa. (b) Average ultimate stretch for control and each time point, corresponding
to data in (a). Error bar represents standard deviation. Ultimate stretch is the stretch
corresponding to the ultimate (peak) stress during uniaxial failure testing. .................... 61

Figure 20 Experimental stress-stretch data (red dots) along with the fitted curve (solid) for
CASE HADD ...t ettt ettt Re e bt e bt e te e bt e b e e reeanre e 65

Figure 21 Remodeled medial collagen fibers of human aneurysm case similarly show
transition between two orthogonal directions. (a) Distribution of fiber orientation as a
function of depth. (b,c) Projected stacks of MPM stacks showing collagen fibers largely
aligned in one direction in outer media (depth 30-70 pm), and displayed more dispersed
distribution in inner media (depth 0-30 pm) orientations (Contour plot reproduced from
[12]). This human aneurysm sample (CA-25) was obtained from a 53 year old female

patient and had distinct medial like and adventitial like layers. ...........cccocevvvieiivciecnenen. 69

XVi



Figure 22 Circle of Willis and the anatomy for the segments included in current study. (a)
Circle of Willis from human cadaver. (b) Representative arterial segment. The red arrows
point to distal and proximal PCOM bifurcations (PB-D and PB-P, respetivey) and the
green arrow points to ICA bifurcation (ICA-B). (c) 3D reconstruction from micro-CT
scan. The grey region is non-calcified tissue and the yellow shows the calcificed particles
INTNE WAIL ...t et e st et e e tesreesteeeesreenreeneeas 77

Figure 23 lllustration of methodology for splitting regions based on centerlines. (a)
Centerlines of outer surface. (b) Inner and outer surfaces with split regions.................. 79

Figure 24 ldentifying and extracting bifurcation regions. (a) The centerpoint (C) of the
bifurcation region was located at the middle point of curve AB. (b) ICA bifurcation (ICA-
B) was formed by propagating an area outward from the centerpoint to a radius equal to
that of the ACA. (c) PCOM bifurcations (PB-D, PB-P) were formed by propagating an
area from the centerpoints to a radius equal to that of the PCOM. (d) Illustration of
extracted inner surface, outer surface and calcification at bifurcation region. ................ 81

Figure 25 Calcification volume fraction in cerebral arteries (blue) and cerebral aneurysms
(orange). (a) Distribution at different ranges. (b) Calcification volume fraction in cerebral
arteries is higher than cerebral aneurysms (p < 0.001). Data of cerebral aneurysms was
FIOM [25]. ottt b bbbttt b bbb 85

Figure 26 Calcification distribution in different layers of (a) cerebral arteries (n=10) and (b)
cerebral aneurysms (n=51). (b) was reproduced from [25] with permission. ................... 87

Figure 27 Most calcification particles are less than 30 pm, for both cerebral arteries and

cerebral aneurysms. (a) Distribution of all sizes in cerebral artery and aneurysm. (b)

XVii



Zoomed in distribution of calcifications less than or equal to 30 pm in artery and
aneurysm. Data of cerebral aneurysms was from [25]. .......ccccociiiiininiciie 88
Figure 28 Macro-calcification has higher prevalence in cerebral arteries (blue) than cerebral
aneurysms (orange). The proportions of calcification size in arteries and aneurysms are
significantly different (p < 0.001). Data of cerebral aneurysms was from [25]. ................ 89
Figure 29 Representative CT slices of three different wall types which are subcategorized
based on largest particle found in the sample. The white and yellow rectangles show
zoomed in calcification and lipid pools, respectively. Lipid pools are indicated by white
(0 0] (=T 0 I8 110 T- ST 91
Figure 30 Majority of cerebral arteries have atherosclerotic calcifications (Type 111 wall).
The proportions of wall types of cerebral arteries (blue) and cerebral aneurysms (orange)
are significantly different (p < 0.001). Data of cerebral aneurysms was from [25]. ......... 92
Figure 31 Type 111 walls had significantly higher calcification volume fraction than Type
I&11 for both (a) cerebral arteries (p = 0.015) and (b) cerebral aneurysms (p = 0.009). Data
of (b) was obtained from experiments performed by Dr. Gade with permission. ............ 92
Figure 32 Volume fraction of calcification at the bifurcations of cerebral arteries (n=10). The
volume fraction of calcification at non-bifurcation regions was significantly higher than
for the distal PCOM bifurcations (p = 0.015). The difference in calcification volume
fraction was not signficant between cerebral aneurysms and any region of the cerebral
2L ] YO T PP RPN PSPPI 93
Figure 33 The distribution of calcifications in the inner, middle and outer thirds for

bifurcations and remMaiNiNg FEJION ..........ccueiiieieiieie e e e e eas 94

Xviii



Figure 34 Relation among particle counts, largest particle size and volume fraction of
calcifications of cerebral arteries. (a) Calcification volume fraction increased as particle

counts increased at low volume fraction. (b) Calcification volume fraction increased as the

largest particle SIze INCrEASEd. ..o 97
Figure 35 Schematic of stress distribution on different layers............ccocooeiiiiiiinicinn, 103
Figure 36 Cross section of MPM stack shows three different layers ..., 105

Figure 37 Angle distribution of new layer and media. The smooth lines are the fitted Bimodal
VON IMISES TUNCHIONS.......eiiieiecie ettt ste e re e beeneennaennas 106
Figure 38 Thickness heat maps of two representative cases (scale: mm). The aneurysm part
was further separated INTO 3 FEJIONS. ......ccviiviiiiiiiiieieee e 108
Figure 39 Representative images taken from samples to show the score of endothelial cells
0101V ] - To [PPSR 109
Figure 40 Cell scores of different regions and corresponding wall thickness map (thickness
SCAIEI IMIM) ottt b bbbt et e e bbbttt ene s 110
Figure 41 Correlation between average cell score and average wall thickness................... 110

Figure 42 The ultimate strength of the tissue is negatively correlated with standard deviation

Figure 43 Equi-biaxial mechanical responses of seven rabbit aneurysm cases .................. 112

Figure 44 Collagen fibers in the new layer of aneurysm under equi-biaxial loading (Case

Figure 45 Micro-CT reconstruction of MCA (CW19-005) and ROIs for MPM imaging. (a)
Dissecting scope image; (b) reconstruction of micro-CT (calcification shows up as gold);

(c) locations of four ROIS UNAer MPM .........cccoiiiiiiie e 116

Xix



Figure 46 Micro-calcification was sparsely distributed in the adventitia of different ROIs
(imaged from abluminal side; collagen — red, calcification — magenta)..............cccccccv..... 117
Figure 47 Collagen fibers and calcification imaged from luminal side at different ROIs
(collagen — red, calcification — MAgeNTa).........cccceririieiieie e 118
Figure 48 Internal Elastic Lamella (IEL). (a,b) Intact IEL at ROI 3; (c) Heart-shaped IEL
fragment at ROI 4; (d) combined SHG and 2PI signal showing collagen and elastin. . 119
Figure 49 Calcifications in ICA and Vertebral artery (VA). First row represents one segment
of ICA (CAF-18); second row represents one segment of vertebral artery (CW17-006). (a)
Dissection scope image of ICA; (b) micro-CT reconstruction of ICA (calcifications with
yellow color); (c) MPM image of sample at location identifed in (b) with Osteosense
showing calcification in magenta; (d) Dissection scope image of VA; (e) micro-CT
reconstruction of VA; (f) MPM image of sample at location identifed in (). ................ 120
Figure 50 MPM images of highly calcified ICA (CW17-003). (a) Dissection scope image of
ICA; (b) micro-CT reconstruction shows the highly calcified tissue; (c-f) MPM images of

L 0T1Y (0 B RO ] LTS 121

XX



Preface

| would like to express my deepest gratitude to my advisor Dr. Anne M. Robertson for her
continued support and guidance throughout this research work. She is a great scientist and an
exceptional mentor. Her creativity, enthusiasm and a wealth of knowledge have always been
inspiring me. | am grateful to another lesson I learned from her: always focus on the positive side
and make the positive efforts.

| would like to thank my committee members, Dr. Spandan Maiti, Dr. Sachin Velankar,
Dr, William Slaughter for their guidance and insightful comments.

My sincere thanks also go to our collaborators. Dr. Maiti and Ronald are always ready to
help and have provided great insight on computational approaches. Dr. Kallmes and Dr. Kofler
provided the samples used in this study and Dr. Watkins provided technical support for
microscopic imaging.

| am grateful to my fellow lab mates, Xinjie, Fang, Piyusha, Yas, Ron, Mike, Sarah, Mehdi,
Ricardo and Eliisa, for their collaborations, help, stimulating discussions and fun we have had in
the last few years. It was a wonderful experience to work with them. I would also like to thank
Deb for her patience, kind help and delightful talks. I also wish to acknowledge Patrick for his
diligence and passion. | wish to thank Mehdi and Ronald for the collaborative efforts in the last
Chapter.

Lastly, but by no means least, I would like to thank my parents for their tremendous
support, love and encouragement. They motivated me to pursue my own value and helped me to
get stronger after every setback.

| am indebted to all the love, support and joy I received along the way.

XXi



1.0 Introduction

An intracranial aneurysm (1A) is a focal dilatation in the wall of a cerebral artery that is
generally saccular in shape. Although aneurysms may remain stable for years, there are a small
percentage that rupture during the fifth to seventh decades of patient life [1]. The rupture rate of
IAs is estimated to be 1.3% per year [1] and rupture can lead to subarachnoid hemorrhage which
is associated with high rates of morbidity and mortality (40-65%) [2]. Current treatment for 1As
majorly focuses on isolating the aneurysm wall from the circulation. Theses treatment strategies
include placing mechanical clips at the neck, inserting coils into the aneurysm sac and other
endovascular procedures. As risks associated with current treatments are substantial, there is a
pressing need for improved treatment and risk assessment.

Current risk assessment mainly depends on aneurysm size. However, the limitation of this
approach is that most ruptured aneurysms are smaller than the critical size, 7 mm [1,3,4]. Hence,
size is insufficient for risk stratification. Other factors, such as aneurysm location, irregularity of
geometry, alcohol consumption, cigarette smoking, are also used to assess the risk of rupture [5—
9]. A confounding factor of most risk assessment approaches is that they use the characteristics of
ruptured aneurysms as features of high risk unruptured aneurysms. Moreover, uses a binary
approach to categorizing aneurysms as either ruptured (high risk) or unruptured (low risk). This
single categorization of unruptured aneurysms is clearly not ideal, as even unruptured aneurysms
display substantial heterogeneity in wall structure. For example, three different types of walls with
great variability were found in unruptured aneurysms based on cellular content and structure [10]
and a range of collagen fiber architecture was also reported in unruptured aneurysms [11,12]. This
simple approach to assessing risk is unavoidable to some degree due to the dearth of clinical data
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tracking patients over time from prerupture to rupture. However, some recent work has looked at
aneurysm growth [13-16] and the formation of blebs on the aneurysm wall [17-19] as a method
of assessing risk distinctly from rupture.

The strength of aneurysm walls has been directly evaluated recently [11,20,21]. Instead of
using rupture status, non-binary wall strength was included to identify aneurysm characteristics,
such wall geometry and hemodynamics. It is critical to have knowledge of the temporal nature of
changes of the wall during aneurysm progression and the diverse physical causes of diminished
wall strength. It is vital to have such information for developing effective metrics for risk
assessment and novel treatments to stabilize the aneurysm or strengthen the wall. It is well accepted
that mechanical factors have fundamental roles in the rupture of aneurysms and rupture occurs
where the local stress level exceeds the wall local strength. However, the underlying failure
mechanism of cerebral aneurysms still remains unknown.

The mechanical properties of cerebral arterial tissues, both healthy and pathological, are
needed for evaluating wall integrity as well as understanding the effects of pathologies. Uniaxial
tensile testing is a common approach to evaluate failure properties of vascular tissues as well as
other soft tissues. Ideally, specimens should fail in the middle section to avoid the confounding
clamp-related artifacts. Additionally, with consistent midregion failure, studies can be designed to
image the sample during failure testing for even small vascular samples. Such studies would
provide valuable quantitative information about changes to collagen and elastin structure during
the failure process. However, there is no established protocol for specimen shape or gripping
method, especially for small specimens from cerebral arterial tissues.

The passive mechanical response of cerebral arterial tissues is largely determined by the

properties and organization of the elastin and collagen fibers within the wall. Elastin fibers are



highly elastic and engaged to load bearing during the low stiffness toe region of the loading curve
for healthy arteries. Their great extensibility enables the vessel to return to its original state under
cyclic loading. In contrast, collagen fibers are generally in an unloaded wavy state at low loads
and engage in load bearing only at the end of the toe region of the loading curve. Collagen fibers
are stiffer and stronger than elastin fibers. In contrast to cerebral arteries, elastin is nearly always
absent in IA walls and in fact, the loss of elastin is considered an early event in aneurysm
formation. Therefore, the stiffness, strength, and organization of the collagen fibers are critical in
defining the failure properties of arteries. During the progression of cerebral aneurysms, the
geometry of the arterial wall changes in time, generally increasing in diameter. In order to maintain
a sustainable level of intramural loads and avoid rupture, the collagen fabric must therefore also
adapt in time. This can be seen even from a simple force balance using the Law of Laplace.

Although collagen remodeling is a key factor in understanding the evolution of strength of
the arterial wall and determining rupture risk such as intracranial aneurysms, few studies have
directly evaluated the collagen fibers or their architecture in 1As [11]. As a result, many
fundamental questions remain unanswered that are important for evaluating the capacity of an IA.
While intracranial aneurysm tissue can be harvested following treatment by surgical clipping and
have provided valuable information about the heterogeneity in the wall among patients. A
challenge is that harvested aneurysms tissue can only represent one time point in the progression
of the disease. Animal models for IAs provide a means of studying multiple time points in disease
progression. The temporal data provided by studies with animal are crucial for understanding the
effective or ineffective remodeling process.

Moreover, the strength of aneurysm wall, i.e., the ability of the aneurysm wall to bear load,

can be impacted substantially by physical inclusions such as calcifications and lipids. For example,



calcification can cause local stress concentrations and affect the mechanical stiffness of the wall.
However, our prior work has demonstrated that calcification displays a wide range of sizes,
morphology and location, as well as physical relationship to the collagen fibers. The role of
calcification in failure of cerebral arteries as well as aneurysms remains unknown. While the
prevalence of calcification in 1As was reported to be between 1.7 to 29% [22—24], a recent study
from our group reported a much higher prevalence (78%) of calcification in 1As [25]. The lower
prevalence reported in the earlier studies is likely due to the lower resolution on the clinical
computed tomography (CT), with typical voxel resolution between 250 pm to 300 pm. In contrast,
the resected human aneurysm tissues were scanned by a high resolution micro-CT scanner with a
resolution of 3 um. In this more recent, high resolutions study, ruptured 1As were found to have a
lower calcification fraction with only nonatherosclerotic micro and meso-calcification compared
to unruptured cases. This finding suggests larger calcifications could play a protective role.
However, it remains unclear whether the increased prevalence of calcification develops as part of
the pathology of 1As, or whether the high prevalence is already present in the wall of the cerebral
vessels. The answer to this question can help us to better understand the role of calcification in the
rupture of aneurysms.

The overall objective of the current study is to determine the failure properties of cerebral
arteries and understand the various types and causes for this failure. This objective was further
broken down into the following three aims:

1. Develop a uniaxial testing approach for consistent failure in the middle of small
specimens, even for arteries from older individuals

Different gripping methods and specimen shapes were tested on both sheep carotid arteries

and human basilar arteries. Dogbone shaped specimens with soft grips can achieve midsample



failure in 94% of the specimens of only 6 mm in length. In addition to assessing rupture location,
failure modes were evaluated and the mechanical response curves were also analyzed and
classified.
2. Understand how the collagen fibers remodel during aneurysm progression

To study the evolution of collagen during aneurysm progression, 22 elastase-induced rabbit
aneurysm samples at four different time points after creation were included. Multiphoton
microscope imaging was used to study the collagen structure and elastin content. Uniaxial and
biaxial testing systems compatible with MPM enable the evaluation of collagen during the loading
process. The mechanical properties and failure strength of aneurysms and control arteries were
assessed by uniaxial testing using the same approach as described in Chapter 1. These results were
also compared with human aneurysms.
3. Investigate the prevalence of calcification in human cerebral arteries and identify the

relationship between calcification and collagen fibers

To achieve this specific aim, 20 internal carotid artery (ICA) segments from different
individuals were scanned using high resolution micro-CT with a resolution of 3 pum. The
calcifications and lipids were identified after 3D reconstruction of CT scanning. Their size and
location distributions were analyzed and then compared with results from human aneurysms. The
relationship between calcification and collagen fibers was then studied in several cerebral arteries

stained with Osteosense solution and imaged under Multiphoton microscope.



2.0 A Uniaxial Testing Approach for Consistent Failure in Vascular Tissues

The work in this chapter was largely reproduced from the following manuscript [26] with
permission granted by American Society of Mechanical Engineers (ASME):

Sang, C., Maiti, S., Fortunato, R., Kofler, J., and Robertson, A. M., 2018, “A Uniaxial
Testing Approach for Consistent Failure in Vascular Tissues,” Journal of Biomechanical

Engineering, 140(6), p. 061010.

2.1 Introduction

Mechanical failure of vascular tissues, such as rupture of abdominal aortic aneurysms and
cerebral aneurysms, arterial dissections and cerebral vessel damage due to head injury, can cause
severe health issues or even death [27-32]. Accurate measurements of mechanical properties and
an understanding of the failure process itself are vital for improving diagnostic tests and treatment
of these diseases. Uniaxial tensile testing is a common approach to evaluate failure properties of
vascular tissue as well as other soft tissues. In such tests, both rectangular and dogbone specimens
(also known as I-shaped and dumbbell shaped specimens) are widely used, as are an array of
clamping methods, Table 1. Even though sample geometry and clamping methods are known to
influence the stress and strain distribution within the sample, there are currently no clear guidelines

for selecting sample geometry or clamping methods for vascular tissues during uniaxial testing.



Table 1 Uniaxial failure testing methods and clamp failure data for arterial tissue from representative

published work

Quantity
Sample Unclamped sample failed at
Study Species Tissue shape size (mm) Clamping method clamp
Claes et al. [33] Human Coronary artery Rectangle 7x1 Grip with NF
cyanoacrylate glue
Holzapfel etal. Human Coronary artery Rectangle (7.21+1.21) Sandpaper with Majority
[34] %(2.81+0.38) super-adhesive gel
Pichamuthu et Human Ascending Rectangle NF Sandpaper with 8.4% (15
al. [35] thoracic aortic cyanoacrylate glue out of
aneurysm 178)*
Raghavan et al. Human Abdominal aortic  Rectangle 40x10 Uneven clamp with 11.4% (10
[36] aneurysm glue out of 88)*
Raghavan et al. Human Abdominal aortic  Rectangle Width: 4 NF 22% (32
[37] aneurysm out of 145)
Robertson et al. Human Aneurysm, basilar Rectangle Minimum: 5x4 Clamp with fine- NF
[11] and carotid artery grade sandpaper
Teng et al. [38] Human Atherosclerotic Rectangle (9~15)x2 Rubber coated grips  37% (27
carotid artery with sandpaper out of 73)
using super glue
Vorpetal. [39] Human Aortic tissue Rectangle 30x8 Clamp with NF
cyanoacrylate glue
Ferrara et al. Human Dilated ascending Dogbone NF Fine grit sandpaper  39% (160
[40] aorta with super-adhesive  out of
gel 407)**
Forsell et al. Human Abdominal aortic  Bone Length: 10~27 sandpaper with 20% (3
[41] aneurysm (neck: 4) super-adhesive glue out of 15)
Garcia-Herrera Human Ascending aortic  Dogbone  18x5 (neck: 2) Grip with NF
etal. [42] tissue cyanoacrylate glue
Mohan and Human Mid-thoracic Dumbbell 57.15x19.05 (neck: Low-mass air-piston 5.3% (2
Melvin [43] descending aorta 6.35) 31.23x12.7 grips out of 38)*
(neck:4.57)
Okamoto etal. Human Dilated ascending Dumbbell 35x10 (neck: 4) Sandpaper NF
[44] aorta
Korenczuk etal Porcine Abdominal aorta  Dogbone  10x5 (neck: 3) NF NF
[45]
Stemper etal.  Porcine Aorta I-shaped NF NF NF
[46]
Shah et al. [47] Swine  Ascending Dogbone 20x5 NF 28%

thoracic aorta

Failure location was frequently not found (NF) in the publication. In some cases, clamp failure was reported

in a group with other testing artifacts. These cases are denoted by *Failed at clamp or slipped from grips,

**Failed near clamp, slipped from grips, or low quality of the stress-strain curve.



For uniaxial failure testing of rubber-like materials, the ASTM standard recommends
dogbone shaped samples with long central regions where the stress field is relatively homogeneous
and higher in magnitude, enabling consistent failure away from the grips [48]. Such long mid-
regions are often impossible to achieve in vascular tissues due to insufficient sample length, or
because the tissue is highly heterogeneous and so the region of interest is relatively short. The
grips of tensile testing machines create stress concentrations and can even damage the specimen
in the neighborhood of the clamped region [49-51] causing failure at the clamps even for samples
where the mid-region is long, Table 1. To date, a protocol for uniaxial testing of vascular tissues
with consistent failure away from the clamping region, has yet to be established.

Currently, some studies exclude data from specimens that failed at the clamps to avoid
confounding the data with grip related artifacts while others pool data regardless of failure location,
Table 1. Often, no information is given about inclusion/exclusion of such samples. While the more
cautious approach would seem to be preferable, this can result in substantial waste of tissue
samples, Table 1. Furthermore, failure at the grips precludes imaging of the tissue at the failure
location during mechanical testing. If failure in the middle of the sample could be achieved
consistently, the structural basis of failure could be analyzed using imaging modalities such as
multiphoton microscopy [52].

The objective of the current study is to identify clamping conditions and sample geometry
that can achieve consistent failure in the middle of small specimens, even for arteries from older
individuals. We conjecture that dogbone shaped specimens with a short midsection, combined with
soft grips can achieve this objective. To test this hypothesis, we assessed failure location during
uniaxial testing of dogbone specimens from human cerebral and sheep carotid arteries using soft

inserts between the grip face and tissue sample. For comparison with commonly used protocols



for uniaxial testing, we also tested two groups of rectangular shaped samples- those with sandpaper
inserts and others with soft inserts. In addition to assessing rupture location, failure modes were
evaluated (e.g. delamination, necking, cracking) and the mechanical response curves were also
analyzed and classified.

In this work, extremely small samples of only 6 mm in length were chosen, motivated by
the need to develop effective failure testing protocols for cerebral arteries, cerebral aneurysms and
other small tissue samples. Successful testing protocols for small samples are not only valuable in
situations where larger specimens are unavailable, but will also enable multiple specimens to be
tested from a single larger specimen as needed for measurements of anisotropic material properties

and also for studies of highly heterogeneous tissues.

2.2 Methods

2.2.1 Sample Acquisition

Human basilar arteries from five circles of Willis without severe visible calcification or
atheroma were included in this study (Alzheimer's Disease Research Center Brain Bank,
University of Pittsburgh) that were obtained post mortem using protocols approved by the
Committee for Oversight of Research and Clinical Training Involving Decedents (CORID). The
average subject age was 73.6 £ 4.3 years. Following harvest, the circles of Willis were snap frozen
to -80°C and then stored at -20°C. Prior to testing, the circles were thawed at 4 °C for 24 hours,

after which the basilar arteries were harvested. The average post mortem interval was 9.5 hours.



Three carotid arteries were harvested from 7-month old (juvenile) female sheep (Suffolk
and Dorset sheep), stored in PBS at 4°C after harvest and tested within 72 hours of sacrifice. Sheep
arteries were provided for this study in compliance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Pittsburgh following NIH

guidelines for the care and use of laboratory animals.

2.2.2 Study Population

Three test groups were considered for both the human basilar arteries and sheep carotid
arteries, i) DB-FT: Dogbone shape specimens with a foam tape insert (n=17); ii) Rect-FT:
Rectangular shaped specimens with a foam tape insert (n=11); and iii) Rect-SP: Rectangular
specimens with a sandpaper insert (n=11). To facilitate discussion of the results, within a single
tissue type (sheep carotid, human basilar), each specimen was given a numeric identifier (sample

number).

2.2.3 Specimen Preparation

In preparation for uniaxial testing, arteries were cut open along the long axis of the vessel,
Figure 1(a). Then, rectangular strips approximately 6 mm long and 2.4 mm wide were cut from
the flayed vessel, with long axis aligned in the circumferential direction, Figure 1(b,c). Arterial
regions with branch arteries and other visible non-homogenous factors such as plaque were
avoided. For dogbone shaped samples, an additional step was added whereby a circular die (4.5mm
in diameter) was used to mark an arc on each side of the rectangular strip such that the width of

the middle region was approximately 1.2 mm. This arc was then excised using a #15 scalpel under
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a dissecting scope, Figure 1(d). Prior to mechanical testing, wall thickness and width were
measured at three positions in the mid-region of the unloaded sample using a 0-150 mm digital

caliper (Marathon watch company Ltd) and then averaged.

2.2.4 Mechanical Testing

All rectangular and dogbone specimens were mechanically tested to failure using a custom-
built uniaxial tensile testing system with displacement control [52], Figure 1 (e-g). Briefly, tissue
specimens were held between metal grips located within a bath filled with 0.9% (w/v) saline at
room temperature, Figure 1(g). Prior to loading, insert materials (sandpaper or foam tape) were
attached to the face of the metal clamps to prevent slippage of the specimen during loading, Figure
1(f). Sandpaper inserts were glued to the grip face (Loctite 414, Henkel) prior to clamping the
specimen. The adhesive on the foam tape (7626A213, Multipurpose Foam Tape, McMaster-Carr)
was fixed to the face of the clamp and a few droplets of the same glue were applied between the
sample and insert materials.

After mounting, samples were preconditioned with three cycles to 20% extension and then
tested to failure. The zero strain configuration was defined as the sample configuration under 0.005
N load. To approximate quasi-static deformation, displacement of the left grip was set at 20 pm/s
using a high performance linear actuator (ANT-25LA, Aerotech Inc, Pittsburgh, PA) with
simultaneous force measurements obtained using a 5 Ib load cell (MDB-5, Transducer Techniques,
Rio Nedo Temecula, CA), Figure 1(B). Images of the tissue were recorded using a high resolution
CMOS camera mounted above the uniaxial system (EO-5012C, Edmund Optics, Barrington, NJ)

at a frame rate of 1 fps with a pixel size of 2.2 microns, Figure 1(D).
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Figure 1 Sample preparation and experimental setup for failure testing. (a) Arterial segment, (b) Sample

opened longitudinally with schematic of dogbone and rectangular shaped specimens, (c) Rectangular specimen, (d)
Dogbone specimen, () Custom mechanical testing system with (A) linear actuator, (B) the load cell, (C) metal
clamping system, and (D) CMOS camera. In (f) foam tape attached to underside of both grips on all four surfaces

and (g) enlarged image of clamps showing grip region.
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The applied stretch (1) was calculated as the ratio of the current to unloaded grip to grip
distance. The non-zero component of the Cauchy stress (o) was calculated as the external load (F)
measured by the load cell, divided by the current cross-sectional area in the test region, (A). The
current cross-sectional area A was defined as the unloaded cross-sectional area (Ao) in the middle
of the sample (unloaded width times thickness) divided by the stretch, where in doing so, the

deformation was approximated as isochoric (material idealized as incompressible).

2.2.5 Classification of Failure Location and Failure Mode

Based on the videos obtained during mechanical testing, the failure locations were
classified into three groups, “Clamp”, “Middle” and “Transition”. In particular, specimens that
failed within 0.5 mm of the edge of the grips were defined as “Clamp” failure. Those that failed in
the middle 50% of the sample were defined as “Middle” failure. Failure in between these two
regions was considered a “Transition” region failure. Locations were defined in the deformed
configuration.

Three failure modes i) cracking, ii) necking and iii) delamination were defined for each
specimen based on the following definitions:

Cracking mode: Visible crack is seen to initiate and then propagate across the width of
the sample as a through-thickness crack, ending in sample failure.

Delamination mode: A visible tear starts in a single layer and then propagates across the
width of the sample. Often a retraction of this layer follows. As the applied stretch increases, the
crack ultimately proceeds in both layers across the sample width, until complete sample failure is

seen.
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Necking mode: The width of the middle region of the sample narrows without cracking

until complete failure of the sample is seen.

2.2.6 Classification of Failure Process as Abrupt or Gradual

The failure process was categorized as abrupt or gradual based on the nature of the
mechanical loading curves. In particular, an R factor [53] was defined as Equation 2-1 and it was

used to distinguish between abrupt and gradual failure, Figure 2.

R Area under the Cauchy stress stretch curve after ultimate stress
= 2-1
Total area under the Cauchy stress stretch curve

Abrupt failure: Once the ultimate Cauchy stress (ou) is reached, stress rapidly drops
down in a ‘brittle’ manner. Specifically, loading curves with an R factor less than 1/3 (0.33) are
categorized as having abrupt failure.

Gradual failure: The stress diminishes over a relatively long stretch. This was defined
quantitatively by an R factor greater than 1/3.

Gradual failure was further classified in three different groups, Figure 2,

G-1. The stress displays a single maximum oy and drops down gradually to zero after this
single peak.

G-2. There are multiple peaks before complete sample failure.

G-3. The stress drops down abruptly after oy followed by a plateau before stress falls to

zero gradually.
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Figure 2 Illustration of abrupt and gradual failure in mechanical loading curves. Shown are idealized loading

curves to illustrate nature of abrupt failure and the three types of gradual failure (G-1, G-2, G-3).

2.2.7 Statistical Analysis

Statistical analysis was conducted with SAS Analytics (SAS Institute Inc.). The association
between testing methods and the failure location of the sample was evaluated using Fisher’s exact
test. This test was also used to compare the failure process in three failure modes. Analysis of
variance (ANOVA) was utilized to test whether the ultimate stress and stretch between test
categories were statistically different. Differences were considered significant if the p value was

less than 0.05.
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2.3 Results

The mechanical curves along with sample images for representative cases from each of the
three test categories (DB-FT, Rect-FT, Rect-SP) are shown in Figure 3 (sheep carotid) and Figure
4 (human basilar). Images were chosen to show the specimen at stretches of interest including low
stretch, ultimate stretch and post ultimate stress prior to complete failure. The associated data for
all cases are provided in Table 2 (sheep carotid) and Table 3 (human basilar).

Good control of the desired specimen dimensions was achieved during sample preparation
yielding unloaded rectangular specimen dimensions of 6.0 + 0.2mm x 2.4 + 0.3 mm and width of
the mid-region of the dogbone samples of 1.2 + 0.15 mm, Figure 1(c,d). The average thickness of
human basilar artery samples was 322 + 28 um and the average thickness of the sheep carotid
arteries samples was 548 + 19 um.

There were no “Transition” failure cases as all samples fell into either the “Middle” or
“Clamp” failure categories. While “Middle” failure was defined as the middle 50% of the sample,
in fact, for the sheep carotid arteries, all “Middle” failure cases failed within 10% of the center of
the sample. For the human basilar arteries, the “Middle” failure cases always occurred within 45%

of the center.
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Figure 3 Failure process in sheep carotid artery specimens. Four levels of deformation during loading to failure
are shown: Row 1: DB-FT for (a) #S2 and (b) #S7; Row 2: Rect-FT for samples (c) #513 and (d) #S15; as well as
Row 3: Rect-SP for (e) #S19 and (f) #521. Location of crack that led to catastrophic failure is marked by a white

arrowhead, where identifiable. Adventitial side of specimen is facing camera.
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Figure 4 Failure process in human basilar artery specimens. Four levels of deformation during loading to failure
are shown. Row 1: DB-FT for (a) #H2 and (b) #5; Row 2: Rect-FT for (c) #H8 and (d) #H11; as well as Row 3:
Rect-SP for (e) #H14 and (f) #H17. Location of tear that led to catastrophic failure is marked by a white arrowhead

or circled in red, where identifiable. Adventitial side of sample is facing camera.
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Table 2 Results of failure testing for sheep carotid artery specimens. The notation N/A is used for cases where

there was no visible initial crack before total failure.

Failure initiation

Ultimate failure

location location Ultimate Failure Process
stress Ultimate Stress drop caused
# Clamp Middle Clamp Middle (MPa) stretch by Failure Mode Gradual Abrupt
s1 N N N/A N/A total breakage Cracking A
S2 \ 383 265 total breakage Cracking A
S3 Y \ 4.81 3.2 mediatear partially Delamination  G-1
sS4 Y S 435 285 total breakage Cracking A
k- S5 y \ 385 262 total breakage Cracking A
8 S6 N/A \ 1.15 2 total breakage Necking A
S7 N/A \ 203 294 total breakage Necking A
S8 N/A S 1.89 2.66 total breakage Necking A
S9 N/A \ 2.34 2.53 total breakage Necking A
S10 N v 3.11 2.51 mediatear initiated  Cracking A
s11 W \/ 2.63 2.49 mediatear initiated Delamination  G-2
s12 A V 249 248 outside FOV N/A G-1
E. S13 W \ 251 275 mediatear partially Delamination  G-1
é s14 A \ 391 3.08 mediatear partially Delamination  G-1
S15 \ \ 349 333 necking Necking G-1
S16 Y \ 2.9 2.92 partial tear Necking G-1
s17 W v 4.5 2.43 media tear partially Delamination  G-1
s18 W \/ 255 259 mediatear partially Delamination  G-1
83' s19 W V 348 241 mediatear partially Delamination  G-3
é s20 W v 2.96  2.44 mediatearinitiated Delamination  G-3
s21 W v 3.35 3.4 partial tear Necking G-1
s22 o v 3.07 2.45 mediatearinitiated Delamination  G-1
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Table 3 Results of failure testing for human basilar artery specimens

Failure
initiation Ultimate failure
location Ultimate Failure Process
stress  Ultimate Stress drop
# Clamp Middle Clamp Middle (MPa) stretch caused by  Failure Mode Gradual Abrupt
H1 \ \/ 4.72 1.7 total breakage  Cracking A
H2 v \ 5.48 1.74 total breakage  Cracking A
H3 v \ 6.21 2.09 total breakage Cracking G-1
'_
5 oHe \ 6.26 198 totalbreakage Cracking A
[a)
H5 V v 3.16 1.7 total breakage Cracking G-1
H6 V v 3.79 1.67 total breakage Cracking A
H7 v S 3.43 1.77 total breakage  Cracking A
partial ;
H8 \ 3.54 2.27 breakage Cracking A
HO \ 7.77 2.86 media tear Cracking A
|_
L
5 H1I0 \ 3.88 1.77  partial tear Necking G-3
(&)
24
H11 \ 1.48 1.42 mediatear Delamination G-3
H12 y 1.54 2.13 partial tear Necking G-2
H13 N 2.62 2.1 media - hoamination  G-1
breakage
H14 N 1.68 204 media - hoamination  G-2
a reakage
%) .
& H15 N 2.85 1.9 media - pojamination  G-3
b breakage
24
H16 v v 5.72 1.89 total breakage  Cracking A
partial . )
H17 y 5.51 1.63 breakage Cracking G-1
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2.3.1 Dogbone Specimen Failure Testing

Tests on the dogbone specimens showed great consistency. Sixteen out of 17 dogbone
samples failed in the mid-region of the sample, supporting the hypothesis underlying this work.
Loading beyond the maximum Cauchy stress was associated with immediate tissue failure (total
breakage) in 15 out of 17 cases.

The DB-FT sheep carotid artery specimens showed substantial uniformity in failure
location and process. All dogbone sheep samples failed in the middle (n=10) and all but one of the
specimens failed abruptly (n=9). The cause of failure was due to cracking (n=5, e.g. Figure 3(a))
or by necking (n=4, e.g. Figure 3(f)).

Six of the 7 human basilar arteries failed in the middle. All 7 of these specimens failed due
to cracking, e.g. Figure 4(a,b). Two of the 7 samples displayed gradual failure, though with

relatively low R factor values of 0.36 and 0.42, e.g. Figure 4(b).

2.3.2 Rectangular Specimen Failure Testing

In contrast to the dogbone samples, most (19/22) of the rectangle strips failed in the clamp
region, suggesting the artifacts at the grip often dominated the failure process in rectangular
samples, even in the presence of a soft insert. More precisely, the failure location was not
significantly affected by insert material (Rect-SP versus Rect-FT, p=1 for human and p=0.4545
for sheep), Figure 5. In all 19 cases, the failure process initiated at the clamp.

In rectangular shaped samples all three failure modes were seen: cracking (Figure 4(c,f)),

delamination (Figure 3(c,e), Figure 4(d,e)) and necking (Figure 3(d,f)). In contrast to the dogbone
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specimens, most rectangular samples displayed gradual failure (19/22), e.g. Figure 3(c-f), Figure
4(d-f).

For the sheep carotid artery, 10 out of 12 of the rectangular samples failed at the clamp.
When the sandpaper insert was used, the most common failure mode was delamination (5/6 cases),
while with the soft foam tape insert, failure was mixed between delamination and necking.
Delamination always initiated with a tear on the lumenal side (intima/media), regardless of the
insert material. The drop from ultimate stress was never associated with complete failure, rather
the drop most frequently occurred when only minor tears to the medial layer were visible, Figure
3(c.e).

For the human basilar arteries, only one rectangular sample failed in the middle (1/11).

2.3.3 Comparison of Dogbone and Rectangular Specimens

Middle failure was achieved in 94% of the dogbone specimens and only 14% of the
rectangular samples. Furthermore, the failure location differed significantly between DB-FT and
Rect-FT specimens, (human basilar p=0.0152; sheep carotid artery p=0.0082), Figure 5.

The choice of specimen shape and insert material did not significantly impact the ultimate
stress or ultimate stretch in either human or sheep samples, despite the significant differences in
failure location, Figure 6, with average ultimate stress of 4.1 MPa + 1.84 MPa for human basilar
arteries across all protocols. These are consistent with values of ultimate stress reported in the
literature for cerebral arteries with reported average Cauchy stress from 3.0 MPa to 4.75 MPa
[11,54]. The ultimate stress across protocols for the sheep carotid arteries was 3.01 MPa £ 0.92

MPa. No prior results were found in the literature for failure of sheep carotid arteries.
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Figure 5 Middle failure consistently achieved in dogbone specimens with foam tape. Distribution of clamp
versus middle failure for three test groups for (2) sheep carotid artery and (b) human basilar artery. No samples

failed in the Transition region.
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Figure 6 No significant difference in ultimate stress or strain for different testing methods. Row 1: Ultimate
stress in (a) sheep carotid and (b) human basilar arteries: Row 2: Ultimate strain in (c) sheep carotid and (d) human

basilar arteries. The bars show average ultimate failure stress and stretch with standard deviation.
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2.3.4 Relationship between Failure Mode and Mechanical Response

The failure process (abrupt versus gradual) differed with failure mode (p<0.0001), Figure
7(a). In cracking mode, the stress decreased abruptly after the ultimate stress was reached for most
cases, Table 2 and 3. In contrast, materials failing in a delamination mode always showed gradual

failure. Those showing necking displayed a mix of abrupt and gradual failure process.
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Figure 7 Failure process differs significantly between failure modes. (a) Distribution of abrupt and gradual
failure are significantly different for three failure modes in ensemble of 39 samples of vascular tissue (p<0.0001),
(b) Cluster diagram showing distribution of samples into abrupt and gradual failure groups based on areas under

mechanical loading curve using the R factor.
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2.4 Discussion

This work has shown that failure in the central region of even small vascular samples can
be achieved consistently using dogbone shaped specimens with soft grip inserts, avoiding grip
associated artifacts and, in the future, will enable imaging of the changes to the collagen fibers
during the failure process. In contrast, less than 14% of rectangular specimens failed in the middle
region, with no significant improvement from soft insert material. These conclusions are based on
uniaxial testing in 39 specimens of only 6 mm in length from the carotid arteries of young sheep
as well as from cerebral vessels of older adults (mean age 73.6 + 4.3 years).

Despite an increasing focus on failure for a wide range of vascular tissues [3,26,32—-35],
prior to the current study very little quantitative information was available on failure location or
mode for uniaxial testing of vascular tissue, Table 1. Furthermore, there were no established best
practices for selecting sample shape or gripping method. An underlying assumption in much of
the literature is that both rectangular and dogbone shaped samples are appropriate. While
frequently unreported, clamp failure rates as high as 37% have been reported in rectangular
specimens, even when rubber coated grips were used [19]. In a very relevant study on small
rectangular specimens (7.2 mm x 2.81 mm) of coronary arteries using sandpaper inserts, it was
found that only “... a small number of samples fractured within the gauge section” and the authors
conjectured that, “Dumbbell-shaped samples might increase the success rate of fracture tests” [15].
Consistent with this work, we found that few rectangular samples with sandpaper inserts failed in
the mid-region (only 1/11). We found even less information on failure location for dogbone
specimens, Table 1. Shah [28] performed failure testing on the medial layer of healthy ascending

thoracic aorta and reported a 28% failure rate at the grips, details were not found on use of inserts.
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A recent study on meniscus tissue provides an extensive analysis of the impact of sample
shape on uniaxial failure results, using cloth sandpaper inserts for all samples [36]. While the
structure of the meniscus is substantially different than arterial tissue and the specimens are more
than four times larger than in the current study, it is worth commenting on these results since
studies of vascular tissue comparing the role of specimen shape were not found. Failure in the mid-
region was rare for their circumferentially aligned samples, found in only 1 out of 11 of the
dogbone and none of the 23 rectangular specimens. The radial samples showed higher, but still
low, mid-region failure. Using an elegant assessment of the strain fields, the authors demonstrated
artifacts from the grips extend to the mid-sample region for both dogbone and rectangular samples
when sandpaper inserts were used. This low mid-region failure is consistent with the current study,
where a combination of dogbone shape and soft inserts were needed to obtain regular failure away
from the clamps. Our own preliminary studies on dogbone samples with sandpaper inserts gave
unacceptable levels of grip failure (more than 75%), prompting us to shift to soft insert materials
and leading to the current investigation.

As previously noted, in a desire to avoid possible artifacts associated with clamping, some
researchers explicitly discard samples that fail at the clamps. Such artifacts include stress
concentration and shearing damage associated with deformations adjacent to the clamps. Hence,
the methodology developed here for consistent mid-region failure in small samples will enable
meaningful data to be obtained from a larger percentage of specimens. This is an important
consideration for biological samples which are often difficult to obtain and heterogeneous across
specimens.

This study found important differences in the failure process at the clamp region compared

with mid-region failure, which we conjecture arise due to the stress concentrations and shearing
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near the clampf/tissue interface. We anticipate the stress concentration will vary across the
clamp/tissue interface in contrast to the more uniform stress distribution at the mid-region of the
tissue sample. We found that in the human basilar arteries from aged adults, the mid-region failure
was always due to cracking, regardless of the sample shape or grip insert (7/7 cases), Table 3. In
contrast, all three failure modes were seen for clamp failure. For sheep carotid arteries, mid-region
failure was associated with necking as well as cracking, almost equally split between these groups,
while clamp failure was nearly always associated with delamination, Table 2. These substantial
differences suggest artifacts associated with clamping may introduce an alternate failure process -
an important consideration when designing studies to understand causes of tissue failure or
strength in vascular samples [55].

We did not find any published guidelines for small dogbone samples of soft biological
tissues. In fact, this lack of guidelines was a motivation for the current work, where we focused on
introducing and using a methodology for testing the minimum sample size we could test to failure
in a reproducible manner. After iterative preliminary testing, we found this to be about 6 mm in
length. This 6 mm length then served as a constraint for the length of the narrow test region of the
dogbone sample given the need to firmly grip the ends of the sample for failure testing. The choice
of the width of the dogbone sample was made after iterative mechanical testing with the objective
to create reproducible geometries and consistent results. The methodology developed here for
consistent uniaxial failure testing of dogbone samples of only 6 mm in length and 1.2 mm width
at the mid-region, opens the possibility for efficiently testing multiple specimens of different
orientations obtained from a single vascular sample. Given the focus on small samples, we did not
investigate whether larger samples would display similar results with respect to for failure location

and process.
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Another method used to analyze the failure process in arteries is inflation testing (burst
tests) of either intact vessel segments or circular clamped membranes, enabling biaxial loading of
the tissue (e.g. [56-61]). The tubular inflation tests generate loading that is similar to the in vivo
kinematics and inherently reproduces the in vivo residual stress, neither of which are possible in
uniaxial testing. For example, Bellini et al. considered inflation failure in mice with impaired
collagen fiber formation, finding these mice largely displayed a delamination failure compared
with failure due to a transmural crack in control mice [61]. Burst tests on clamped circular
membranes also involve biaxial loading, though with one degree less control than for the tubular
geometry. Burst tests on clamped circular segments of human aortic aneurysms have yielded
important results on failure direction [60] and localized wall thinning prior to failure [62]. An
advantage for both the uniaxial testing protocol used here and clamped membrane testing is that
failure occurs in a prescribed location, so the failure process is readily imaged. Uniaxial testing
enables smaller samples to be used than currently possible in clamped membrane testing and with
the potential to concurrently image both sides of the tissue to assess subfailure changes (e.g. [63])
and under microscopy.

In this work, when the delamination mode was seen, it always initiated with subfailure on
the lumenal side of the artery that propagated across the width of the tissue without penetrating
through the wall (e.g. only in the intima/medial layers of the wall). Delamination was evidenced
by the retraction of these layers and separation from the deeper layers. These aspects of
delamination failure are consistent with previous reports of delamination in uniaxial, tubular
inflation and clamped membrane testing of arterial tissue with initial failure on the lumenal side

[38,60,61,63,64]. In Bellini et al. [61], histological analysis was used to confirm delamination
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occurred between the media and adventitia for an inflation study of the descending thoracic aorta
of mice (lacking thrombospondin-2).

An interesting finding in the current work was the drop from ultimate stress most frequently
occurred when only minor tears to the medial layer were visible. Hence, the area used to determine
peak stress and strain could be consistently estimated. These results suggest the post peak failure
process considered here is of importance in understanding tissue failure in clinical applications

and is worthy of further investigation.

Limitations and Future Directions

There are several limitations to the current study that suggest directions for future work.
While the present study included tissues from two different species, two age groups and a large
range in ultimate stress (1.15 MPa to 6.26 MPa, for DB-FT), this work was not a comprehensive
study of all soft tissue types. For example, we did not consider tissues heavily laden with
atherosclerotic plaque, nor did we consider stiffer and stronger tissues such as ligaments and
tendons. While we avoided samples with gross variations in thickness it is possible that modest
variations in wall thickness would not be captured using digital calipers. For tissue with more
heterogeneous thickness, methods such as micro-CT could be used to characterize these variations
over the sample in the unloaded state (e.g. [65]). Residual stress is not considered in this study as
it cannot be imposed in uniaxial testing. The opened segment of tissue is presumed to be stress
free. Additional artifacts could arise from tissue storage including time between tissue harvest and
testing as well as from freezing related artifacts. To avoid bias in the study from the artifacts,

samples within each species were handled and stored in a consistent manner.
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We also note that the definition of abrupt and gradual is not unique. Here, we chose a
method that is user independent based on the relative areas under the loading curves pre and post
ultimate stress. A cluster analysis, Figure 7(b), supported the choice of an R factor cut off value of
1/3, though there are two cases that could be viewed as close to this demarcation value.

Another limitation of this work is that stretch levels were estimated using grip to grip
distance rather than using methods such as digital image correlation (DIC). Our preliminary studies
for this work demonstrated that DIC could not be used to estimate strain during the failure process
in cases where the specimen failed in delamination mode or in other cases where the strain across
the thickness of the sample was not heterogeneous and/or the deformation was far from affine. For
consistency, we therefore chose to use grip to grip distance. Errors associated with this approach
would not change the central conclusions in this work including failure location.

While DIC has inherent challenges and complexities, the use of DIC is of particular value
in failure analysis to understand the local nature of the failure process, (e.g. [60]). Even so,
challenges arise when the failure process cannot be well tracked by the markers used in DIC, such
as during retraction due to delamination. The present work does suggest some opportunities for
DIC going forward. The delamination mode was nearly always associated with clamp failure.
Therefore, it is expected that measurement problems associated with DIC during delamination
failure could be avoided using the DB-FT protocol. For example, a system could be used to obtain
DIC data from both the adventitial and medial sides, providing a more localized and layer
dependent assessment of the strain field past failure initiation. Such an approach would not be
possible with inflation studies of failure.

While it was not the objective of this study to characterize the failure properties of sheep

carotid and human basilar arteries, we did find it striking that the ultimate stress and strains were
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not significantly different across the test groups in this study (DB-FT, Rect-FT, and Rect-SP),
Figure 6. Similarly, there were no significant differences in these values between middle and clamp
failure groups, which is consistent with earlier reports on tendon and ligament [66]. While this
could suggest the clamp artifacts may have only small to moderate influence on the failure stress,
it could also suggest more samples are needed to reach statistical significance due to the large
degree of heterogeneity in arterial tissues. For example, even in the carotid arteries of young sheep
where all DB-FT specimens failed in the middle region, the ultimate stress ranged from 1.15 MPa
to 4.81 MPa with an average value of 3.0 MPa £ 1.3 MPa. This large range in values is consistent
with recent reports on ultimate stress in sheep cerebral arteries where values of ultimate stress
(though under biaxial loading) in juvenile sheep (3-7 months) ranged from 1.5 to 6.0 MPa [67].
Hence, a comprehensive study of possible artifacts in strength measurements caused by clamp
failure might require a larger sample size for arterial tissues. Alternatively, in silico experiments
could be run to assess how failure stress and stretch are altered under the different test conditions
for fixed material properties [49], ideally including multi-scale modeling of the extracellular
matrix [47]. Given the large range in material properties in even young animals, it is perhaps even
more striking that mid-region failure was consistently attained in these dogbone specimens using
the DB-FT protocol.

The findings in this study introduce new questions related to the failure process in arterial
tissue that can be addressed in the future using combined optical/mechanical testing- made possible
with consistent mid-region failure as well as complimentary histology work. For example, what
structural differences within the young sheep population lead to the different failure modes
(cracking and necking). Are there age related changes in the extracellular matrix that promote

brittle type failure (abrupt, cracking) in the older human arteries? Or, is this failure also typical of
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basilar arteries in younger adults. More generally, with consistent mid-region failure, new
questions on failure in arterial tissue can be answered using modalities such as multiphoton or
confocal microscopy, simultaneous with mechanical testing so that, for example, the delamination
process can be observed in situ. Such studies have the potential to provide new insights and
valuable quantitative information about changes to collagen and elastin structure during the failure

process [55,68].
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3.0 Adaptive Remodeling in the Elastase-Induced Rabbit Aneurysms

The work in this chapter was reprinted by permission from Springer Nature Customer
ServiceCentre GmbH: Springer Nature Experimental Mechanics

Sang, C., Kallmes, D.F., Kadirvel, R., Durka, M.J., Ding, Y., Dai D., Watkins, S., &
Robertson, A.M. Adaptive remodeling in the elastase-induced rabbit aneurysms. Experimental

Mechanics (2020) [69]

3.1 Introduction

An intracranial aneurysm (lA) is an enlargement in the wall of a cerebral artery that is
generally saccular in shape, though the geometry can be quite irregular [9]. Rupture of 1As is
estimated to occur at a rate of 1.3% per year [1] and can cause subarachnoid hemorrhage with an
associated mortality rate of 40-65% [2]. Current treatments for 1As are largely aimed at isolating
the aneurysm wall from the circulation through treatments that include placement of mechanical
clips across the aneurysm neck, insertion of coils into the aneurysm sac and placement of flow
diverters across the aneurysm neck. Treatment options of 1As, including surgical clipping and
endovascular interventions, are themselves associated with substantial risk of morbidity (6.7% and
4.7%, respectively) and mortality (1.7% and 1.8%, respectively) [70,71]. As result, numerous
research groups are endeavoring to improve methods for risk assessment [9,72—74], including, the
possibility of using preferential uptake of gadolinium contrast agent [75-78] and by developing

endovascular devices for diagnostic imaging the IA lumen [79,80].
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Current risk assessment is largely driven by aneurysm size [4], though this approach has
limitations as most aneurysms that rupture are small (70% of ruptured aneurysms have a diameter
below 7 mm) [1]. A confounding factor in identifying other risk factors is that most approaches to
risk assessment necessarily use the characteristics of ruptured aneurysms as representative of the
features of high risk unruptured aneurysms. This approach is largely unavoidable as it is rare to
have imaging data to track aneurysms over time and determine features of unruptured aneurysms
that go on to rupture. Recently, the strength of aneurysm walls has been directly measured and
used instead of rupture status to identify aneurysms that are vulnerable to rupture [11]. Using this
approach, wall geometry and hemodynamics associated with wall vulnerability have been
evaluated [11,20,21]. Still, there remains a pressing need to understand the temporal nature of
changes to the wall during disease progression and, in particular, the diverse physical causes of
diminished wall strength. Such information will be vital for developing effective metrics for risk
assessment and novel pharmacological treatments to strengthen the aneurysm wall.

The passive mechanical response of healthy arterial tissues is largely determined by the
organization and properties of the elastin and collagen fibers within the wall [81]. In contrast to
cerebral arteries, elastin is nearly always absent in 1A walls and in fact, the loss of elastin is
considered an early event in aneurysm formation [82,83]. Therefore, the stiffness, strength, and
organization of the collagen fibers are critical in defining the mechanical properties of 1A walls.
Clinical studies of changes in 1A geometry over time have identified local changes in the form of
blebs as well as more global enlargements [13,84]. The collagen fabric must adapt to the altered
geometry in order to maintain a sustainable level of intramural loads and avoid rupture under
extremes in physiological loading [11,85]. Indeed, both temporal increases size and irregularity in

shape (e.g. blebs) are associated with increased risk of rupture [86], supporting the importance of
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effective remodeling in response to the changing 1A geometry. Therefore, understanding the
capacity of the aneurysm wall to maintain and evolve this collagen fabric is essential for improving
risk assessment and developing new therapies.

Although collagen remodeling is a key factor in determining IA rupture risk, it has received
little attention. Few studies have directly evaluated the collagen fibers or their architecture [11].
As a result, many fundamental questions important to aneurysm patients remain regarding the
capacity of an IA for effective remodeling and the factors that contribute or detract from this
capacity. While intracranial aneurysm tissue can be harvested following treatment by surgical
clipping, these samples can only represent one time point in the progression of the disease.

Animal models for intracranial aneurysms offer larger numbers of samples and provide a
means for studying multiple time points in disease progression, though their clinical relevance
must always be evaluated. This type of temporal data is crucially needed to answer fundamental
questions about the remodeling process. Growth and remodeling (G&R) theories have been
developed to study the evolution of aneurysms [87—89] and in particular, constrained mixture
theories have been developed to model the production, degradation and turnover rates of different
structural constituents such as collagen [87,88]. However, it is only through a tight and iterative
coupling of theory driving experimental design and experimental data driving theoretical
formulations that meaningful progress can be made. While the theoretical frameworks are crucial
for interpreting the complex coupling between mechanics and biology, their value rests on the
inclusion of the key biomechanical mechanisms for the application at hand, which necessarily can
only be determined by experiments. For example, in the case of the evolving aneurysm wall, it is
crucial to understand how and where in the wall the remodeling occurs. Does remodeling occur

via a reorganization of the existing collagen matrix, or is it the result of the deposition of a new
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layer? Is there a single mechanism of adaptation? Or, are there multiple stages of the remodeling
process, such as an early response to an acute event followed by a second phase of reorganization?
A two phase response of this kind, has been reported in tissue engineered blood vessels [90,91]
and is in fact, known in other context [92]. Until these fundamental questions about adaptive
remodeling in cerebral aneurysms are answered, the clinical impact of G&R computational studies
will be limited.

The objective of the present study then, is to use an established elastase induced aneurysm
model in rabbits, to investigate these fundamental questions. In prior work, the rabbit model has
been shown to have similar flow types and histologic wall types to human aneurysms [93,94]. In
the present work, the changing collagen organization and mechanical properties in the aneurysm
model are assessed at multiple time points after aneurysm creation as the aneurysm geometry
evolves. Multiphoton imaging of the collagen matrix is performed to evaluate the evolving wall
architecture to determine where in the wall, and when, the growth and remodeling occurs.
Mechanical testing is used to assess whether the remodeling is effective in adapting to the altered
mechanical environment. This work is the first to assess collagen remodeling in an animal model
of saccular aneurysm and lays the foundation for future work to develop novel therapies to enhance

the structural integrity of the aneurysm wall.
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3.2 Methods

3.2.1 Creation of Rabbit Aneurysms and Acquisition of Tissue

Saccular aneurysms were created in 22 New Zealand white rabbits using vessel ligation
and elastase incubation as described previously [95]. All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) at the Mayo Clinic and followed the NIH
Guidelines for the Care and Use of Laboratory Animals. Briefly, a sheath was introduced
retrograde into the midportion of the right common carotid artery (RCCA). A balloon catheter was
then advanced through the sheath to the origin of the RCCA to occlude the vessel, after which
elastase was infused endoluminally above the balloon. After 20 minutes of incubation, the balloon
was removed and the artery was ligated distally. Aneurysms developed over time from the stump
of the RCCA. Aneurysms were harvested at 2 weeks (n=5), 4 weeks (n=5), 8 weeks (n=6) and 12
weeks (n=6) after creation and control vessels (left common carotid arteries) were harvested at that
time. Digital subtraction angiography (DSA) and three-dimensional rotation angiography (3DRA)
were performed just prior to sacrifice and used for the computational solid mechanics study, Figure
8(a). After harvest, the aneurysm sacs were bisected longitudinally, Figure 8(b). The ventral half
was transported overnight on ice to the University of Pittsburgh in 1% phosphate-buffered saline
(PBS) solution for assessment of collagen structure and mechanical testing, as described below,

Figure 8(d, e).
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Figure 8 Tissue Harvest and Sample Preparation. (a) DSA image of aneurysm before sacrifice, aneurysm circled.
(b) Aneurysm sac was bisected longitudinally, cut line shown in red, into dorsal and ventral pieces, (c) and (d) with
aneurysm region in ventral pieces shown in red. (e) Dogbone shaped sample cut in longitudinal direction from

ventral piece.

3.2.2 Overview of Tissue Assessment

To leverage as much information as possible at each time point, samples were assessed
using multiple modalities. We provide an overview of the tissue analysis here and details of each
modality are given below. After transport to the University of Pittsburgh, as described above, each
intact specimen was imaged en face in the unloaded state from both the luminal and abluminal
sides using multiphoton microscopy (MPM) to assess collagen fiber organization and the status of
the elastic lamellae (n = 22). The samples were then trimmed into rectangular specimens with long
axis aligned in the longitudinal direction of the aneurysm sac and imaged under uniaxial loading
using our combined multiphoton mechanical testing system [96], that enables evaluation of the
collagen reorganization under subfailure loading levels (n=16, as 6 samples were too small for

testing). As described further in the following sections, this longitudinal orientation was chosen to

38



assess the effectiveness of tissue remodeling in response to increasing ratio of longitudinal to
circumferential stress, more typical of saccular aneurysms [97]. To supplement the en face
imaging, cross sections of the wall, orthogonal to the en face imaging were analyzed in the
auxiliary tissue specimens that remained after the rectangular test samples were cut. In particular,
these remnants were fixed and cross-sectional slices were imaged under MPM to assess collagen
and elastin content in the plane orthogonal to the en face imaging plane. As a final step, 1A samples
(n=16) were cut into dogbone shape and tested to failure using a custom-built strain controlled
uniaxial loading system [26]. In addition to aneurysm specimens, control arteries (n=6), were
imaged and tested in uniaxial extension using the same protocol, (3 longitudinal and 3

circumferential orientations).

3.2.3 Imaging the Evolving Collagen Fiber Organization

3.2.3.1 Multiphoton Imaging of Collagen and Elastin Fibers

Using previously developed methods, multiphoton imaging was used to obtain stacks of
planar images of collagen and elastin content across the aneurysm wall [52]. Briefly, an Olympus
FV1000 MPE multiphoton microscope (Tokyo, Japan) equipped with a Coherent Chameleon Ti-
sapphire laser and 1.12NA 25xMPE water immersion objective was used for the study. Using an
excitation wavelength of 870 nm, stacks of 1024x1024-pixel (508x508 um) planar images were
obtained at a 2 pm vertical spacing steps (“z-stacks”). The second harmonic generation (SHG)
signal from collagen was collected using a 400 nm wavelength emission filter and the
autofluorescence signal from elastin due to its intrinsic two-photon excited fluorescence (2PE
signal) was collected using a 525 nm wavelength emission filter. The area fraction of elastin was
analyzed in planar images of the 2PE signal using ImageJ (NIH, MD, USA).
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3.2.3.2 Quantification of Collagen Fiber Orientation and Waviness

Collagen fiber orientation were evaluated in the planar MPM images using a fiber tracking
algorithm in the open source software ctFIRE (Laboratory for Optical and Computational
Instrumentation, University of Wisconsin-Madison, WI) [98,99]. Briefly, after denoising the
planar MPM images and enhancing the fiber edge features, individual collagen fibers were
extracted using the fiber extraction (FIRE) algorithm, Figure 9, with parameter settings detailed in
Appendix A. Default parameters were used for analysis. Fiber orientation was determined by the
angle of a chord connecting the ends of the traced fiber with zero angle denoting the
circumferential direction of the specimen, Figure 10(a). Heat maps of fiber angle distribution as a
function of wall depth were generated based on the output of ctFIRE using custom scripts in Matlab
(R2017a, MathWorks Inc., Natick, MA).

To describe the fiber angle dispersion, an anisotropy index (Al) was calculated based on
the orientation distribution of collagen in each layer [100]. Briefly, the orientation tensor A was

obtained from the orientation distribution data,
A= f r(6)®r(6)p(0)do 3-1
0

where p(0) is the probability density function (PDF) of fiber orientation, r is a unit vector defined

as

T = cosOi + sinfj 3-2
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The anisotropic index (Al) was then calculated, from its definition

V1
Al =1 —— 3-3
V2

where v1 and v; are the eigenvalues of the orientation tensor A, with v1 <wv» Al ranges from 0 to
1, taking the value zero if the fiber network has an isotropic distribution and one if the network is
perfectly aligned in a single direction.

Fiber tortuosity was measured using previously published methods [52]. Briefly, fiber
tortuosity was defined as the ratio of fiber arc length to linear distance between two ends and
obtained directly from fiber tracings performed with Imaris (Bitplane, Switzerland). Tortuosity

was measured in representative planes for each layer of all samples.

Figure 9 Example of ctFIRE traced fibers. (a) The input MPM image. (b) Output from ctFIRE with traced fibers.
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3.2.3.3 Assessment of Wall Structure in Cross Sections of Fixed Tissue Samples
Auxiliary pieces of aneurysm wall, not used for mechanical testing, were fixed in 4%
paraformaldehyde (PFA) at 4°C for 2 hours and frozen in OCT compound (Sakura Finetek,
Torrance, CA, USA), with liquid nitrogen and cryosectioned to 8 um thickness. These sections
were then imaged under MPM, using the just described methodology, to obtain both the SHG

signal (collagen fibers) and two photon emission signal (elastin).

3.2.3.4 Assessment of Collagen Fiber Reorganization under Sub-Failure Loading

A custom-built mechanical testing system that enables simultaneous multiphoton imaging
and mechanical testing of soft tissues [96] was used to obtain data on collagen fiber reorganization
under subfailure loading. Briefly, 6mm x 2.5mm rectangular test samples were cut from the
aneurysm and control artery specimens with long axis aligned with the longitudinal axis of the
vessel and aneurysm sac. The test samples were then secured in the testing system using
specialized biorakes (CellScale Biomaterials Testing). Stacks of MPM images were obtained at
increasing levels of stretch (1) from the unloaded state in increments of 0.1, where stretch was
defined as the ratio of loaded to the unloaded grip to grip distance. Due to the diversity in
mechanical properties of the remodeled tissue, the maximum stretch was tissue specific and chosen
in real time to avoid overextension of collagen fibers based on MPM images with simultaneous
measurements of load to identify onset of high stiffness region of the loading curve. Specimens

were immersed in 1% phosphate buffered saline (PBS) at room temperature during the entire

testing process (approximately 2-3 hours) and preserved at -20 °C in PBS afterwards for

assessment of mechanical failure properties.

42



3.2.4 Assessment of Mechanical Properties through Complete Failure

Prior to failure testing, the rectangular aneurysm samples (n = 16) were thawed and cut
into dogbone shape with mid-region width of approximately 1.25 mm (1.25 = 0.16 mm), Figure
8(e). Width and wall thickness were measured at three positions in the mid-region of the dogbone
using digital calipers and then averaged. Following a previously published protocol for failure
testing [26], foam tape was attached to the face of the metal clamps used in the uniaxial system to
prevent slippage during loading while avoiding clamp failure artifacts. Specimens were submerged
in a 1% PBS bath at room temperature during testing process (approximately 20 minutes) to
prevent artifacts from dehydration. After three preconditioning cycles to 20% extension, the
samples were loaded to failure [11,26,101]. Applied force was measured with a 5Ib load cell
(MDB-5, Transducer Techniques, Temecula, CA). The component of the Cauchy stress vector in
the loading direction (o) was approximated as the applied force divided by the current cross-
sectional area which was approximated as the unloaded, mid-region cross-sectional area divided

by stretch (assuming an isochoric deformation).

3.2.5 Estimating the Multi-Axial Nature of Intramural Stresses

The shift to a more multi-axial intramural load state in the aneurysm wall after aneurysm
creation was studied by evaluating the ratio of the principal stresses in the artery and aneurysm
wall. In addition to estimates using Laplace’s equation for idealized geometries, the equilibrium
equations for the aneurysm wall and surrounding vasculature were solved using the finite element
method. As the aneurysm walls are thin relative to the radius, we took advantage of known results

for thin shells in the analysis [102-104], for which the wall tension in equilibrium is nearly
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independent of the material properties. The aneurysm wall was modeled as a neo-Hookean
material, with Young’s modulus of 1 MPa and Poisson’s ratio of 0.49. Briefly, the 3D geometry
with surface mesh was reconstructed from 3DRA images, taken before tissue harvest, using
Mimics (Materialise, Leuven, Belgium) and further re-meshed in Meshmixer (Autodesk, San
Rafael, CA) to increase the mesh quality. The geometry was then imported in Preview (FEBIo,
University of Utah, UT and Columbia University, NY) where triangular shell elements were
generated with an extensible director formulation with three displacement degrees of freedom and
three director degrees of freedom [105,106]. Wall thickness was set to the case specific average
wall thickness as measured in the harvested tissue. As boundary conditions, a stress
vector normal to the surface with magnitude of 15.5 kPa was applied at the inner wall and the outer
wall was left stress free, corresponding to a transmural pressure of 15.5 kPa (116 mmHg) [107].
The edges at the boundary of the vascular model were fixed. Approximate solutions to the
equilibrium equations were obtained using the nonlinear finite element based open source software
suite within FEBIo. The ratio of the second principal stress and first principal stress (o»/o7) was

then calculated.

3.2.6 Structurally Motivated Constitutive Equation for the Remodeled Wall

A central objective of this work is to identify the physical mechanisms by which growth
and remodeling occurs and develop a general structural form for the passive response of the
remodeled wall, valid at a single time point, including the possibility of new layers and remodeling
of existing layers. Such a model can be used to guide future experimental and computational
studies of temporal changes to the aneurysm wall during growth and remodeling. In this section,
we briefly outline the form of the structurally motivated constitutive model to be used with the
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experimental results, providing sufficient generality here to capture the mechanisms identified in
this work. Additional details are included in Appendix A.

The average stress tensor over the cross section of the aneurysm wall is assumed to arise
from the contributions of N wall layers, each of which has passive contributions from collagen
fibers, ground matrix and elastin (i=1,2, ...N). For simplicity, here the ground matrix and elastin

will be combined in a single mechanism, with stress tensor o 4;, assumed to be Neo-Hookean with
O4i= @ b 3-4

where b = FFT and F is the deformation gradient associated with the mapping from reference to

the current configurations and «; is the shear modulus of layer i.
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Figure 10 Schematic of coordinates and mapping used for fiber kinematics. (a) Unit vector mo represents
arbitrary fiber direction with respect to Cartesian coordinate system (e is circumferential direction, e; is longitudinal

direction). (b) Schematic of fiber and associated fiber stretch during loading.
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The collagen fiber response for arbitrary layer i, o; arises from the collective response of
an ensemble of extensible fibers with a distribution of orientations. Using local Cartesian
coordinates with unit base vectors (e, €2), Figure 10(a), an arbitrary fiber with direction m in
reference configuration «o, can be written as my = cosfe; + sinfe,. The strain energy function
of collagen fibers in each layer is then constructed by integrating the response of fibers in that

layer over all directions [52,108],

Vs

1
Wfi = ;j pl(H) Wfldg 3-5
0

where p;(0) is the PDF of fiber orientation, chosen as a bimodal von Mises distribution, Appendix
A. The PDF was determined by maximum likelihood estimation [109] using Matlab (R2017a,
MathWorks Inc. Natick, MA) based on collagen fiber orientations measured from the MPM stacks.
In general, a single collagen fiber will have a wavy conformation in o, Figure 10(b), and will not
be recruited until A, = A,, where /s is the stretch of material element during deformation from o
to x and Ja is the activation stretch, a material property. The value of Ar can be obtained from the
kinematic relation Afz = C:my®m, and C = F'F. Therefore, the strain energy of fibers in layer

I, denoted as wsi in (5) depends on the true fiber stretch 1, = A¢/4,,

Wfl == %(/11—2 - 1)2 - H(/’{t - 1) 3-6
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where i is the stiffness of fibers in layer i. Here, the Heaviside function is used to switch off the

contribution of the fiber to the strain energy function at stretches below this critical level.

(0 ifa <1
H(Af_l)‘h if 2, >1 37

The resulting equation for collagen fiber response of layer i is then,

—F Zjn ani ® do FT
Ofi = 7)), Pi) axlfz my¥m, 3-8

As each layer only occupies a fraction of the cross section,

N
o=—-pl+ zyi(ﬂiaﬁ + (1 —pog) 3-9

=1

where p is the Lagrange multiplier arising from the constraint of incompressibility, yi is the
thickness fraction of layer i and i is the areal fraction of collagen fibers in cross section of layer

i. Combining the Equation 3-4 and Equation 3-8 in Equation 3-9,
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To determine the material parameters from uniaxial tension experiments, the least-squares
objective function was minimized using interior-point optimization algorithm in Matlab as detailed

in the Appendix A.2.
3.2.7 Statistical Analysis

Statistical analysis was conducted using IBM SPSS Statistics (version 25, IBM Corp,
Armonk, N.Y., USA). The assumptions of normality and homogeneity of variance were tested first
using Shapiro-Wilk test and Levene’s test, respectively. Welch’s t-test was used to test whether
the mean values of a certain property (mechanical properties or Al of one layer) of control arteries
and aneurysms were statistically different. For comparing means of mechanical properties of
control arteries and aneurysms of different time points, the Welch’s ANOVA followed by the
Games-Howell post hoc was performed. The independent samples T-test was used to compare
means of fiber tortuosity of different layers. A two-tailed p value less than 0.05 was considered to

be statistically significant. 95% confidence intervals were calculated and reported.
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3.3 Results

3.3.1 Collagen Fiber Remodeling in Response to Altered Loading in the Aneurysm Wall

3.3.1.1 Shift to Increased Longitudinal Loading after Aneurysm Formation
As noted above, aneurysm formation involves ligation of an approximately cylindrical
vessel. Hence, after ligation, the intramural loads in the vessel shift to approximately those in a
capped cylinder where the well-known equilibrium solution (Laplace’s Law) for the ratio of

principal stresses in the cylindrical region (o»/ o7 = 63/ oee) is 0.5.

Figure 11 Shift to a more biaxial load state after aneurysm formation. (a) 3D reconstruction of the vasculature
from DSA data from a representative two week case (H396). (b, c) Contour plots of the ratio of the principal Cauchy
stress components o»/o:. The direction of the first principal stress is shown (arrows), demonstrating that o7 and o2
are approximately in the circumferential and longitudinal directions, respectively. In the aneurysm wall (b), the
longitudinal stress is generally at least half the circumferential stress due to the end cap that is formed after vessel

ligation. In contrast, in the control arteries (c), longitudinal stress is much smaller relative to circumferential stress(
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Similarly, the ratio of principal stresses in the spherical cap region can be estimated from
equilibrium as 1.0. These results are consistent with those found from the 3D finite element
analysis of the intramural stresses in the reconstructed aneurysm wall (average value of o»/o/ =
0.55+0.02), Figure 11(b). In contrast, in the (nonligated) control artery, the average value of o»/o
is 0.27£0.02, Figure 11(c). Namely, after aneurysm formation, the contribution of longitudinal
stress relative to circumferential stress increases approximately two fold in the bulk of the

aneurysm.

3.3.1.2 First Phase Remodeling - Formation of New Layer between Media and
Adventitia

The overall structure of the artery and aneurysm walls is most easily seen from the MPM
images of wall cross sections, Figure 12(b, ). For the control artery, the media has a layered elastic
lamellae, visible from the two-photon signal (green) with collagen fibers visible from the SHG
signal (red), Figure 12(b). The adventitia is distinct, with increased SHG signal in the collagen
fibers and no elastic lamellae. In the projected MPM stacks obtained from en face imaging from
the luminal side of the unloaded control artery, the media collagen fibers can be seen to be highly
aligned in the circumferential direction (Al = 0.88 £ 0.06), Figure 12(d). The layered elastic
lamellae in the media are also visible in en face MPM images of the control artery, Figure 12(a).
Adventitial fibers display a wider distribution in collagen fiber orientation compared with the
media, though with a preferred circumferential direction (Al =0.46 £ 0.15), Figure 12(c). Collagen
fiber tortuosity is significantly greater ((p < 0.001, 95% CI [0.13, 0.18]) in the adventitia layer

(1.23 £ 0.02) compared with the medial layer (1.07 + 0.01), Figure 12(c, d).
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In contrast, at two weeks after aneurysm creation elastin was sparse, dropping from 96%
to 23% in areal coverage Figure 13(a,b). By 4 weeks, almost all elastin was gone, leaving only 4%
coverage, Figure 13(c). Consistent with these images from the planar stacks, only remnants of
elastin were visible in MPM images of the cross sections of the aneurysm wall, Figure 12(f).

In the remodeled aneurysm, a first phase of remodeling was seen as the development of an
additional layer of collagen fibers between the media and adventitia layers, Figure 12(h) and Figure
14. The new layer was found in 3 out of 5 cases for the two-week group and in all cases at later
time points (4 weeks, 8 weeks, 12 weeks). The average thickness of the new layer across all times
points was 50.6 + 14.3 um, Table 4.

This new layer was clearly distinct from the neighboring media and adventitia, with
qualitatively different fiber morphology and signal intensity in the MPM images, Figure 12(g,h,i).
In particular, the tortuosity in the new layer was consistently low (1.08 £ 0.02) in contrast to the
high tortuosity in the adventitial layer (tortuosity = 1.22 + 0.03), Figure 12(g). The distribution of
fiber orientation of the new layer (Al = 0.56 + 0.15) clearly differentiated it from the adjacent
medial layer where the fibers were circumferentially aligned (Al =0.78 £ 0.12) with a weaker SHG
signal compared with the new layer, Figure 15(d).

While the orientation in the aneurysm adventitia appeared similar on average to that in the
new layer (Al = 0.55 % 0.17), the adventitial fiber alignment varied greatly across samples, with
no association with remodeling time. There were 8 cases with an Al value less than 0.5, 3 cases

with an Al value larger than 0.7, and 11 cases with values within this range.
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Figure 12 Comparison of wall layers in artery and aneurysm wall. Wall structure of control artery (a-d) and
aneurysm in (e-i) as seen using multiphoton imaging with collagen fibers in red (SHG signal) and elastin fibers in
green (2PE signal). (a) schematic of layered organization of wall of control artery, (b) cross section of artery wall
showing elastin layers in media and collagen fibers in both medial and adventitial layers. (c,d) projected substacks
from enface imaging images. Wall layers in aneurysm wall with (e) schematic of layered organization of wall of
aneurysm, (f) cross section of 1A wall showing an additional layer between the media and adventitial layers. (g-i)
Substacks obtained from enface imaging for each of three wall layers in illustrative 8 week case (H629). The Al

values for each image: (c) 0.49; (d) 0.93; (g) 0.62; (h) 0.44; (i) 0.50.

2 weeks

IongitudinaII

Figure 13 Evolution of elastin layers after aneurysm initiation. Projected stacks of MPM images showing elastin
(2PE signal) of (a) control artery with area coverage of 96%, (b) aneurysm wall 2 weeks after creation with area
coverage of 23%, and (c) 4 weeks after creation with area coverage of 4%. The area fraction was analyzed by

ImageJ (NIH, MD, USA).
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Figure 14 New collagen layer seen as early as two weeks. Substacks of MPM imaging of new wall layer, for
representative cases from all four time points. Projected MPM images show wide distribution of collagen fiber
orientation (Al = 0.56 £ 0.15, average over all samples). Circumferential orientation is 0 or 180 in the circular

histogram. Longitudinal orientation is 90 or 270.
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Table 4 Shape features and mechanical properties in longitudinal loading for aneurysms and control arteries

across all samples

Ultimate Ultimate
Inner New layer stress stress (1st
Thickness diameter Height thickness Ultimate (Cauchy) PK)
time Case # (um) (mm) (mm) (um) stretch (MPa) (MPa)
H400-c 250 2.9 ) } 2.54 1.47 0.58
Control  H491-c 290 2.8 } } 2.82 2.39 0.85
H629-c 270 2.9 } } 2.64 2.37 0.9
H491 240 3.3 9.5 64 1.68 5.76 3.43
2 weeks H492 440 3.2 11.0 - 2.14 531 248
H493 300 3.2 8.9 52 1.51 2.92 1.93
H396 420 2.8 8.2 - - - -
H397 400 3.6 121 60 - - -
H398 370 3.5 10.0 58 1.58 1.8 1.14
H399 280 4.9 13.7 60 1.93 8.29 43
4 weeks H400 340 5 13.8 64 1.74 211 1.21
H494 370 2.7 6.7 50 1.82 6.86 377
H495 310 31 9.3 30 N 3 3
H551 350 5.1 10.0 74 2.02 4.78 237
H552 480 5.1 10.5 66 - - -
H553 330 4.8 8.6 30 2.58 10.85 491
8 weeks
H628 460 45 9.8 40 - - -
H629 330 5.2 8.9 32 15 1.99 1.33
H630 280 6.1 125 40 2.13 13.56 6.37
H554 340 6.5 14.1 58 1.52 6.15 4.05
H555 280 24 6.3 60 2.01 13.21 6.57
12 H556 370 3.2 10.6 54 2.45 13.22 5.4
weeks  gos 180 5.2 13.2 30 1.59 1.72 108
H626 300 4.2 5.1 60 2.26 10.57 4.68
H627 360 3.7 13.9 30 - - -
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3.3.1.3 Second Phase Remodeling — Reorientation of Medial Collagen Fibers

In addition to the creation of a new layer, a later stage of remodeling was seen within the
medial layer. This medial remodeling was only found at later time points, 8 weeks (5 out of 6) and
12 weeks (5 out of 6). In particular, the media of the later time points aneurysms adapted to the
increased longitudinal load through changes in fiber orientation which varied across the thickness
(Al = 0.51 £ 0.17) and was statistically different from the earlier time points cases (Al = 0.65
0.10) (p < 0.037, 95% CI [-0.28, -0.01]), Figure 15. Whereas fibers in the outer media maintained
the circumferential orientation found in the control, Fig, 15(a,d), those in the inner media became
highly aligned in the longitudinal direction - the direction of increased load following aneurysm
formation, Figure 15(a,b). A transition regime existed between these regions which contained both
the circumferential and longitudinal alignment from the neighboring regions, Figure 15(a,c). The
fiber tortuosity was unchanged in the remodeled medial layer (tortuosity = 1.07 + 0.01 in control

and remodeled media).

3.3.2 Capacity of Collagen Fibers for Longitudinal Load Bearing

3.3.2.1 Collagen Fibers in Control Artery Show L.ittle Capacity for Contribution to
Longitudinal Load Bearing

For the control arteries, the alignment of the medial collagen fibers remained
circumferential throughout the wall thickness even under increasing stretch. This can be seen both
qualitatively in the MPM images and quantitatively in the heat maps of fiber orientation as a
function of stretch, even at stretches as high as 2.4, Figure 16. The adventitial fibers, which were
highly tortuous (tortuosity = 1.26) with a distributed orientation in the unloaded state, remained
tortuous even at /1 = 2 (tortuosity = 1.14).
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Figure 15 Remodeled media shows transition of collagen fiber orientation from longitudinal to
circumferential direction. Collagen fibers (SHG signal) in substacks of MPM images across the medial layer for a
representative 8 week case (H551) and associated heat map of distribution of fiber orientation. (a) Heat map of
distribution of fiber angle as a function of distance from lumen surface. Circumferential direction is 0 and & and
longitudinal direction is /2. Fiber distribution is normalized to range from zero to one; (b) In inner media, (depth 0-
20 pm), collagen fibers are largely aligned in longitudinal direction; (c) In mid-region of media, (depth 20-40 pum),
fibers display a more dispersed distribution; (d) In outer media, (depth 40-80 um), fibers are largely

circumferentially aligned.
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Figure 16 Collagen fibers in control artery show little recruitment even under substantial longitudinal
stretch. 1% row: Projected stacks of MPM images show medial collagen fibers are largely circumferentially aligned
in the unloaded state (1 = 1). 2" row: Contours of fiber angle as a function of wall depth show largely
circumferential alignment throughout the wall thickness in the unloaded state. With increasing stretch there is only a
modest reorientation of fiber angle and fibers remain wavy and unrecruited, even at stretch up to 2.4. 3™ row: The

undulations in the adventitial collagen similarly remain unrecruited even at stretch of 2.
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3.3.2.2 Remodeled Collagen Fibers in the Aneurysm Wall Reorient under
Longitudinal Loading
In contrast, in the remodeled aneurysm, collagen fibers in the new layer demonstrated their
capacity to reorient under longitudinal loading, Figure 17. By a stretch of A=1.4, all fibers in the
new layer appear to be realigned in the loading direction, as seen both directly in the MPM images
as well as in the contour plots of fiber orientation, Figure 17. As just noted, the medial collagen
fibers remodeled in response to the increased longitudinal load, shifting from a dominant
circumferential to longitudinal alignment. Under axial loading, the medial fibers sharpened their

longitudinal alignment, Figure 18.

depth z (um)

Fiber angle Fiber angle Fiber angle Fiber angle

Figure 17 Fibers in new layer reorient under longitudinal load. With increasing axial load, collagen fibers in
new layer show reorientation in the loading direction (7/2), and nearly complete alignment by stretch of 1.4 (case

H629, 8 weeks).

59



longitudinal I

o

depth z (um)
o

D
o
I

0 7l2 = 0 w2 T 0 72 w 0 /2 ™
Fiber angle Fiber angle Fiber angle Fiber angle

Figure 18 Collagen fibers in remodeled media of aneurysm further align under longitudinal loading (Case
H626, 12 weeks). Heat maps of fiber distribution of collagen fibers across medial layer showing increasing

longitudinal alignment with stretch across medial layer.

3.3.3 Strength under Longitudinal Loads

The ultimate strength of the aneurysm wall under longitudinal loading was significantly
greater than that in the control artery (p = 0.001, 95% CI [2.73, 7.11]) and increased on average
over time, Figure 19(a). The average ultimate stress for the aneurysm wall under longitudinal
loading was 6.82+4.18 MPa (n = 16), three times greater than that of the control artery which
averaged 2.07+£0.43 MPa (n = 3), Table 4. The lower ultimate stress in the control artery under
longitudinal loading is consistent with the lack of recruitment of collagen fibers in this loading

direction. While the aneurysm wall increased in strength on average, there was a great
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heterogeneity even at similar time points, Figure 19(a). Some remodeled aneurysms showed
substantial increase in strength, Figure 19(a). To emphasize this difference, samples with above
and below average strength were designated differently, (blue diamonds and red circles,
respectively), Figure 19(a). Due to this spread, there is no significant difference in strength
between control arteries and aneurysms of different time points. The average ultimate stretch of
the control artery was 2.67+0.12 and statistically higher than the average ultimate stretch of
1.9+0.33 seen in the aneurysm wall (p < 0.001, 95% CI [0.49, 1.04]), Figure 19(b), consistent with

the loss of elastin in the aneurysm wall.
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Figure 19 Failure properties of longitudinal samples of control artery and aneurysm wall as a function of
remodeling time. () Ultimate Cauchy stress of all samples, split into below average strength (red circles) and
above average strength (blue diamond), with average values for each time point denoted by “x”. All above average
cases have strength greater than 5 MPa. (b) Average ultimate stretch for control and each time point, corresponding

to data in (a). Error bar represents standard deviation. Ultimate stretch is the stretch corresponding to the ultimate

(peak) stress during uniaxial failure testing.
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3.3.4 Constitutive Equation for Remodeled Aneurysm Wall

In this section, results of the formation of a structurally motivated constitutive equation for
the remodeled aneurysm wall are given. This new model includes the two mechanisms of
remodeling identified in the experimental work, and is driven by the bioimaging and mechanical
testing data. The model is illustrated on a single case using the general constitutive framework
introduced in Section 3.2.6. For clarity, an overview of the equations and parameters are given in
Table 5. The parameters are broken down into those that were directly measured from imaging
data and those that were obtained as part of the parameter identification process from the uniaxial
mechanical testing data. Briefly, directly measurable variables include the thickness of each wall
layer, the areal fraction occupied by a wall component (e.g. collagen fibers) and characteristics of
the collagen fibers (fiber orientation distribution, activation stretch). Parameters obtained from the
regression analysis were those related to material stiffness. The details of the methods for obtaining
the directly measured properties and the regression of the uniaxial testing data were provided in
Section 3.2.6 and Appendix A.

We briefly elaborate on some of the modeling choices given in Table 5. As noted above,
the remodeled aneurysm wall was found to display two mechanisms of adaption to increase
longitudinal loading - creation of a new layer between the media and adventitia as well as
remodeling of the medial collagen fibers. Based on these findings, N=3 layers are selected for the
aneurysm wall, the media, new layer and adventitia. The endothelium is not considered to be load

bearing in this work. In contrast, the control artery has only medial and advential layers (N=2).
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Table 5 Overview of parameters in constitutive model

Source of Parameter

Explanation o Equation
acquisition
Obtained from MPM
. imaging. Equal to
Thlckness number of planar MPM
1 fraction of each . in that |
layer images in that layer
multiplied by spacing
between images.
N
Obtained from 3D o=-pl+ Z Yilwiopi + (1 — w)og) 3-9
Area fraction of reconstructed MPM i=1
. image stack of SHG
collagen fibers .
u ) . signal. Measured
in cross section L
collagen area fraction in
of each layer )
cross sections orthogonal
to loading direction.
Obtained directly from
I MPM stacks of SHG 2
Activation . _ B A A
Aa stretch of fiber signal. .Equal to average Wy ?((A_ -1 H - 1 3-6
tortuosity of collagen a a
fibers.
Parameters of Fit of fiber angle
a1, | bimodal distribution that was p(6) = ebicos2(6-az)
az, | orientation measured directly from 21,(by) A
b1, | distribution fiber tracing in stacks of 1 by cos 2(6—ay)
. . . + 2 2
b2 | function for fiber | MPM images for each 21,(b,)
angle wall layer.
ISOtrOP'C Obtained as part of
material ; e
o properties of paramefter_ldentlflcanon
. from uniaxial data-
ground matrix longitudinal loadin
and elastin 9 9
o
) N
Stiffness of Obtained as part of =—pl + bz Yi(1 — pa;
ao parameter identification : 3-10
Bm | collagen fiber in . i=1
. from uniaxial data- N
media layer circumferential loadin 2 " O T
g. +—Z YitiF J- Pie) 55 2 Mo®my db ¢ F
T £ 0 04f
i=1
Obtained as part of
Property of ; e
. parameter identification
Bn | collagen in new

layer

from uniaxial data-
longitudinal loading.
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The collagen fibers in the adventitia layer remained wavy (unrecruited) throughout the
subfailure loads considered for the constitutive modeling (Figure 16). Namely, the subfailure
stretch levels were below the recruitment stretch of adventitial collagen. Therefore, for the loading
conditions considered in this study, the adventitial layer did not contribute to the strain energy
function for either the control artery or aneurysm tissue.

The material parameters «; for the isotropic components were assumed to be the same for
different layers. It was determined through a fit to the toe-region of the loading curve up to the
activation stretch where the fibrous component was recruited to load bearing [110,111]. The
collagen stiffness parameter fm was obtained from parameter regression from uniaxial testing on
circumferential strips of control artery. The constitutive model for the aneurysm wall included both
medial layer and the new layer. The material constant for the collagen fibers in the medial layer
(Bm) was assumed to remain constant during the remodeling process and therefore set equal to this
same constant as obtained from the control artery. The stiffness of the newly deposited collagen
fibers, pn, was obtained as part of the parameter identification process using the uniaxial
mechanical testing data on the aneurysm tissue. All the measured and fitted parameters are listed

in Table 6. The fitted curve (R? = 0.983) along with experimental data are shown in Figure 20.
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Figure 20 Experimental stress-stretch data (red dots) along with the fitted curve (solid) for case H400

Table 6 Results for measured and fitted parameters in constitutive model

Measured
Parameters PDF Fitted Parameters
a Ba Bm Bn
Case Layer i J Aa a1 az b1 b, | (MPa) | (MPa) | (MPa) | (MPa)
media | 0.62 | 0.45| 1.07 | 0.01 | 3.07 | 14.95 | 2.72 -
Control
HA495-C 0.19 0.83 -
adventitia | 0.38 | 0.42 | 1.25 | 2.14 | 3.01 | 0.99 3 -
media | 0.11|0.44 | 1.08 | 0.27 | 0.62 | 4.35 | 1.07 -
A”ﬁzgg’m new layer | 0.2 | 0.31 | 1.08 | 1.02 | 1.39 | 1.08 | 2.79 | 0.17 ; 0.83 | 12.28
adventitia | 0.69 | 0.42 | 1.22 | 0.86 | 1.53 | 0.49 | 1.93 )
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3.4 Discussion

The objective of this work was to investigate the physical mechanisms for remodeling
collagen fibers in response to changing mechanical loads in an elastase induced model of saccular
aneurysms in rabbits. Fundamental questions regarding the location of remodeling within the wall
and the possibility of multiple stages in the remodeling process were addressed. Multiphoton
microscopy and mechanical testing were used to evaluate the nature of this remodeling process.

This work is motivated by a need to understand mechanisms of wall remodeling in human
aneurysms - fundamental knowledge that can impact patient treatment and risk assessment. It is
well established that aneurysm geometries evolve in time [112], which in turn, leads to changes to
the intramural loads and flow environment [11,113]. The response of the aneurysm wall to this
changing mechanical state cannot be studied in patients and so animal models of the kind used
here are needed. In the rabbit model, the application of elastase gradually disrupts the elastin layers
thereby contributing to an increased sac diameter over time as well as rendering the extracellular
matrix more similar to that of human aneurysms, where elastin is rarely found. Here we used this
model to explore mechanisms by which the aneurysm wall can adapt to changing intramural loads
under flow fields that have been shown to be similar to those found in human aneurysm sacs [93].

Prior work has also considered the impact of elastase degradation on the relationship
between wall structure and mechanical function in aortas. In [114], it was shown that after 6 hours
of elastase incubation, the elastin network was no longer visible in MPM images and the unloaded
sample length increased sufficiently to cause recruitment (straightening) of the collagen fibers. We
emphasize that the objective of the present study was to consider a more gradual change in the
extracellular matrix (ECM). Therefore, in the current study, elastase was applied for only 20

minutes. Even after only 2 weeks post application, sparse elastin fibers remained in the aneurysm
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wall, Figure 13(b). Moreover, the medial and adventitial collagen fibers retained their wavy
structure in the unloaded state.

In this work, the creation of the aneurysm wall led to a shift in the intramural loads from
predominantly circumferential to a more multi-axial loading state that is more typical of human
saccular aneurysms. While it has been long recognized that altered blood flow and pressure can
induce arterial remodeling such as changes in wall thickness and biomechanical response
[115,116], vascular growth and remodeling due to changes in the multi-axial loading state has
received little attention [117,118]. We found the remodeling response in the wall demonstrated
two distinct phases, that were localized in different wall regions. The first phase occurred as early
as 2 weeks after aneurysm creation and was characterized by the development of a new layer
between the adventitia and media. This layer was composed of relatively sparse, multi-directional
collagen fibers, Figure 12(h) and Figure 14. The fast deposition and distributed orientation of
collagen fibers in this new layer, coupled with the low level of undulations in these fibers provided
a mechanism for the wall to bear both longitudinal and circumferential loads, without extensive
elongation. The MPM analysis of recruitment and reorientation of collagen fibers in the new layer
during longitudinal loading, demonstrated that collagen fibers in this layer were recruited to
longitudinal load bearing before the circumferentially aligned medial fibers and the highly
undulated adventitial fibers. Namely, until some time between 4 and 8 weeks, only collagen in this
new layer was recruited to longitudinal load bearing. A second, later phase of remodeling within
the medial layer was seen in most 8 weeks and 12 weeks cases. In particular, in response to the in
vivo increase in longitudinal loading, collagen fiber orientation in the media remodeled, changing
from almost purely circumferential across the entire medial layer to containing a range of

orientations that depended on radial position. The outer media remained largely circumferential,
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while fibers in the inner media displayed a longitudinal alignment. These two regions were
separated by a transition regime with both alignments, Figure 15.

The current work provides provocative information about possible mechanisms by which
human aneurysms may adapt to changing mechanical loads. In earlier studies of human IAs, we
also saw remodeled medial layers that similarly demonstrate plies with multiple directions [11,12],
Figure 21. This earlier work, similarly employed MPM analysis of collagen fibers. The present
results, identified a second mechanism that enables rapid response to acute changes in mechanical
loading and brings to question the mechanisms by which the human 1As can stabilize after acute
changes in geometry that might follow acute subfailure damage. In particular, if medial
reorganization has a time frame of 8 weeks, is there similarly a second mechanism of remodeling
in human 1As that can stabilize the wall prior to effective medial remodeling? We conjecture that
this mechanism for rapid deposition of collagen fibers or some other mechanism must also exist
in human aneurysms. In the future, we intend to investigate this conjecture as the capacity for rapid
structural reinforcement will be essential for preventing catastrophic rupture in some IAs, and
thereby be of vital clinical importance.

It has already been established that human unruptured 1As display both vulnerable and
robust walls as seen in the ultimate failure stress [11]. In fact, one of the most important clinical
objectives is to predict which unruptured aneurysms are vulnerable. Ideally, we will understand
the physical cause for this vulnerability so that we can develop new treatments and methods of
assessment. Interestingly, even in this study, where the rabbit aneurysms were developed in a
systematic manner, their failure strength also showed great heterogeneity. However, no clear
differences in collagen architecture, such as distributions and density of collagen fibers, could be

found in the rabbit aneurysms to explain this heterogeneity. This suggests the difference in strength
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could be due to some aspect of the fiber structure at the nano level, rather than the distribution and
organization of fibers at the micro level. In future studies, electron microscopy will be used to

evaluate difference in the collagen fibers.

fiber angle(degree)

|
0 02 04 06 08 1

IongitudinaII

Figure 21 Remodeled medial collagen fibers of human aneurysm case similarly show transition between two
orthogonal directions. (a) Distribution of fiber orientation as a function of depth. (b,c) Projected stacks of MPM
stacks showing collagen fibers largely aligned in one direction in outer media (depth 30-70 pum), and displayed more
dispersed distribution in inner media (depth 0-30 pum) orientations (Contour plot reproduced from [12]). This human
aneurysm sample (CA-25) was obtained from a 53 year old female patient and had distinct medial like and

adventitial like layers.
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The discovery of these two mechanisms of remodeling is crucial for understanding how
the vascular wall can adapt to changing loads on short and long time scales. Such information is
essential for the development of meaningful growth and remodeling theories, which can in turn
guide future experimental work. In the present study, we developed for the first time a structurally
motivated constitutive model for the remodeled aneurysm wall, which is general enough to capture
both modes of remodeling. With future applications of growth and remodeling in mind, a
methodology was introduced to use the data obtained in this work to drive choices for material
parameters in the constitutive model. Such models in turn will be invaluable in guiding future

experimental studies.

Limitations and Future Directions:

The theoretical model presented here included some idealizations that can be relaxed in
future works. While we did model the fibers with layer specific material properties (stiffness), we
used a constant (average) value of recruitment stretch for each wall layer rather than using a
distribution of recruitment stretches, such as we used in [52]. With respect to mechanically testing,
while we did consider the biaxial response in subfailure loading, our failure testing was performed
on uniaxial strips in the longitudinal direction, due to limitations in sample numbers. The
longitudinal direction was chosen based on the need for adaptation in ECM to maintain wall
structural integrity after aneurysm formation. While remodeling of fibers in both directions, were
analyzed using MPM, it may be of interest in the future to also measure the circumferential
properties in the aneurysm wall. Unless fibers are perfectly symmetric about the loading direction,
a shear stress will be generated at the clamped region in uniaxial testing. In the mechanical tests,

we did not measure this shear load, though we did include measurements of fiber angle in the
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constitutive model. Furthermore, due to limitations in imaging depth, it was generally not possible
to image through the entire adventitia in fresh samples. In future studies, optical clearing methods
could be used to more fully probe possible modeling in the adventitial layer [119,120].

The relationship between hemodynamic factors and remodeling was not investigated in
this work as the focus was on the adaption of the wall to increased longitudinal load. In fact, the
flow field did not show significant differences as a function of time point. The magnitude of time
averaged wall shear stress was uniformly low relative to the parent arteries. In all cases, the spatial
average was less than 7 dynes/cm?. The qualitative flow features were also similar across the
models, displaying two transient vortices, driven by the inflow jet. There were differences between
cases, such as the location of jet impingement and duration of the secondary vortex. In future
studies, it could be interesting to analyze the association between local flow features such as jet
impingement and endothelial cell morphology and function.

The current studies demonstrate relevance in several important areas between human IA
walls and the walls of the elastase induced aneurysm model in rabbits. Even so, we must always
question the relevance of the application of a given animal model to a particular aspect of a human
disease. For example, the current study considered young animals. In future work, we intend to
use older animals to explore the impact of age on the remodeling responses. Although the current
study did not develop the temporally evolving constitutive models for growth and remodeling
theories, it identified, for the first time, the mechanisms of remodeling in the rabbit model of
saccular aneurysms. As such, this study provides essential information for the design and
implementation of future growth and remodeling theories with applications to aneurysms. The
stiffness of overall collagen component in the new layer is substantially higher than in the

neighboring media layer. This trend is consistent with results on in vivo neo artery formation in

71



rats in which the collagen contribution from newly deposited collagen fibers was also stiffer than
in control artery [29]. It should be noted that the stiffness parameter is not obtained from data
normalized by fiber number, but rather by area fraction of collagen. Therefore, it cannot be used
to compare individual fiber stiffness between layers. In future work, it would be valuable to
perform a more extensive analysis of the collagen fibers themselves using, for example, electron
microscopy.

This elastase induced aneurysm model in rabbits has already been recognized as a valuable
model for developing new devices for treating cerebral aneurysms such as flow diverters [121—
123]. The present study suggests this animal model may also provide an opportunity to evaluate

the impact of these devices as well as pharmacological treatments on aneurysm wall remodeling.

3.5 Conclusion

Since collagen is the major passive load bearing component in the aneurysm wall, collagen
remodeling in response to the evolving 1A geometry is vital for maintaining a sustainable level of
intramural loads and avoiding rupture. The current study directly evaluated collagen remodeling
in the rabbit aneurysm model and identified two fundamentally different mechanisms of
remodeling. The first occurred over the period of weeks and involved the development of a new
wall layer. A second, later response, involved reorganization of the medial collagen fibers in
response to sustained changes in load and occurred on the time scale of months. The second
remodeling mechanism has been identified in human aneurysms. The first mechanism, though not
yet reported in human IAs, suggests new areas of study in human 1As as it occurs over a relatively

short time period in response to acute changes in load. Collectively, the results in this work suggest
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the rabbit aneurysm model warrants further investigation as a tool for studying the evolution of

human 1As and investigating new treatment strategies.
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4.0 Prevalence and Distribution of Calcification in Human Cerebral Arteries

4.1 Introduction

Vascular calcification is a pathological deposition of mineral within the vascular wall. It is
a common phenomenon that is influenced by complex interactions between several factors, such
as aging, diet and other pathologies [124,125]. At least two different types of pathological
processes can lead to calcification accumulating in the vascular wall [126], atherosclerotic
calcification (typically in the intima) and non-atherosclerotic calcification in the other layers.
Atherosclerotic calcification is a slow, inflammation driven process and associated with lipid pools
[127]. Non-atherosclerotic calcification occurs via rapid mineralization due to an upregulation of
calcifying genes, typically in the absence of lipid pools [124,128,129]. In both cases, vascular
calcification is considered to be an independent marker of increased cardiovascular risk, such as
coronary mortality, myocardial infarction and stroke [130-135].

While the formation of vascular calcification is widely studied, its role in cerebral vascular
disease has only received limited attention. Calcification as a rigid deposit in the artery wall has
important biomechanical effects [23,136,137]. Size of calcification particles and distribution in the
wall can alter the mechanical stress [138-142]. There are several imaging techniques, both in vivo
and in vitro, that are commonly used for detection of calcification. Clinical computed tomography
(CT) and Optical Coherence Tomography (OCT) are non-invasive approaches to study the
prevalence and location of calcification in the cerebral artery wall [135,138,143,144]. Though
clinical CT and OCT capture large calcification easily, they fail to detect micro-calcifications,

which are conjectured to play an important role by causing local stress concentration [140].

74



Besides in vivo imaging techniques, histology studies can detect calcification and provide more
details about type and location of calcification in the wall [144,145]. However, such studies only
provide localized two dimensional structural information and can be time consuming to prepare.
An alternative in vitro non-destructive technique, high resolution micro-computed tomography
(micro-CT), can overcome such limitations in histology and provides a means of investigating the
details of micro-calcifications in intact samples [25,146], though typically with lower resolution
and without the option of additional staining.

Common sites of intracranial aneurysm occurrence are arterial bifurcations of the circle of
Willis, a circular junction of arteries found in the inferior part of the brain. The calcification
distribution in these regions compared to other locations remains unknown. A recent study using
high resolution micro-CT found that calcification, both atherosclerotic and non-atherosclerotic, is
more prevalent in intracranial aneurysms than previously reported, reporting a prevalence of 51 in
65 resected human aneurysm samples [25]. Moreover, this study provided a comprehensive
exploration of the size and location distribution of calcification as small as 3 um. It is not known
whether this high prevalence of calcification is already present in the wall of cerebral vessels,
especially the bifurcation regions where they originate, or whether this calcification develops as
part of the pathology of 1As.

The objective of the current study is to determine the prevalence, distribution and type of
calcification in internal carotid arteries (ICA) and three of the bifurcations associated with the ICA.
Two of these bifurcations are located at the proximal and distal sides of the juncture of ICA and
posterior communicating artery (PCOM). Aneurysms at the proximal PCOM bifurcation (PB-P)
area and the distal PCOM bifurcation (PB-D) area account for approximately 25% of all

intracranial aneurysms [147]. The other bifurcation considered here is the ICA bifurcation (ICA-
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B) which is located at the juncture of the ICA, middle cerebral artery (MCA) and anterior cerebral
artery (ACA). The ICA-B accounts for about 5% of all intracranial aneurysms (reports range from
2% to 9%) [148-150]. Twenty ICAs with bifurcations were scanned using high resolution micro-
CT scans that detected calcifications down to 3 um. The prevalence, distribution and type of
calcification were analyzed and compared to intracranial aneurysms. Prevalence of calcification
in these three bifurcations were measured and compared with the remaining ICA tissue as well as

data for cerebral aneurysms.

4.2 Methods

4.2.1 Tissue Acquisition

Twenty circles of Willis were obtained during human autopsy (Alzheimer’s Disease
Research Center Brain Bank, University of Pittsburgh). Samples were fixed in 4%
paraformaldehyde (PFA) within 5 hours after autopsy. Tissue segments with either the left or right
ICA along with the PCOM bifurcation (if PCOM was present) and ICA bifurcation were cut from
each circle of Willis, Figure 22(a, b). Clinical data were collected for each patient including age,

sex, smoking, hypertension, hyperlipidemia, diabetes and neurodegenerative diagnosis.

4.2.2 Micro-CT Scanning

All samples were scanned using a high resolution micro-CT scanner (Skyscan 1272, Bruker

Micro-CT, Kontich, Belgium) [25,65]. The scanning resolution was set to be 3 um to capture
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micro-calcifications. Following previously published protocols [25], samples were placed ina 1.5
mL microcentrifuge tube atop a moist gauze to prevent dehydration during scanning. The tube was
mounted vertically on an attachment of micro-CT. Samples were scanned 180° around the vertical
axis with a rotation step of 0.2° and a framing average of 8. The source voltage and current were
set to be 50 kV and 200 pA. The scanning time was approximately 2 hours for each sample. Three-

dimensional reconstructed images were created in NRecon (Bruker Micro-CT, Kontich, Belgium).

Figure 22 Circle of Willis and the anatomy for the segments included in current study. (a) Circle of Willis from
human cadaver. (b) Representative arterial segment. The red arrows point to distal and proximal PCOM bifurcations
(PB-D and PB-P, respetivey) and the green arrow points to ICA bifurcation (ICA-B). (c) 3D reconstruction from

micro-CT scan. The grey region is non-calcified tissue and the yellow shows the calcificed particles in the wall.
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4.2.3 Mesh Generation

The surface mesh for calcification and non-calcified tissues were generated in Simpleware
ScanlIP (Synopsys, Mountain View, USA) as previously described [25,146,151]. Briefly, the
reconstructed images created in NRecon were segmented into one mask of all tissue and one mask
for calcification. The tissue mask was created using segmentation filters including thresholding,
flood fill and additional morphological filters such as eroding and dilating to remove unwanted
components. Then, recursive Gaussian smoothing was performed on the mask. The calcification
was separated from non-calcified tissue by thresholding based on increased grayscale value
following by a series of Boolean operations to remove surface noises. A general module in ScanlP
was used to generate volume fraction of calcification based on the segmented mask. Geometric
information including diameter, volume and centroid of individual calcification particle was
analyzed using the particle analysis module in ScanlP. The major diameter of the bounding
ellipsoid of each calcification particle was used to compare the particle size. The surface mesh

consisting of triangular elements was generated for each mask, Figure 22(c).

4.2.4 Classification of Wall Types

The presence of lipid pools could be detected in micro-CT images of the sample cross
section due to its lower grayscale value [25]. The arterial walls were classified into 3 different
types based on the association of calcification with lipid pools as previously described [25].
Briefly, Type I refers to samples contained only calcification without lipid pools. Type Il refers to
samples with lipid that is not co-localized with calcified tissue. Type 11l walls contain colocalized

calcification and lipid pools. As in the prior studies on aneurysms [25], calcification particles were
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categorized further according to their sizes. Micro-calcifications have a diameter less than 500 pum,
meso-calcifications have a diameter between 500 to 1000 um, and macro-calcifications have a

diameter that larger than 1000 pm.

4.2 .5 Bifurcation ldentification

4.2.5.1 Vascular Branch Splitting
The surface mesh of the arterial tissue was preprocessed with several different operations
in Meshmixer (Autodesk, San Rafael, CA). First, it was smoothed to eliminate surface defects. To
facilitate the calculation of centerlines, short branches were extruded with a length between 2 to 3

mm. Finally, the inner and outer surfaces were separated and exported.

Figure 23 Illustration of methodology for splitting regions based on centerlines. (a) Centerlines of outer surface.

(b) Inner and outer surfaces with split regions.
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The centerlines were calculated based on the outer surface using the ‘vmtkcenterlines’
function in VMTK [152], Figure 23(a). The inlet was set to be the ICA opening, and the outlets
were set to be openings of MCA, ACA and PCOM. Then both the inner and outer surfaces were
split into different branches based on the previously calculated centerlines using
‘vmtkbranchextractor’ and ‘vmtkbranchclipper’ functions in VMTK [153]. Nodes in different

branches were labeled by corresponding group ID in the output surface file, Figure 23(b).

4.2.5.2 Bifurcation Regions

A custom Matlab code (R2017a, MathWorks Inc., Natick, MA) was then designed to take
the surfaces with separated regions defined by VMTK, identify surfaces at vessel bifurcations, and
use these surfaces to localize calcification within each region. The bifurcation regions were
identified on the inner and outer surfaces separately following the same steps. The centerpoint of
a bifurcation region, which was defined as the middle point of the curve between two intersecting
regions, was located first, Figure 24(a). Points on the intersecting curve and the midpoint between
two end points of the curve can form an angle 6. The centerpoint of the bifurcation region, which

was the same centerpoint on the curve, was found at the point on the curve which has a 6 that is

closest to n/2, Figure 24(a).

After the centerpoint of the bifurcation was identified, a circular bifurcation region was
propagated from that point with chosen diameter. In particular, diameter of each bifurcation region
was chosen to be the diameter of the artery with the smallest size that formed the bifurcation,
Figure 24(b, c). For example, the diameter of the PCOM bifurcation region for the inner surface

was the inner diameter of the PCOM, which is 1.1 mm [154]. The diameter of the PCOM
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bifurcation region on the outer surface was the outer diameter of the PCOM, which is 1.5 mm
[155]. The diameters of the ICA bifurcation region on the inner and outer surfaces were the inner
and outer diameters of the ACA, which are 1.8 mm and 2.3 mm, respectively [154,155]. In Matlab,
using the alphaShape function, alpha shape volumes were constructed using the vertex of the inner
and outer artery surfaces. These volumes and the inShape Matlab function were then used to
determine the region where the vertices of the calcification were residing. These labels and
surfaces were then used to extract stl files of the calcification in each region. The stl files of the

bifurcation, including inner surface, outer surface and calcification, were exported, Figure 24(d).

Figure 24 Identifying and extracting bifurcation regions. (a) The centerpoint (C) of the bifurcation region was
located at the middle point of curve AB. (b) ICA bifurcation (ICA-B) was formed by propagating an area outward
from the centerpoint to a radius equal to that of the ACA. (c) PCOM bifurcations (PB-D, PB-P) were formed by
propagating an area from the centerpoints to a radius equal to that of the PCOM. (d) Illustration of extracted inner

surface, outer surface and calcification at bifurcation region.
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4.2.6 Calcification Location and Volume Fraction Analysis for Separate Regions

4.2.6.1 Calcification Location Analysis

To assign each calcification particle to either the inner, middle or the outer third of the wall
thickness, a high fidelity protocol was utilized [156] that identifies two intramural surfaces that
separate the wall into three regions. Briefly, the normal vectors for all points on the outer surface
were determined and used to locate the counterparts on the inner surface. Then the distance vectors
between the inner and outer surfaces were defined based on the points on the outer surface and
counterparts on inner surface. The distance vectors were divided into three equal parts with two
markers. Two triangulated surfaces were then reconstructed using the markers labelled on the
distance vectors. Once these two surfaces were identified, the calcification particles could be

assigned to the inner, middle and outer third of the wall.

4.2.6.2 Calcification Volume Fraction in Separate Regions
The data for the calcification in the sample was obtained from micro-CT scans in the form
of point cloud entities. The volume of calcification in each third of the arterial wall was determined
using the methods presented in [156]. Briefly, using the machine learning classification algorithm,
DBScan, each of the calcified particles/entities in the micro-CT’s dataset was identified. Then, the
volume of each of these particles was determined using the MATLAB built-in function,
AlphaShape. Finally, the overall volume of the calcifications within the region of interested was

determined by summing the volumes of all particles in that region.
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4.2.7 Statistical Analysis

Statistical analysis was conducted using IBM SPSS Statistics (version 25, IBM Corp,
Armonk, N.Y., USA). The assumptions of normality and homogeneity of variance were tested first
using Shapiro-Wilk test and Levene’s test, respectively. Mann-Whitney U Test was used to test
the statistical difference between arteries and aneurysms for continuous variable. Chi-squared test
or Fisher’s Exact test were used to determine the statistical difference in the distribution of
categorical variable between arteries and aneurysms. One-way ANOVA followed by the Games-
Howell post hoc was applied to compare the means among groups on the same continuous variable
if the assumptions of parametric tests were attained. Otherwise, Kruskal-Wallis test followed by
Dunn’s test with a Bonferroni correction was applied. A two-tailed p-value less than 0.05 was

considered to be statistically significant.

4.3 Results

4.3.1 Calcification is Present in All Cerebral Artery Samples

The average age of all patients is 82 + 7.6 years old. The patient characteristics were listed
in Table 7. Calcification was present in all cerebral artery samples (20/20) with a range of volume
fraction between 0.013% and 12.2% with an average of 1.56 + 3.04%, Figure 25(a). Fourteen out
of 20 cases had a volume fraction of calcification less than 1%. There was no correlation between
calcification volume fraction and patient age. The average volume fractions were not significantly

different between sexes and for patients with and without a given medical condition.
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Table 7 Summary of patient clinical data

Hyper-
CaseID Age Sex tension

Hyper-
lipidemia Diabetes Smoking

Primary Neurodegenerative
Diagnosis

CW18-008 100 F

CW18-009

CW18-011

CW18-012

Cw18-013

Cw18-015

Cw18-017

Cw18-021

CW18-022

CW18-023

CW18-024

CW18-025

Cw18-028

Cw18-029

Cw18-030

CW19-002

CW19-003

CW19-005

CW20-002

CW20-004

76

70

73

94

81

80

82

71

87

82

76

88

86

84

76

88

88

78

79

M

F

F

M

yes
yes
no
no
yes
yes
no
yes
N/A
yes
yes
yes
yes
yes
no
no
yes
no
N/A

yes

no
no
yes
no
yes
yes
yes
yes
N/A
yes
no
no
yes
yes
yes
no
yes
yes
N/A

no

no
no
no
no
no
no
yes
no
yes
no
no
no
no
no
no
no
yes
no
N/A

no

no
yes
yes
no
no
yes
N/A
yes
N/A
yes
no
no
yes
no
no
no
no
yes
N/A

no

AD neuropathologic change
Progressive Supranuclear Palsy
AD neuropathologic change
AD neuropathologic change
Vascular dementia
AD neuropathologic change
AD neuropathologic change
AD neuropathologic change
Progressive Supranuclear Palsy
AD neuropathologic change
AD neuropathologic change
DLB, neocortical
AD neuropathologic change
AD neuropathologic change
AD neuropathologic change
AD neuropathologic change
AD neuropathologic change
AD neuropathologic change
AD neuropathologic change

AD neuropathologic change

*AD: Alzheimer disease

*DLB: dementia with Lewy bodies
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For the aneurysms, 76% cases had a volume fraction of calcification that was less than
0.1% [25,90], Figure 25(a). The volume fraction of calcification previously reported for cerebral
aneurysms (0.69 * 2.16%) was significantly lower than for the cerebral arteries studied here (p <
0.001), Figure 25(b).

Due to the complexity of the arterial geometry, the inner and outer surfaces could only be
successfully separated for 10 samples and therefore the analysis of the distribution of calcification
across the wall was based on these 10 cases, Table 8. The middle third and outer third of arteries
had the highest and lowest average volume fraction of calcification, respectively, Figure 26(a),
although there was no significant difference among inner, middle and outer thirds (p = 0.722). In
contrast, the outer third of the cerebral aneurysm wall had significantly higher calcification than

the inner third, Figure 26(b).
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Figure 25 Calcification volume fraction in cerebral arteries (blue) and cerebral aneurysms (orange). (a)
Distribution at different ranges. (b) Calcification volume fraction in cerebral arteries is higher than cerebral

aneurysms (p < 0.001). Data of cerebral aneurysms was from [25].
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Table 8 Calcification volume fraction, wall type and largest particle size in cerebral arteries

Calcification Volume Largest
Case ID Fraction (%) Wall Type Particle size Location Analysis
Cw18-008 1.210 1] Macro No
CW18-009 0.229 Il Macro Yes
Cw18-011 0.527 1] Meso Yes
Cw18-012 1.990 1] Macro Yes
Cw18-013 0.273 i Macro No
Cw18-015 1.430 i Macro No
Cw18-017 0.061 i Meso Yes
Cw18-021 0.015 i Micro No
Cw18-022 0.124 1l Macro No
Cw18-023 0.013 I Micro No
CW18-024 0.036 I Meso No
CW18-025 4.380 1] Macro Yes
Cw18-028 12.200 i Macro No
Cw18-029 0.944 i Macro No
Cw18-030 0.245 i Macro Yes
CW19-002 0.133 I Micro Yes
CW19-003 0.036 1] Meso Yes
CW19-005 6.890 1] Macro No
CW20-002 0.334 1] Macro Yes
CW20-004 0.034 Il Meso Yes
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Figure 26 Calcification distribution in different layers of (a) cerebral arteries (n=10) and (b) cerebral

aneurysms (n=51). (b) was reproduced from [25] with permission.

4.3.2 Most Calcification Particles Are Micro-Calcifications

For all particles, the ratio of the minor to major axis of the bounding ellipsoid is 0.5 £ 0.38.
91% of calcification particles had a major diameter that is less than 30 um, Figure 27. The largest
particle had a major diameter of 7.4 mm. Aneurysms were also reported to have a similar particle

size distribution, Figure 27.
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Figure 27 Most calcification particles are less than 30 pm, for both cerebral arteries and cerebral aneurysms.
(a) Distribution of all sizes in cerebral artery and aneurysm. (b) Zoomed in distribution of calcifications less than or

equal to 30 um in artery and aneurysm. Data of cerebral aneurysms was from [25].
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Macro-calcifications were present in 12 out 20 samples, Figure 28. For the remaining 8
cases, meso-calcifications were present in 5 of them. There were 3 cases that only had micro-
calcifications. For the 12 cases that had macro-calcifications, meso-calcifications were also found.
All samples (20/20) had micro-calcifications distributed in the wall. The proportion of arteries that

had macro-calcifications was significantly higher than for aneurysms (p < 0.001), Figure 28.
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Figure 28 Macro-calcification has higher prevalence in cerebral arteries (blue) than cerebral aneurysms
(orange). The proportions of calcification size in arteries and aneurysms are significantly different (p < 0.001). Data

of cerebral aneurysms was from [25].

4.3.3 Most Calcification Found in Atherosclerotic Form

Representative CT slices of different wall types were showed in Figure 29. Only 2 samples

were Type | wall, which indicated that there were no lipid pools found in the entire wall, Figure
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30. These two samples only had micro-calcifications, Figure 29, located in the inner third of the
wall. Three samples were found to have Type Il walls for which lipid pools were present in the
wall but never co-localized with calcifications. Only one case had macro-calcification located in
the middle third of the wall. The other two cases of Type Il walls had meso-calcifications located
in the outer third of the wall. There were 15 samples that had Type 111 walls (lipid pools had co-
localized calcification). Macro-calcifications were present in most cases of Type 111 wall (11/15).
All samples with Type I11 walls also had calcification particles that were not associated with lipid
pools. Whereas, atherosclerotic (Type 111) walls were found in 15/20 cerebral artery samples, they
were only found in a 23.5% of aneurysm samples, Figure 30. The proportions of wall types in
aneurysms and arteries are significantly different (p < 0.001).

Arteries with atherosclerotic calcifications (Type Ill, n=15) had significantly higher
calcification volume fraction than arteries with only non-atherosclerotic calcifications (Type I and
Type I, n=5) with p = 0.015, Figure 31(a). Similarly, cerebral aneurysms with Type 111 walls had
significantly higher calcification volume fraction than samples only with non-atherosclerotic

calcifications (Type I and Type I1), p = 0.009, Figure 31(b).
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Atherosclerotic

Non-atherosclerotic calcification

calcification

Type I: No lipid pools (2, 10%)

Micro-calcifications (2/20, 10%)

Meso-calcifications (0, 0%)

Macro-calcifications (0/20, 0%)

Type Il Lipid p

ools present but not localized with calcifi

cation (3, 15%)

Micro-calcifications (0, 0%)

Meso-calcifications (2/20, 10%)

Macro-calcifications (1/20, 5%)

Type llI: Calcification localized within and/or around lipid

pools (15, 75%)

Micro-calcifications (1/20, 5%)

Meso-calcifications (3/20, 15%)

Macro-calcifications (11/20, 55%)

Figure 29 Representative CT slices of three different wall types which are subcategorized based on largest

particle found in the sample. The white and yellow rectangles show zoomed in calcification and lipid pools,

respectively. Lipid pools are indicated by white dotted lines.
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Figure 30 Majority of cerebral arteries have atherosclerotic calcifications (Type I11 wall). The proportions of
wall types of cerebral arteries (blue) and cerebral aneurysms (orange) are significantly different (p < 0.001). Data of

cerebral aneurysms was from [25].
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Figure 31 Type Il walls had significantly higher calcification volume fraction than Type 1&11 for both (a)
cerebral arteries (p = 0.015) and (b) cerebral aneurysms (p = 0.009). Data of (b) was obtained from experiments

performed by Dr. Gade with permission.
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4.3.4 Calcification at Bifurcations

Results in this section were based on the 10 cases that the inner and outer surfaces were
separated successfully. The non-bifurcation region and ICA bifurcation had the highest and lowest
average volume fraction of calcification, respectively, Figure 32. The calcification volume fraction
was significantly different between the distal PCOM bifurcation and non-bifurcation region (p =
0.015). The proximal (PB-P) and distal (PB-D) PCOM bifurcations had close average volume
fraction of calcification (0.52% vs 0.51%). There was no statistical difference among three

bifurcations of arteries and cerebral aneurysms.
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Figure 32 Volume fraction of calcification at the bifurcations of cerebral arteries (n=10). The volume fraction
of calcification at non-bifurcation regions was significantly higher than for the distal PCOM bifurcations (p =
0.015). The difference in calcification volume fraction was not signficant between cerebral aneurysms and any

region of the cerebral artery.
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The distribution of calcification in the inner, middle and outer thirds showed different
patterns for different regions, Figure 33. At the distal PCOM bifurcation, more calcification was
located in the outer third. At the proximal PCOM bifurcation and ICA bifurcation, the distribution
was relatively uniform across the wall. For the non-bifurcation region, more calcification was

found in the middle third.

®Inner
® Middle
. = Quter

i%m X X e oo Eﬁé
PB-P PB- ICA-B Other
Region

Calcification Volume
Fraction [%]

O -~ N W bk~ 0000 N @

Figure 33 The distribution of calcifications in the inner, middle and outer thirds for bifurcations and

remaining region
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4.4 Discussion

In this work, calcifications in the ICA and associated bifurcations, PB-P, PB-D and ICA-
B, were analyzed from micro to macro scales using high resolution micro-CT. Calcifications were
found in all samples (n = 20) with a volume fraction between 0.013% and 12.2%. The results found
were compared to data on intracranial aneurysms from prior work in our group [25,90].

The cerebral arteries were found to be significantly more calcified than cerebral aneurysms.
One possible reason is that the age of patients in this study was substantially higher than patients
in the aneurysm study. The average ages of patients in the current study and the aneurysm study
are 82 years old and 57.5 years old, respectively. Aging was reported to be an important factor for
vascular calcification, and the prevalence and calcification amount increase with increasing age in
extracerebral arteries [157-159]. Most arteries (15/20) in this study had a Type Il wall with
atherosclerotic calcifications associated with lipid pools. This finding is different from
calcifications in aneurysms. In the aneurysms, non-atherosclerotic calcification (no associated
lipid pool) was more prevalent than for arteries. Moreover, calcifications in the middle third of
cerebral arteries had the highest volume fraction. In contrast, the outer third in aneurysms was the
most calcified.

The dominant calcification particles had a size that was less than 30 um, which is similar
to the aneurysm cases. Macro-calcifications were found in 12 out of 20 arteries. In contrast, only
7.8% of aneurysms had macro-calcifications. Figure 11 showed the relationship between particle
counts and volume fraction of calcification of all samples in a log-log scale. The largest particle
size found in each sample by a different data symbol. The accumulation of calcifications was
related to both particle numbers and the largest particle size in that sample, Figure 34. At the early

stage (with low calcification volume fraction), the volume fraction of calcification increased due
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to both increasing number of particles and particle size. After the calcification volume fraction
reached a certain level, the elevation of calcification was largely due to the increasing particle size,
Figure 34(b). It suggests that smaller particles aggregated to form larger entities. Namely, it is
possible that the clusters of micro-calcifications found in arteries and aneurysms preceded the
formation of large calcifications [146].

The non-bifurcation region had higher volume fraction of calcification compared to the
three bifurcations, although the statistical difference was only found between non-bifurcation
region and distal PCOM bifurcation. Since most aneurysms originate at bifurcations, calcification
volume fraction between cerebral aneurysms and different bifurcations were compared. There was
no significant difference found in any pair. Even though there was no difference of the average
calcification volume fraction between proximal and distal PCOM bifurcations, the distribution of
calcification in the wall was different substantially. For the proximal PCOM bifurcation (PB-P),
the middle third of the wall had the most calcification. Notably, calcification was highest in the
outer third of the distal bifurcation of the PCOM artery (PB-D), similar to what is reported for
cerebral aneurysms, Figure 26(b). It should be noted that the distal PCOM bifurcation accounts for
most aneurysms among these three bifurcations [160]. These findings suggest that the calcification
may be different in regions more prone to aneurysm formation.

The wall types were also categorized based on whether there was any atherosclerotic
calcification in the wall. While this is useful for understanding walls without atherosclerotic
calcification, it does not exclude the possibility that atherosclerotic walls also had non-
atherosclerotic calcification. In the future, new techniques could be developed to analyze the raw
CT scans to segment out regions of lipid pools so that each calcification particle can be definitively

categorized as atherosclerotic or non-atherosclerotic.
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Figure 34 Relation among particle counts, largest particle size and volume fraction of calcifications of

cerebral arteries. (a) Calcification volume fraction increased as particle counts increased at low volume fraction.

(b) Calcification volume fraction increased as the largest particle size increased.
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As noted in [25], the spatial distribution of micro-calcifications will be important for the
mechanical properties of the wall. For example, a cluster of micro-calcifications which reside
locally in a certain region will be expected to have a different effect on wall strength than those
distributed sparsely across the wall. Moreover, the near calcification region is expected to have a
great impact on the influence of calcification on the stress distributions in the wall [161].
Moreover, there is a pressing need to understand the interaction between the lipid pools,
calcifications and collagen fibers during load bearing. In a preliminary study, multiphoton
microscopy was used to explore the relation between calcification and collagen fibers in an
aneurysm sample under uniaxial stretch, Appendix C. In the future, the relationship between lipid
pools, calcifications and collagen fibers should be studied both computationally and

experimentally, to determine their coupled influence on wall strength.
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Appendix A Constitutive Modeling of Rabbit Aneurysm

Appendix A.1 Fiber Dispersion Model

The collagen component is treated as a collection of extensible fibers with a distribution of
orientations. In general, a single collagen fiber will have a wavy conformation in reference
configuration xo, Figure 10(b). Using local Cartesian coordinates with unit base vectors (e1, €2)
(Figure 10(a)), a direction is associated with undulated fiber mo in reference configuration xo where

can be decomposed to

my = cosfe; + sinbe,. A-1

The undulated fiber is assumed to become load bearing when the material element in direction mg
has undergone a stretch of 1a, Figure 10(b). This activation stretch is an additional material
property determined from average tortuosity of fibers. Then the fiber commences stretching when

As = Aq. The true stretch of the fiber /: is then

A = Ae/Aq A-2

where /s can be obtained from
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Afz =C: m0®m0 A-3

The distribution of fibers was represented by probability density function (PDF) of fibers at
arbitrary orientation mo in the reference configuration. Motivated by the MPM data, only collagen

fibers in 2D plane were considered. The PDF was represented by a bimodal von Mises distribution

[162]

1 1
) = ebicos2(6-a1) 4 pbycos2(6-a2) g 0,1 A-4
p 210(b1) ZIO(bZ) [ )

where a1 and a, are symmetrical angles of two peaks, b1 and bz are concentration parameters. lo(b)

is the Bessel function of order zero defined by

T

— l bcos6
Iy(b) e do A-5
L)

and the distribution is normalized such that [163],

T

1
1=—f :(6) d6 A-6
T Jo
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The four parameters (ai, a2, b1, b2) of Equation (10) of each case were determined using maximum
likelihood estimation by function MLE in Matlab (MathWorks Inc. Natick, MA) [109] based on
collagen fiber orientations measured from the MPM stacks using ctFIRE. The parameters of
CtFIRE were listed in Table 9, with more details on the functions found at

https://loci.wisc.edu/software/ctfire.

Table 9 Input parameters of ctFIRE

Parameter Default value
thresh_im2 5
s_xlinkbox 8
thresh_ext 70
thresh_dang_L 15
thresh_short_L 15
s_fiberdir 4
thresh_linkd 15
thresh_linka -150
thresh_flen 15
Percentile of the remaining curvelet coeffs 0.2
Number of selected scales 3

The strain energy function of collagen in each layer is then constructed by integrating

response of fibers over all directions [52,108]. The strain energy function of collagen in each layer
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where wysi Is the strain energy of fibers in layer i, and defined as

_ B

(=5 A" =D H@A - 1) A-8

Wr

where the Heaviside function is used to switch the fiber contribution off when under compression
0 ifA, <1

H(’“_D:h if 2, >1 A-9

Appendix A.2 Determination of Material Parameters from Uniaxial Tension Experiments

As each layer only occupies a fraction of the cross section, Figure 35,

N
o=—-pl+ zyi(ﬂiaﬁ + (1 —uogy) A-10
i=1
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where p is the Lagrange multiplier arising from the constraint of incompressibility, yi is the

thickness fraction of layer i and w; is the areal fraction of collagen fibers in cross section of layer
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Figure 35 Schematic of stress distribution on different layers

Material constants in the structurally motivated constitutive model will be determined from
multiphoton imaging and uniaxial mechanical testing. Assuming the tissue is incompressible,

necessarily the deformation is isochoric with principal stretch values satisfying 1,1,4; = 1. The

corresponding deformation gradient tensor and Cauchy Green tensors are

1 1
F] = dia [,1,,1,—], C]l = [b] = dia l/l 22 2,—] A-11
[ ] g (M 211/12 [ ] [ ] gt 12 112122

where i is the principal stretch in direction ej. Coordinate axis are chosen such that the loading

direction is ez and es is orthogonal to the sample. Then the principal components of the Cauchy

stress can be written as
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By setting o3 = 0, an expression for the Lagrange multiplier p can be obtained. An implicit relation
between A1 and A2 can then be obtained by setting Equation A-13 to be zero. Using Equation A-12
along with this implicit relation and the experimental data (relation between o1 and 1), the
parameters i and i can be obtained from minimizing the least-squares objective function. The
interior-point optimization algorithm of FMINCON function in Matlab (R2017a, MathWorks Inc.,

Natick, MA) was then used.
Appendix A.3 Acquisition of Other Parameters
Appendix A.3.1 Thickness Fraction of Each Layer -y
Thickness fraction of each layer was measured from MPM images. For each MPM stack,

the planar images were taken by a step size of 2 um. The MPM images of different layers showed
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distinct structures and were easy to determine the boundaries. Then the thickness of each layer was
calculated as the slice numbers of MPM images multiplying imaging step size (2 um). Figure 36

showed the cross section of MPM images of one aneurysm case.

Adventitia

New layer

Media

Figure 36 Cross section of MPM stack shows three different layers

Appendix A.3.2 Areal Fraction of Collagen Fibers - p

Each later is considered to be composed of three different constituents, collagen fibers,
elastin and ground matrix. Here the elastin was assumed to be isotropic and was combined with
ground matrix. The strain energy function of this combined part is Neo-Hookean. The collagen
fibers have different densities and distributions in each layer. To determine the stress contribution
of collagen fibers in each layer, the cross sectional MPM images were analysis using ImageJ by
thresholding. The areal fractions of collagen fibers at three different locations were measured and

averaged.
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Appendix A.3.3 Activation Stretch of Fiber

The activation stretch of fibers was assumed to be the average tortuosity of fibers in each

layer. The tortuosity of fibers was obtained from manual tracing in Imaris.

Appendix A.3.4 Probability Density Function of Fiber Angle

The PDF of fiber angle was assumed to be Bimodal von Mises distribution. The angle of
each traced fiber was obtained from ctFIRE. Then all fibers in a certain layer were combined. The
parameters of this function for each layer were fitted using Maximum Likelihood Estimation

(MLE) using Matlab. Figure 37 showed the distribution and fitted PDF of one representative case.
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Figure 37 Angle distribution of new layer and media. The smooth lines are the fitted Bimodal von Mises

functions
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Appendix B Added Information on Rabbit Aneurysm

Appendix B.1 Analysis of Wall Thickness and Endothelial Cell Coverage

Appendix B.1.1 Detailed Wall Thickness

As discussed in Chapter 3, the mechanical testing and MPM imaging were performed on
half of the aneurysm wall. The dorsal half was kept in Mayo Clinic for biology and histology
studies. Then this half was embedded in paraffin and sent to University of Pittsburgh. The
embedded pieces were scanned under high resolution micro-CT scanner (Skyscan 1272, Bruker
Micro-CT, Kontich, Belgium) at a resolution of 3 pm. The scan was reconstructed using NRecon
(Bruker Micro-CT, Kontich, Belgium). The surface mesh was generated using Simpleware ScanIP
(Synopsys, Mountain View, USA) after several operations included segementation and Gaussian
smoothing. The thickness information was evaluated after importing the surface mesh into
Materialise 3-matic (Leuven, Belgium). The statistics, such as mean thickness, standard deviation

of thickness, of selected regions was obtained, Figure 38.

107



1.0000

0.8000
0.8667

0.6734
0.7333 ==

05468 —
0.6000 —

04201 —
0.4667 —

02935 —
0.3333 ==

0.2000

Figure 38 Thickness heat maps of two representative cases (scale: mm). The aneurysm part was further

separated into 3 regions.

Appendix B.1.2 CD31 Cell Score

This section is based on joint work with Mayo Clinic (PI: Dr. David Kallmes).

To assess the coverage of endothelial cells of aneurysm wall, CD31 antibody staining was
applied. The dorsal half of the aneurysm tissue was divided into three regions. Endothelial cells
coverage of each region was evaluated and ranked by a score from 0 to 5. Each region was scored
at five different spots. The explanation of the score was listed below:

e Score 0: completely lacking CD31 positive cells coverage

e Score 1: scattered, sparse, several cells which are positive for CD31
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e Score 2: small, isolated, patchy, cell clusters are positive for CD31
e Score 3: the cell clusters which are positive for CD31 are much larger than that in 2 above
e Score 4: majority of the lumen side of the wall is still covered with CD31 + cells, with

the exception of some small gaps among cells

Score 5: the lumen side of the wall is still completely covered with CD31 + cells.
The represented images of covered endothelial cells at different scales were shown in

Figure 39.

score=4 score =3

score=2 score=1 score=0

Figure 39 Representative images taken from samples to show the score of endothelial cells coverage
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Appendix B.1.3 Relationship between Cell Score and Wall Thickness

As discussed in the previous two sections, the scores of endothelial cell coverage and
thickness at different regions of all aneurysm tissues were obtained, Figure 40. After combing all
regions from all samples (all time points), there was a positive correlation between average cell

score and average thickness of regions (r = 0.328, p = 0.012), Figure 41.
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Figure 40 Cell scores of different regions and corresponding wall thickness map (thickness scale: mm)
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Figure 41 Correlation between average cell score and average wall thickness
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Appendix B.1.4 Heterogeneity of Wall Thickness and Strength

For each case, the mean and standard deviation of wall thickness of an aneurysm region
was obtained from Materialise 3-matic. There was no correlation between average wall thickness
and wall strength. However, there was a negative correlation between standard deviation of wall
thickness and ultimate stress (r = -0.519, p = 0.04), Figure 42. This suggests that the aneurysms
with heterogeneous wall thickness are likely to be more vulnerable.

It should be noted here, the wall thickness and ultimate stress were measured on different

tissue pieces of the same sample.
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Figure 42 The ultimate strength of the tissue is negatively correlated with standard deviation
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Appendix B.2 Biaxial Response of Rabbit Aneurysms

Aneurysm cases that had a sufficiently large piece of tissue (greater than 5 mm by 5 mm)
were also tested biaxially using custom built biaxial testing system [96]. It was the same system
as described in Chapter 3. However, four biorakes were used to mount a square piece of specimen.
The testing protocol was exactly the same as described in Section 3.2.3. Due to the diversity in
mechanical properties of the remodeled tissue, the maximum stretch was tissue specific and chosen
in real time to avoid overextension of collagen fibers as seen under MPM and determined by
reaching the high stiffness region of the loading curve based on load cell measurements. Seven
cases of rabbit aneurysm tissues were tested equi-biaxially in longitudinal and circumferential

directions. The mechanical responses were shown in Figure 43.
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Figure 43 Equi-biaxial mechanical responses of seven rabbit aneurysm cases
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In Figure 17, it has been already shown that dispersed fibers in new layer can reorient and
bear load in the longitudinal direction. The MPM images were also collected simultaneously when
the specimens loaded biaxially. The orientation of fibers in new layer showed minimal change
under equi-biaxial loading, Figure 44. This confirms the ability to bear biaxial loading of the new

layer.

Figure 44 Collagen fibers in the new layer of aneurysm under equi-biaxial loading (Case H491)
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Appendix C Visualization of Collagen Fibers and Calcification

Appendix C.1 Introduction

High-resolution micro-CT provides great details on the extent and distribution of
calcifications in the wall, as discussed in Chapter 4. The size and distribution of calcifications can
alter the mechanical stress. Meanwhile, collagen fibers are the major passive load bearing
component in the wall. The relationship between calcification and collagen fibers can have large
impact on the mechanical properties, such as stiffness and strength, of the arterial wall. To study
this relationship, an established protocol was applied for visualizing collagen fibers and
calcifications simultaneously [146]. The tissues were imaged under MPM after staining using
OsteoSense. Calcifications with different sizes were found and different patterns of relationship

between calcification and collagen were discovered.

Appendix C.2 Methods

Appendix C.2.1 Tissue Acquisition

Circles of Willis were obtained during autopsy from patients (Alzheimer’s Disease
Research Center Brain Bank, University of Pittsburgh). Samples were fixed in 4%
paraformaldehyde (PFA) within 5 hours after autopsy. Segments of middle cerebral artery (MCA),

internal carotid artery (ICA) or vertebral artery (VA) were cut from different circles.
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Appendix C.2.2 Micro-CT Scanning

Arterial segments were scanned under a high resolution micro-CT scanner and scans were
reconstructed as described in detail in Section 4.2.2. Briefly, arterial segments were scanned with
a resolution between 3 um to 5 pm. Then the 3D reconstructed images were created in NRecon.
The calcification and non-calcified tissue were segmented into different masks by thresholding

and a series of other operations.

Appendix C.2.3 MPM Imaging

To visualize the relationship between calcification and collagen fibers in regions of interest
(ROIs) that were identified from micro-CT scanning, collagen and calcification were imaged
simultaneously under MPM as described previously [146]. Briefly, tissues were stained in diluted
(1:50) OsteoSense 680EX (Perkin Elmer, Waltham, MA) for 24 hours after micro-CT scanning.
Samples were then rinsed using PBS and imaged under MPM with an excitation wavelength of
800 nm (same device as described in Section 3.2.3). The second harmonic generation (SHG) signal
of collagen was collected using a 400 nm filter. Signal from calcification was collected using the

fluorescent calcium tracer emission in the range of 665 to 735 nm.

Appendix C.2.4 Post-processing MPM Images

To better visualize the relationship between collagen and calcification, the MPM stacks

were imported in Imaris 9.2 (Bitplane, Switzerland) and 3D reconstructed.
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Appendix C.3 Results

Appendix C.3.1 Calcifications at Different Spots of One MCA Case

Different types of calcification were found in segment of MCA. From the dissecting scope
image, yellow plaque-like region was shown in the middle of the segment, Figure 45(a). After
reconstructing the micro-CT data, dense collection of calcification particles was found in the same
yellow region, Figure 45(b). To visualize the collagen fibers in different regions, four different
ROIls were imaged under MPM, Figure 45(c). The first ROl was chosen in the middle of the yellow
region, which also has the highest density of calcification. A second ROI was chosen on the edge
of the calcified region and non-calcified region. The third ROI was chosen away from the calcified
region where the tissue was relatively transparent. Due to the thickness of the sample, it was not
possible to image across the entire sample from one side. Therefore, these three ROIs were imaged
from both luminal and abluminal sides. The fourth ROI was also imaged from luminal side to

visualize the heterogeneity of IEL.

Figure 45 Micro-CT reconstruction of MCA (CW19-005) and ROIs for MPM imaging. (a) Dissecting scope

image; (b) reconstruction of micro-CT (calcification shows up as gold); (c) locations of four ROIs under MPM
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From the abluminal side imaging, collagen fibers showed different distributions of
orientation in the first three ROIs, Figure 46. Fibers majorly aligned in the circumferential
direction at the non-calcified region, Figure 46(c,f), while fibers in the calcified region and edge
had a more dispersed distribution, Figure 46(a,b). The calcification imaged from the abluminal
side showed more micro-calcifications with a size less than 10 um and was located between
collagen fibers. Calcification particles in these three ROIs showed similar presentation with respect
to size and distribution between fibers. However, the density of calcification particles at the third
ROI was lower than the other two locations. The larger calcification seen under micro-CT was not

visible in MPM, likely due to the loss of signal when imaging through the dense fibers.

ROI 1 ROI 2 ROI 3

Figure 46 Micro-calcification was sparsely distributed in the adventitia of different ROIs (imaged from

abluminal side; collagen — red, calcification — magenta)
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Collagen fiber imaged from luminal side differed between ROI 1 and 2, Figure 47(a,b). At
ROI 1, collagen fiber is degraded and absent at the location where calcification presents. This
displays a similar pattern to that found in human cerebral aneurysm tissues [146]. At ROI 2, one
part of the imaged region was filled with collagen and the other part was only calcification, Figure
47(b). Collagen fibers away from the calcification align in a direction that is perpendicular to the
edge. When approaching to the calcification, fibers either stopped or changed their orientation to

follow along the edge of calcification.

ROI 1 ROI 2

Top
View

3D
View

Figure 47 Collagen fibers and calcification imaged from luminal side at different ROIs (collagen — red,

calcification — magenta)
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Notably, no collagen was found in the calcified region suggesting this cluster was
surrounded by lipid or other non-collagenous matrix material. For ROI 3, the internal elastic
lamella (IEL) is intact and dense, Figure 48(a,b), The strong autofluorescence from the IEL
interfered with the SHG signal from collagen, so that the collagen fibers in this region could not
be imaged.

There was no IEL in ROI 1 and 2. However, disrupted IEL fragments were found at ROI

4 as labeled in Figure 45(c), Figure 48(c,d),.

Figure 48 Internal Elastic Lamella (IEL). (a,b) Intact IEL at ROI 3; (c) Heart-shaped IEL fragment at ROI

4; (d) combined SHG and 2P1 signal showing collagen and elastin.
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Appendix C.3.2 Calcifications of Other Arteries

Micro-calcification with a size below 50 um is easy to be detected under MPM, Figure 49.
MPM imaging on one ICA (Figure 49, first row) showed that the micro-calcification concentrated
at locations that collagen was absent. For other cases, micro-calcification entities were visible at
gaps between fibers, Figure 49(f) and Figure 50(d). Large calcification clusters were found under
adventitial collagen in highly calcified artery. The calcification located at different depths from

collagen and formed a separate layer. Figure 50(f).

Figure 49 Calcifications in ICA and Vertebral artery (VA). First row represents one segment of ICA (CAF-18);

second row represents one segment of vertebral artery (CW17-006). (a) Dissection scope image of ICA; (b) micro-

CT reconstruction of ICA (calcifications with yellow color); (c) MPM image of sample at location identifed in (b)

with Osteosense showing calcification in magenta; (d) Dissection scope image of VA; (€) micro-CT reconstruction
of VA, (f) MPM image of sample at location identifed in (e).
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Top View Cross-sectional View

(c) (d)

(f)

Figure 50 MPM images of highly calcified ICA (CW17-003). (a) Dissection scope image of ICA; (b) micro-CT

reconstruction shows the highly calcified tissue; (c-f) MPM images of two ROls.

Appendix C.4 Discussion

Micro-calcifications were widely distributed in the artery, both in the media and the
adventitia, Figure 46 and Figure 49. The small particles were present at the space between collagen
fibers. No particular interaction was found between collagen and micro-calcification. It seems
unlikely, the presence of these isolated micro-calcifications would mechanically influence the
collagen fibers. However, micro-calcification particles were found in collections of clusters which

would be expected to alter the mechanical role of the collagen fibers in that region, possibly in a
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manner similar to a single large calcification, Figure 47(a,c). Similar clusters were found in human
aneurysms [146] and found to be associated with degenerated collagen fibers. For larger
calcifications (with a size greater than 500 um), the organization of the collagen fibers appeared
to be altered by the calcification. For example, in one case, as fibers were traced back to the edge
of the calcification, they were seen to change from an orthogonal to parallel alignment to the
calcification, Figure 47(b,d). In another case, a macro-calcification was found to lie in a region

between collagen layers, Figure 50(f).
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