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Preface

More than five years ago, I started a hike. Equipped with well-suited
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members of my exam committee, to take the time to read this dis-
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grateful to the Research Foundation Flanders (FWO) to financially
support this research. Of course, many thanks go out to my super-
visors. Patrick, Nele and Mathias, thank you for guiding me from
the start until the finish and giving me perspective at times when I
couldn’t see in which direction the path was going. Mathias, thank
you for guiding me through the world of uncertainty and giving me
the essential feedback to chose the road with the highest probability
of success. Nele, without your expertise, I would be lost in the jungle
of soft tissue biomechanics. Your critical questions and constructive
feedback strongly helped me to stay on track. Patrick, thank you
for giving me the opportunity to start this hike, for supporting me
throughout all these years and for believing that I was able to reach
the end, even at times when I doubted. In my opinion, a good su-
pervisor has not only a strong expertise, but also supports people to
develop their own expertise and grow as researcher as well as person.
Having reached the destination, I am more than convinced that I had
three very good supervisors, who guided me to this point!

Just as guidance is essential to keep on track, the support of
colleagues is indispensable to find the courage to keep on moving
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amazing view at the end is now coming very close for all of us! Good
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made up the structural mechanics team of the group. Thank you for
the fruitful discussions in structural mechanics language, for sharing
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Tim, Saar and Sarah, I really enjoyed working together during the
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but also shared our office for more than four years. Together with
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I've really enjoyed our office vibe and with Simeon and Jellis joining
later on, this vibe was fully continued. Although we moved to the
new building, I still consider you as my office mates :-). Also outside
the fifth floor, I felt a lot of support. Emma, we may not have been
the fastest kayakers, but we made it and had, at least, the time to do
teambuilding! Sarah, Amith, Tim, Jolan and Melissa, I appreciate it
a lot that you did the effort to travel all the way to West-Flanders,
some even via France ;-), to attend my concert! In brief, to all my
colleagues at BioMMedA and MEDISIP, a big thank you! You all
made the office so much more than just a place to work. Thanks to

ii



you, the office was a place where work and fun collided and where
serious talks were alternated by lighter topics. I doubt whether I will
ever find a job where the lunch breaks are as relaxing as the ones we
had in the kitchen!

Dan zijn er uiteraard nog de mensen die niet alleen in dit traject
een grote rol gespeeld hebben, maar die bij alle tochten voor me
klaarstaan.

Een grote dankjewel aan mijn familie en schoonfamilie! Jullie en-
thousiasme, lieve wensen en het meeleven bij kleine en grote gebeurt-
enissen in mijn leven doen me oprecht deugd. Simon, Louis, Laurent
en Ruben, bedankt om mijn burgie-tijd op te fleuren met absurde
humor en leuke gespreken, zowel in de beginjaren op de KULAK
als later in het verre Leuven. Een speciale dankjewel daarbij aan
Laurent en Simon voor het beantwoorden van mijn vele vragen en
de gezellige babbels op kot! Esther, Elenora, Rebecca, Femke en
Stien, op jullie steun en aanwezigheid kan ik al vele jaren rekenen!
Dank jullie wel voor de vele leuke momenten die we al samen beleefd
hebben! Niet in het minst onze avonden waarop ik alle stress kan
loslaten en samen met jullie kan genieten. Ik kijk er alvast naar uit
om binnenkort opnieuw de regelmaat van onze avonden samen op te
drijven! Maxim, door jou voelde ik mij al heel snel thuis in het koor.
Dankjewel voor de vele wandeltochten en de mooie vriendschap van
de voorbije jaren. Dat er nog vele jaren mogen volgen!

Tot slot, zijn er nog enkele mensen, waarvoor geen enkel dank-
woord kan uitdrukken hoe essentieel hun steun geweest is in het
worden van de persoon die ik op vandaag ben.

Mama en papa, al heel mijn leven heb ik het geluk gehad om te
mogen voelen hoe jullie naast me staan bij het zetten van elke stap,
telkens op mijn manier en tempo, maar steeds in de wetenschap dat
er een veilig vangnet is voor de moeilijkere passages. Dit was niet
in het minst het geval tijdens mijn studies en de afgelopen vijf jaar,
waarbij ik vaak niet wist welk pad ik moest volgen, hoe ik het kon
bewandelen en dacht dat ik het fenomenale uitzichtpunt op het einde
niet zou bereiken. Als ik vandaag kan genieten van het uitzicht,
dan heb ik dat op zoveel vlakken aan jullie te danken! Een even
grote dankjewel gaat uit naar jou, Lore! Jouw wijze raad, efficiénte
aanpak en super-geluksbriefjes hebben mij op zoveel momenten de
moed gegeven om door te zetten. Meer dan je waarschijnlijk zelf
beseft, ben je mijn raadgever bij uitstek als ik er niet aan uit geraak
hoe ik iets moet aanpakken. Uiteraard zijn onze gezellige babbels

iii



PREFACE

minstens even essentieel! Dankjewel om gewoonweg de beste zus te
zijn die een mens zich kan inbeelden! En Stijn, een dikke merci om
mij te aanvaarden zoals ik ben, ondanks mijn beperkte liefde voor
gezelschapsspelletjes! Ik geef het niet graag toe ;-), maar je bent
stiekem wel een topschoonbroer! Lore en Stijn, samen met Noor en
Thor vormen jullie een fantastisch gezin!

Iedere mens is uniek, maar soms ontmoet je toch iemand met wie
er wel heel veel gelijkenissen zijn. Thomas, ik heb het geluk gehad om
jou tegen te komen! Sindsdien heb ik er niet alleen een supporter bij,
maar ook iemand die met mij meewandelt! Dankjewel om er gewoon
te zijn, om de nodige flauwe (sorry ;-)) humor in huis te brengen, om
te zijn wie je bent en van ons een topteam te maken! Ik kijk uit naar
alle avonturen op ons eigen, onontgonnen pad! Want hoe uitdagend
ze 00k zijn... we kunnen het leven aan :-D! #Topteam for life!

Lise Gheysen

iv



Table of contents

Preface i
Table of contents v
Abbreviations and symbols xi
Summary XV
Samenvatting xxi
1 Introduction 1
1.1 Context . . . . . . . . . . .. . . e 1
1.2 Outline . .. ... ... ... . .. ... 2
I Background 3
2 Introduction into the pathophysiology of aortic dis-
sections 5
2.1 Healthy aorticwall . . . . . ... ... ... ...... 5)
2.1.1 Anatomy and function of the aorta . . . . . . . )
2.1.2  Microstructure of the aortic wall . . . . . . .. 6
2.2 Dissected aorticwall . . . . . .. ... ... ... ... 8
2.2.1 Disease characterization and classification . . . 8
2.2.1.1 Location . . ... ........... 8
2.2.1.2  Duration . . .. ... ... ...... 9
2.2.1.3 Complications . . ... ... ... .. 9
2.2.2 Adaptations in the microstructure of the dis-
sected aorticwall . . . . . ... ... ... ... 10
2.2.3 Origin of aortic dissections . . . .. ... ... 11
2.2.4  Aortic dissection propagation . . . . .. .. .. 12
2.2.5 Treatment of aortic dissections . . . . ... .. 13



TABLE OF CONTENTS

3 Biomechanical modeling of the dissected aortic wall 15
3.1 Nonlinear continuum mechanics . . . . . . . .. .. .. 16
3.2 Acute mechanical aortic wall behavior . . . . . . . .. 17
3.3 Axial load and residual stress . . . . . ... ... ... 19
3.4 Growth and remodeling . . .. ... ... ... .... 21

3.4.1 Constrained mixture theory . . . . . . ... .. 22
3.4.2 Homogenized constrained mixture theory 24
3.5 Computational models of the dissected aortic wall 26
3.5.1 Acute dissected aortic wall models . . . . . .. 26
3.5.1.1 Geometrically advanced models 26

3.5.1.2 Models with advanced material beha-
VIOT . .. 27

3.5.2 Growth and remodeling in dissected aortic wall
models . . . . . .. .. ... 28

4 Uncertainty quantification 31

4.1 Uncertainty quantification and sensitivity analysis 32
4.1.1 Sobolanalysis. . .. ... ... ......... 32
4.1.2 Delta moment-independent analysis . . . . . . 33

4.2 Surrogate modeling . . . . .. ... ... L. 33

4.3 Sampling strategies . . . . . . .. .. ... ..., 35
4.3.1 Full factorial design . . . . ... ... ... .. 36
4.3.2 Random sampling . . ... ........... 36
4.3.3 Latin hypercube sampling . . . . ... ... .. 36
4.3.4 Saltelli sampling . .. ... ... ........ 37

4.4 Uncertainty analysis in cardiovascular biomechanics 37

5 Problem statement 39
5.1 Problem statement . . . . . . ... ... ... ... .. 39
5.2 Objectives . . . . . . . ... 40

II Uncertainty in biomechanical dissected aortic
wall models 41

6 Pulse wave velocity as measure to aid material para-
meter estimation 43
6.1 Introduction . . . . . . . ... ... ... ... ... 43
6.2 Methods . . . . . . . . ... 45

6.2.1 Arterial reference model . . . . . . ... .. .. 45
6.2.1.1 Geometry, material and boundary
conditions . . . . . . . ... ... ... 45

vi



6.2.1.2 GOH parameter selection . . . . . . . 46

6.2.1.3  Metric for arterial stiffness . . . . . . 47

6.2.2 Reduction in GOH parameter space . . .. . . 47

6.2.2.1 Global reduction . . . . ... ... .. 47

6.2.2.2 Local reduction . . ... ... .... 48

6.2.3 Remaining uncertainty in material behavior . . 49
6.2.4 Practical implementation: Patient-inspired

thoracic aorta . . . . . . . . ... ... ... .. 49

6.3 Results. . . ... ... ... 50

6.3.1 Reduction in GOH parameter space . . .. . . 50

6.3.1.1 Global reduction . . . . ... ... .. 50

6.3.1.2 Local reduction . . . ... ... ... 52

6.3.2 Remaining uncertainty in material behavior . . 53
6.3.3 Practical implementation: Patient-inspired

thoracicaorta . . . . . . . ... ... ... ... 54

6.4 Discussion . . . . . . . . ... 54

6.4.1 Extent of parameter space reduction . . . . . . 55
6.4.2 Relation of local reduction to the GOH para-

meters . . . . . ... 57

6.4.3 Remaining uncertainty with knowledge of PWV 58
6.4.4 Practical implementation: Patient-inspired

thoracicaorta . . . . .. ... ... ....... o8

6.4.5 Limitations . . . .. .. ... ... .. ..... 59

6.5 Conclusion . ... ... ... .. ... ... ... 60

6.6 Appendix A: Verification case . . . . . ... ... ... 61
6.7 Appendix B: Overview of number of parameter sets

per PWViioy interval . . . . .. .. ..o 62

6.8 Appendix C: Parameter selection algorithm . . . . .. 63

6.9 Appendix D: Effect of variations in wall geometry . . . 64

Uncertainty quantification in an idealized dissected

aortic wall 67
7.1 Introduction . . . . ... ... ... ... ... ..... 67
7.2 Methods . . . . . . . . .. ... 69
7.2.1 Dissected wall model framework . . . ... .. 70
7.2.1.1 Geometry and mesh . . . .. ... .. 70
7.2.1.2  Material behavior . . ... ... ... 72
7.2.1.3 Finite element analysis . . . ... .. 75

7.2.2 Uncertainty quantification of unknown
thickness- and stiffness parameters . . . . . . . 75
7.2.2.1 Input parameters and sampling. . . . 75
7.2.2.2 Output parameters . .. ... .... 76

vii



TABLE OF CONTENTS

7.3

7.4

7.5
7.6

7.7
7.8
7.9

7.2.2.3 Global uncertainty quantification

based on finite element analyses
7.2.2.4 Parameter-specific contribution to
global uncertainty based on surrogate
models . . ... ... ... ...,
7.2.3 Additional sources of uncertainty . . . . . . ..
7.2.3.1 Pressure gradient . .. ... ... ..
7.2.3.2 Axial dissection length . . . . .. ..
Results. . . . . .. .. ..
7.3.1 Reference dissected wall model . . . . ... ..
7.3.2 Global uncertainty quantification based on fi-
nite element analyses . . . . . . ... ... ...
7.3.3 Parameter-specific contribution to global un-
certainty based on surrogate models . . . . . .
7.3.3.1 Surrogate model of the dissected wall
7.3.3.2  Delta moment-independent analysis .
7.3.4 Additional sources of uncertainty . . . . . . ..
7.3.4.1 Pressure gradient . .. ... ... ..
7.3.4.2 Axial dissection length . . . . .. ..
Discussion . . . . . .. ... oo
7.4.1 Dissected wall model framework . . . ... ..
7.4.2 Global uncertainty quantification based on fi-
nite element analyses . . . . . . ... ... ...
7.4.3 Parameter-specific contribution to global un-
certainty based on surrogate models . . . . . .
7.4.4 Physiological relevance of idealized dissected
wall framework . . . . ... ... ... ...
7.4.5 Lessons learned from surrogate modeling . . . .
7.4.6  Limitations . . . ... ... ... .. ......

Conclusion . . . . . . .. .. ... .. ... ...
Appendix A: Examples of maximal principal stress
patterns . . . . . . .. oL oL
Appendix B: RMSE of Gaussian processes . . . . . . .

Appendix C: Comparison of delta indices . . . .. ..
Appendix D: Impact of direct coupling between the
PWV,cr and GOH parameters . . .. ... ... ...

8 Growth and remodeling of the dissected membrane
in an idealized dissected aorta

8.1
8.2

viii

Introduction . . . . . . .. ...
Methods . . . . . . . . ...
8.2.1 Model framework . . . . . . .. ... ... ...

7

103



8.2.1.1 Geometry . . . . .. ... ... 103

8.2.1.2  Acute material behavior . . . . . . .. 103

8.2.1.3 Loading and boundary conditions . . 105

8.2.2 Transition from acute to chronic dissection . . 106
8.2.2.1 Homogenized constrained mixture

theory . . . . . ... ... .. 106

8.2.2.2  Stress-mediated growth and remodeling108
8.2.2.3 Inflammation-mediated growth and

remodeling . . . ... ... ... 108

8.2.2.4 Implications of the growth and
remodeling algorithm . . . ... ... 109

8.2.3 Parametric study of growth and remodeling
parameters . . . . . .. ... ... 110
8.2.3.1 Input parameters and sampling . . . . 110
8.2.3.2 Output parameters . .. ... .. .. 111
83 Results. . . . ... .. .. o 113

8.3.1 Parametric study of growth and remodeling
parameters . . . . . ... ... 113
8.3.2 Examplecases .. ................ 114
8.3.3 Thickening rates of the dissected membrane . . 115
8.3.4 Diameter expansion and volume change . . . . 115
8.3.5  Dissected membrane microstructure . . . . .. 117
8.4 Discussion . . . .. ... ... L 118
8.4.1 Limitations . . . ... ... ... ........ 123
8.5 Conclusion . ... ... ... ... ... ... ... 124
8.6 Appendix A: Verification of slice model . . ... . .. 126

8.7 Appendix B: Stress-mediated growth and remodeling
of a healthy aorticwall . . . . . ... ... ... .... 127

8.8 Appendix C: Thickening rates for the permanent in-
flammation patterns . . . .. ... ... ... 128

8.9 Appendix D: Time evolution of example cases with a
transient inflammation pattern . . . . . ... ... .. 129

8.10 Appendix E: Parameter combinations with clinically
observed thickening rates . . . ... ... ... .... 130

8.11 Appendix F: Evolution of elastin and collagen content
of two example samples . . . . .. ... ... ... .. 132
ITIGeneral Discussion 135
9 Conclusion and outlook 137
9.1 Summary . . . .. ... 137

ix



TABLE OF CONTENTS

9.2

Discussion . . . . . .. ... oL 139
9.2.1 Advancements in dissected aortic wall models . 139
9.2.2 Coupling between pulse wave velocity and con-

stitutive parameters . . . . . .. ... ... .. 139

9.2.3 Uncertainty in dissected aortic wall models . . 140

9.3 Limitations and future perspectives . . . . . . . . . .. 141
9.3.1 Model assumptions and validation . . . . . .. 141

9.3.2 Towards predictive dissection models . . . . . . 142

9.3.3 Reducing the model input uncertainty . . . . . 143

9.3.4 The contribution of surrogate models. . . . . . 144

9.4 Take home message. . . . . .. ... ... ... .... 146
Bibliography 147
Academic curriculum vitae 173



Abbreviations and symbols

The most commonly used abbreviations and symbols are summarized
in the following list.

Abbreviations

2D Two-dimensional

3D Three-dimensional

4D Four-dimensional

7D Seven-dimensional

CT Computed tomography

FL False lumen

GOH Gasser-Ogden-Holzapfel

GP Gaussian process

GP, Gaussian process with n input parameters

HGO Holzapfel-Gasser-Ogden

LHS Latin hypercube sampling

LHS, Latin hypercube sampling with n samples

MPS Maximal principal stress

MRI Magnetic resonance imaging

PWV Pulse wave velocity

RMSE Root mean square error

TEVAR Thoracic endovascular aortic repair

TL True lumen

Symbols

Q Mean collagen fiber angle with respect to the circum-
ferential direction

ag Unit vector of the growth direction

C Right Cauchy-Green tensor

c10 Elastin shear modulus
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Delta index of input parameter X;
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Summary

CHAPTER 1 - INTRODUCTION

An aortic dissection is a disease in which a part of the aortic wall
delaminates and a parallel channel for the blood flow, i.e. the false
lumen, is formed. Severe complications, such as paraplegia and rup-
ture, might occur if the disease is not properly treated. Despite the
advancements in the treatment techniques, treated patients often suf-
fer from dissection progression and/or the need for a reintervention.
This indicates that the current treatment strategy is suboptimal. The
development of computational models of aortic dissections can con-
tribute to increased insight into the in vivo treatment effect and to de-
termine the optimal patient-specific treatment of dissection patients.
However, the clinical data is, up to now, often insufficient to determ-
ine all model parameters on a patient-specific basis. Quantifying the
corresponding uncertainty on the model output parameters, caused
by unknown or uncertain input parameters, is, therefore, essential in
the further development of patient-specific dissection models.

PART I - BACKGROUND

Chapter 2 - Introduction into the pathophysiology of aortic
dissections

The pathophysiology of aortic dissections, and how they are classi-
fied in clinical practice, is addressed. In this respect, the anatomy
and microstructure of the healthy aortic wall is discussed, together
with the adaptations in the case of a dissected aorta. Moreover, the
current knowledge of the mechanisms that trigger the initiation and
propagation of the dissection are considered as well as the clinical
treatment strategies.

Chapter 3 - Biomechanical modeling of the dissected aortic
wall

One of the essential components in biomechanical dissection models
is the assumed mechanical behavior of the aortic wall. Therefore, this
XV



SUMMARY

chapter provides an overview of the most important characteristics
of the material behavior, together with commonly applied techniques
to model those. In this respect, the Gasser-Ogden-Holzapfel model
is discussed as a constitutive law to represent the passive short-term,
i.e. acute, arterial material behavior, which is anisotropic and hy-
perelastic. To reproduce a physiological response, accounting for the
in vivo load is essential. To predict the mid- or long-term arterial
behavior, growth and remodeling has to be included, for example by
applying the (homogenized) constrained mixture theory.

In this respect, an overview of the existing computational dissec-
ted wall models is presented in this chapter. The acute behavior of
the dissected wall has been modeled before, either with a strongly
simplified geometry or material model. To date, only one model was
developed that considered growth and remodeling, and thus the mid-
and long-term behavior, of the dissected aortic wall.

Chapter 4 - Uncertainty quantification

Some techniques to quantify the uncertainty of an output of interest
are summarized. Next to quantifying the resulting output uncer-
tainty, the contribution of the individual input parameters can be
assessed based on a global sensitivity analysis. As these analyses of-
ten require large amounts of samples, efficient sampling strategies as
well as surrogate models are preferred. Gaussian process regression
is considered more in detail as surrogate model, as it accounts for the
remaining uncertainty on the considered output. Moreover, the full
parameter space needs to be sampled, for which multiple sampling
schemes are introduced.

Although global sensitivity analyses are currently non-existing
in the domain of computational biomechanical modeling of aortic
dissections, other types of uncertainty quantification related to aortic
dissections have been performed. Some examples of global sensitivity
analyses in other computational cardiovascular domains are presented
as well.

Chapter 5 - Problem statement

Based on the need for an optimized patient-specific treatment de-
cision as well as the current lack of uncertainty quantification in the
framework of dissected aortic wall models, three specific objectives
are defined for this dissertation. The first objective is to assess the
uncertainty in healthy aortic wall behavior and the potential of pulse
wave velocity to reduce this uncertainty. Quantifying the uncertainty

xvi



on the predicted wall stress and deformation of the dissected aorta
as a consequence of uncertain geometrical and material parameters is
the second objective. The third objective evaluates the feasibility to
reproduce clinical observations regarding the growth and remodeling
of the dissected aortic wall, despite the uncertainty in growth and
remodeling parameters.

PART IT - UNCERTAINTY IN BIOMECHANICAL DISSECTED AORTIC
WALL MODELS

Chapter 6 - Pulse wave velocity as measure to aid material
parameter estimation

Measuring the pulse wave velocity, which is the propagation speed
of the arterial pulse, provides information on the arterial wall stiff-
ness. As the ground-truth material parameters are usually unknown
in a clinical context, the potential of clinical pulse wave velocity
measurements to contribute to the parameter space reduction of a
Gasser-Ogden-Holzapfel material, with seven independent paramet-
ers, is assessed. An idealized aortic wall model is, therefore, applied
to quantify the corresponding reduction in the 7D parameter space
and 2D subspaces as well as the uncertainty in global material beha-
vior, represented by the relation between the blood pressure and the
pulse wave velocity.

The results point out that pulse wave velocity measurements at
lower pressures reduce the parameter space, and the corresponding
uncertainty in global material behavior, mainly for combinations that
show a stiff behavior at diastolic pressure. Pulse wave velocity meas-
urements at higher pressures can, however, further enhance the re-
duction, in particular for parameter combinations that represent a
compliant behavior at diastolic pressure. This reduction in para-
meter space, and uncertainty in global material behavior, is mainly
caused by a reduction in the parameter subspaces related to the me-
dial collagen fibers.

Chapter 7 - Uncertainty quantification of the wall
thickness and stiffness in an idealized dissected aortic wall

As the default medical imaging practice for aortic dissections is re-
stricted to computed tomography or magnetic resonance imaging, the
thickness and stiffness of the dissected wall remains uncertain due to
the absence of temporal and the limited spatial resolution of these
imaging techniques. The impact of this uncertain information on the
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predicted wall stress and deformation is, therefore, investigated. In
this respect, an idealized pre-stressed dissected aortic wall model is
developed in which the false lumen is deformed in response to the
pre-stress release in the dissected membrane, and thus represents the
deformation in the acute phase in a physiology-inspired manner.

This model is, then, utilized to quantify the uncertainty intro-
duced by the unknown pulse wave velocity and total, medial and
dissected membrane wall thickness. Based on a Latin hypercube,
300 samples of this input parameter space are modeled with a fi-
nite element analysis. The maximal principal stress, the false lumen
size and the dissected membrane and remaining wall displacement
are the output parameters of interest. The contribution of each in-
put parameter to the output uncertainty is assessed based on a §
moment-independent global sensitivity analysis, which is applied to
a surrogate Gaussian process regression model, which is trained using
the finite element analyses.

Both the resulting wall deformations and stresses show large vari-
ations as a consequence of the input uncertainties, in particular when
considering the extreme outcomes. The contribution of the input
uncertainty depends on the considered output. Whereas the dissec-
ted membrane thickness has the largest impact on the resulting wall
stress, the unknown pulse wave velocity is the major determinant for
the modeled deformation of the dissected aortic wall.

Chapter 8 - Growth and remodeling of the dissected
membrane in an idealized dissected aorta

A slice model of the idealized dissected aortic wall is subjected to
the homogenized constrained mixture theory in an attempt to re-
produce the clinically observed dissected membrane thickening and
diameter expansion rate during the transition from the acute to the
chronic phase. The evolution of the elastin and collagen content in
the dissected membrane is assessed too. The growth and remodel-
ing is assumed to be caused by a stress- and inflammation-mediated
tissue response. Four inflammation patterns are applied, differing
in duration, i.e. permanent or transient, and location, i.e. local or
global. As no ground-truth values exist for the growth and remod-
eling parameters, a parametric study is performed to assess whether
the clinical observations can be reproduced, despite this uncertainty.

A subset of parameter combinations results in the observed dis-
sected membrane thickening rates for the transient inflammation pat-
terns. These combinations, moreover, yield realistic total diameter
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expansion rates and changes in elastin and collagen content, in par-
ticular for local inflammation around the false lumen.

PART III - GENERAL DISCUSSION

Chapter 9 - Conclusion and outlook

This dissertation considers the impact of uncertain parameters, re-
lated to the wall thickness and material behavior, on the predicted
outcome of biomechanical dissected aortic wall models. Overall, the
impact of the lack of input data on the resulting wall deformation
and stress is rather large, which emphasizes the need for probabil-
istic rather than deterministic models. However, the use of idealized
models and clinical measurements, such as the pulse wave velocity,
might contribute to the reduction of the input parameter space and,
thus, the corresponding output uncertainty.
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Samenvatting

HOOFDSTUK 1 - INTRODUCTIE

Een aortadissectie is een aandoening waarbij een deel van de aorta-
wand afscheurt. Hierdoor wordt er een parallel kanaal, meer be-
paald het valse lumen, gevormd waar het bloed door kan stromen.
Ernstige complicaties, zoals verlamming of het doorscheuren van de
aortawand, kunnen hierbij optreden indien de aandoening niet op
een geschikte manier behandeld wordt. Ondanks de evolutie in de
ontwikkeling van behandelingstechnieken hebben patiénten frequent
last van dissectie progressie en/of nood aan een bijkomende ingreep.
Dit duidt erop dat de huidige behandelingsstrategie slechts suboptim-
aal is. De ontwikkeling van computationele modellen van aortadis-
secties kan bijdragen tot een verhoogd inzicht in de in vivo effecten
van de behandeling en, bijgevolg, tot de ontwikkeling van een patiént-
specifieke behandeling voor aortadissecties. De beschikbare klinische
data is tot op vandaag echter vaak onvoldoende om de nodige model-
parameters te bepalen op een patiént-specifiek niveau. Dit benad-
rukt de noodzaak om de onzekerheid op de berekende grootheden
van deze computationele modellen, ten gevolge van de onbekende of
onzekere ingangsparameters, te kwantificeren en op die manier de
verdere ontwikkeling van patiént-specifieke modellen voor aortadis-
secties mogelijk te maken.

DEEL I - ACHTERGRONDINFORMATIE

Hoofdstuk 2 - Introductie in de pathofysiologie van
aortadissecties

De pathofysiologie van aortadissecties, en hoe ze geclassificeerd
worden in de klinische praktijk, wordt besproken. Hierbij komen
zowel de anatomie en de microstructuur van de gezonde aortawand
aan bod, als de veranderingen die optreden bij een gedissecteerde
aortawand. Er wordt bovendien een overzicht gegeven van de huidige
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kennis over de initiatie en verdere ontwikkeling van aortadissecties,
samen met de meest voorkomende klinische behandelingsstrategieén.

Hoofdstuk 3 - Biomechanisch modelleren van de
gedissecteerde aortawand

Eén van de essentiéle componenten van biomechanische dissectie-
modellen is het veronderstelde mechanisch gedrag van de aortawand.
Om deze reden, geeft dit hoofdstuk een overzicht van de belangrijk-
ste karakteristicken van het materiaalgedrag en frequent gebruikte
technieken om deze te modelleren. Hierbij aansluitend, wordt het
Gasser-Ogden-Holzapfel model besproken als constitutieve wet om
het passieve ogenblikkelijke materiaalgedrag, dat anisotroop en hy-
perelastisch is, weer te geven. Om het fysiologisch gedrag te repro-
duceren, is het noodzakelijk om de in vivo belasting in rekening te
brengen. De voorspelling van het mechanische gedrag van de aorta-
wand op middellange en lange termijn vereist de implementatie van
de groei en hermodellering van het weefsel, wat kan gebeuren aan de
hand van de (homogenized) constrained mixture theory.

Hierbij aansluitend, wordt in dit hoofdstuk een overzicht gegeven
van de bestaande computationele modellen van de gedissecteerde
aortawand. Het ogenblikkelijke gedrag van de gedissecteerde aorta-
wand werd reeds gemodelleerd, waarbij ofwel de geometrie ofwel het
materiaalmodel sterk vereenvoudigd werd. Tot op heden werd slechts
één model ontwikkeld dat de groei en hermodellering, en dus het
gedrag op (middel)lange termijn, van de gedissecteerde aortawand in
beschouwing neemt.

Hoofdstuk 4 - Onzekerheidskwantificatie

Enkele technieken om de onzekerheid op de berekende grootheden
te kwantificeren worden samengevat. Naast het kwantificeren van
de variatie in de berekende grootheden, kan de bijdrage van iedere
ingangsparameter tot de totale onzekerheid bekeken worden aan de
hand van een globale sensitiviteitsanalyse. Vermits dit soort ana-
lyses een selectie van een groot aantal punten in de parameterruimte
vereist, is zowel het kiezen van een efficiénte strategie om de punten
te selecteren als het opstellen van een surrogaatmodel aangeraden.
Naar aanleiding hiervan, wordt de regressie van een Gaussisch proces
meer in detail besproken. Dit surrogaatmodel houdt immers rekening
met de resterende onzekerheid van de berekende grootheden. Boven-
dien, worden verschillende strategieén besproken om een selectie van
punten te maken op basis van de volledige parameterruimte.
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Hoewel globale sensitiviteitsanalyses momenteel afwezig zijn in
het domein van computationele biomechanische modellen van aorta-
dissecties, werden er reeds andere soorten onzekerheidskwantificaties
uitgevoerd met betrekking tot aortadissecties. Bovendien worden ook
enkele voorbeelden van globale sensitiviteitsanalyses in andere com-
putationele cardiovasculaire domeinen weergegeven.

Hoofdstuk 5 - Probleemdefinitie

Op basis van de nood aan een geoptimaliseerde patiént-specifieke
beslissing voor de behandeling en het huidige gebrek aan
onzekerheidskwantificatie in het domein van biomechanische
modellen van gedissecteerde aortawanden werden er drie con-
crete doelstellingen gedefinieerd. De eerste doelstelling is om de
onzekerheid in het materiaalgedrag van de gezonde aortawand te
evalueren, samen met het potentieel van de puls golfsnelheid om
deze onzekerheid te reduceren. Het kwantificeren van de onzekerheid
op de gemodelleerde wandspanning en -vervorming van de gedis-
secteerde aorta als gevolg van onzekere materiaal- en geometrische
parameters vormt de tweede doelstelling. De derde doelstelling
bekijkt de mogelijkheid om klinische observaties met betrekking
tot de groei en hermodelling van de gedissecteerde aortawand te
reproduceren, ondanks de onzekerheid over de parameters voor groei
en hermodellering.

DEEL II - ONZEKERHEID IN BIOMECHANISCHE MODELLEN VAN DE
GEDISSECTEERDE AORTAWAND

Hoofdstuk 6 - Puls golfsnelheid als meting die bijdraagt tot
het schatten van de materiaalparameters

Het meten van de klinische puls golfsnelheid, i.e. de propagatie-
snelheid van de arteriéle pulse, geeft informatie over de stijfheid van
de arteriéle wand. Aangezien de werkelijke materiaalparameters
vaak ongekend zijn in een klinische context, wordt het potentieel
van klinische puls golfsnelheidsmetingen om bij te dragen aan de
reductie van de parameterruimte van een Gasser-Ogden-Holzapfel
materiaal, met zeven onafhankelijke parameters, geévalueerd. Een
geidealiseerd model van de aortawand wordt bijgevolg gebruikt om
de bijhorende reductie van de totale 7D parameterruimte en de 2D
subruimtes in kaart te brengen, samen met de onzekerheid in globaal
materiaalgedrag, voorgesteld door de relatie tussen de bloeddruk en
de puls golfsnelheid.
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De resultaten tonen aan dat metingen van de puls golfsnelheid
bij lage drukken de parameterruimte en de bijhorende onzekerheid
in globaal materiaalgedrag voornamelijk reduceren voor parameter-
combinaties die overeenkomen met een stijf materiaalgedrag bij dia-
stolische druk. Metingen van de puls golfsnelheid bij hogere drukken
kunnen, bovendien, de parameterruimte en onzekerheid in materiaal-
gedrag verder beperken, meer specifiek voor parametercombinaties
die het gedrag van een soepele aortawand weergeven bij diastolische
bloeddruk. Deze reductie van de parameterruimte en de onzekerheid
in globaal materiaalgedrag is hoofdzakelijk te wijten aan reductie van
de subruimtes van parameters gerelateerd aan de collageenvezels van
de media.

Hoofdstuk 7 - Onzekerheidskwantificatie van de wanddikte
en -stijfheid in een geidealiseerde gedissecteerde aorta

Aangezien de standaard beeldvorming bij aortadissecties veelal
beperkt is tot computed tomography of magnetic resonance tmaging,
blijft de dikte en stijfheid van de gedissecteerde aortawand onzeker
door de afwezigheid van temporele en de beperkte spatiéle resolutie
van deze beeldvormingstechnieken. De impact van deze onzekere
informatie op de voorspelde spanning en vervorming van de wand
wordt, bijgevolg, onderzocht. Hiervoor wordt een geidealiseerd
model van een gedissecteerde aortawand, inclusief voorspanning,
ontwikkeld, waarbij het valse lumen vervormt als reactie op het
relaxeren van de voorspanning in het deel van de aortawand dat
dissecteert. Op deze manier wordt de vervormde aortawand op een
fysiologisch geinspireerde manier verkregen.

Dit model wordt gebruikt om de onzekerheid te kwantificeren die
geintroduceerd wordt door onzekerheid in de puls golfsnelheid en de
dikte van de totale wand, de media en het gedissecteerde membraan.
Op basis van een Latin hypercube worden 300 punten in de parameter-
ruimte gekozen die gemodelleerd worden op basis van een eindige ele-
menten analyse. De maximale hoofdspanning, de grootte van het
valse lumen en de verplaatsing van het gedissecteerde membraan
en de resterende wand zijn de beschouwde berekende grootheden.
De bijdrage van ieder van de ingangsparameters op de onzekerheid
in de berekende grootheden wordt geévalueerd op basis van een §
moment-onafhankelijke globale sensitiviteitsanalyse. Deze analyse
wordt toegepast op een surrogaatmodel op basis van regressie van
een Gaussisch proces dat opgesteld wordt door middel van de uitge-
voerde eindige elementen analyses.
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Zowel de resulterende vervormingen als spanningen van de
gedissecteerde aortawand vertonen een grote variatie ten gevolge
van de onzekerheid op de ingangsparameters, zeker wanneer de
extreme waarden van de berekende grootheden in rekening worden
gebracht. Welke bijdrage ieder van de ingangsparameters hiertoe
levert, is afhankelijk van de berekende grootheden. Terwijl de dikte
van het gedissecteerde membraan voor de grootste impact op de
resulterende wandspanning zorgt, is de ongekende puls golfsnelheid
de meest bepalende factor voor de gemodelleerde vervorming van de
gedissecteerde aortawand.

Hoofdstuk 8 - Groei en hermodellering van het
gedissecteerde membraan in een geidealiseerde
gedissecteerde aorta

Een geidealiseerd model van de gedissecteerde aortawand wordt
onder-worpen aan de homogenized constrained mizture theory, in
een poging om de klinische observaties met betrekking tot de
snelheid van de membraanverdikking en de diameterexpansie,
tijdens de evolutie van de acute naar de chronische fase, te
reproduceren. De evolutie van de hoeveelheid elastine en collageen
in het gedissecteerde membraan wordt ook geévalueerd. De groei
en hermodellering wordt verondersteld te zijn veroorzaakt door een
spannings- en ontstekingsgedreven mechanisme. Vier patronen voor
de ontsteking, verschillend qua duur, i.e. permanent of transiént,
en locatie, i.e. lokaal of globaal, worden beschouwd. Aangezien er
tot op vandaag geen kennis is over de werkelijke waarde van de
groei- en hermodelleringsparameters, wordt er een parameterstudie
uitgevoerd om na te gaan of de klinische observaties kunnen worden
gereproduceerd, ondanks de onzekerheid met betrekking tot de
ingangsparameters.

Een subset van de beschouwde parametercombinaties resulteert in
de geobserveerde verandering van de gedissecteerde membraandikte,
voor het transiénte ontstekingsgedreven mechanisme. Bovendien
leiden deze parametercombinaties tot een realistische verandering in
totale diameter expansie en hoeveelheid elastine en collageen, meer
bepaald wanneer het ontstekingsgedreven mechanisme beperkt is tot
de regio rond het valse lumen.

DEeEL III - ALGEMENE DISCUSSIE

Hoofdstuk 9 - Conclusie en perspectieven

Deze thesis beschouwt de impact van onzekere parameters, gerela-
teerd aan de dikte en het materiaalgedrag, op het voorspelde res-
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ultaat van biomechanische modellen van de gedissecteerde aortawand.
Globaal gezien was de impact van ontbrekende data over deze para-
meters, op de resulterende vervorming en spanning van de gedis-
secteerde aortawand, eerder groot. Dit benadrukt de nood aan een
probabilistisch, eerder dan een deterministisch, model. Desondanks,
kan het gebruik van geidealiseerde modellen en beschikbare klinis-
che metingen, zoals de puls golfsnelheid, bijdragen tot een reductie
van de grootte van de ingangsparameterruimte en bijgvolg van de
gerelateerde onzekerheid op de berekende grootheden.
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CHAPTER

Introduction

1.1 CONTEXT

Aortic dissections, a disease characterized by a delamination of the
inner part of the aortic wall, might lead to, for example, renal failure,
paraplegia or aortic wall rupture if not treated properly . Des-
pite significant improvements in the treatment techniques and insight
into the disease based on experimental and computational research
during previous decades, the frequent occurrence of disease progres-
sion and need for reintervention indicates that the optimal treatment
strategy for patients with a type B dissection, i.e. a dissection of the
descending thoracic aorta, is yet to be determined .

Computational models of aortic dissections have the potential to
gain insight into the effect of the treatment on the acute situation
and disease progression and might, therefore, contribute to the a pri-
ort determination of the optimal patient-specific treatment strategy.
Different types of computational models are required to represent the
aortic dissection and its response on a particular treatment strategy.
Indeed, the interaction between the dissected aortic wall, blood flow
and selected treatment defines the acute situation, while additional
models of thrombus formation and soft tissue growth and remodeling
will be required to assess the long-term outcome.

Developing clinically applicable models that predict the optimal
patient-specific treatment is, therefore, not only technically challen-
ging, it also requires a lot of non-invasive patient-specific information.
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For the dissected aortic wall in particular, the clinical information is
currently limited to computed tomography (CT) or magnetic reson-
ance imaging (MRI) scanning, which provides the geometry of the
lumen in the aortic wall. However, more details about the wall it-
self, along with its behavior and how it changes over time, cannot be
retrieved from these data. This lack of data introduces uncertainty
in the computational model input and, thus, on the predicted out-
come. Insight into the impact of these uncertain input parameters
on the outcome, both on the short- and long-term, is, consequently,
a prerequisite for the further development of patient-specific mod-
els of type B aortic dissections to support clinical decision making.
Therefore, this dissertation attempts to gain insight into the impact
of uncertainty related to the knowledge gap between the clinical prac-
tice and the required input for biomechanical models of type B aortic
dissections.

1.2 OUTLINE

In this context, more background is given on the state-of-the-art
knowledge of aortic dissections, the related biomechanical computa-
tional models and uncertainty quantification in part I (chapters 2-4).
Chapter 2 gives an overview of the current knowledge regarding the
origin, characteristics and propagation of the disease as well as clin-
ical treatment strategies. As computational models might contribute
to an increased insight into the in vivo aortic wall behavior, chapter
3 discusses the most common techniques to model the short-term, i.e.
acute, and long-term behavior of the aortic tissue. An overview of
the existing computational models of dissected aortic walls is presen-
ted as well. Assessing the sensitivity of dissected wall models to
uncertain or incomplete non-invasive data is essential to accurately
interpret the results. Therefore, chapter 4 discusses some general
methodologies to quantify the impact of uncertain input parameters
and provides a brief overview of the existing research in the frame-
work of aortic dissections related to uncertainty quantification. The
problem statement and the specific objectives of this dissertation are
defined in chapter 5.

Part II (chapters 6-8) consists of original research papers and fo-
cuses on quantifying the uncertainty in dissected aortic wall models
as a consequence of the limited patient-specific clinical data. Fi-
nally, part IIT (chapter 9) discusses the implications of the results of
chapters 6-8 on the further development of computational biomech-
anical models of aortic dissections.
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CHAPTER

Introduction into the
pathophysiology of aortic
dissections

This chapter elucidates the current understanding of the patho-
physiology of aortic dissections and the state-of-the-art clinical
treatment strategies.  First of all, the general anatomy and
microstructure of a healthy aortic wall (section 2.1) is discussed.
More information on the dissected aortic wall is provided in section
2.2. There, the disease characteristics and classifications, the state-
of-the-art knowledge regarding the microstructural adaptations,
disease origin, propagation and treatment of aortic dissections are
summarized.

2.1 HEALTHY AORTIC WALL

2.1.1 Anatomy and function of the aorta

The aorta is the central artery of the human vascular system, trans-
porting oxygenated blood from the heart towards the organs and buf-
fering the pulsatile flow, ejected by the heart, to a more continuous
flow downstream. This buffering is performed by the elastic behavior
of the aortic wall, which distends upon blood ejection of the heart
into the aorta, i.e. in the systolic phase, and gradually retains its



2. INTRODUCTION INTO THE PATHOPHYSIOLOGY OF AORTIC
DISSECTIONS

diameter in the diastolic phase, i.e. during relaxation and filling of
the heart.

Divided by the diaphragm, the aorta can be split into a thoracic
and an abdominal part (figure 2.1). Within the thoracic aorta, an
ascending and descending part is distinguished, with the aortic arch
in between. Multiple side branches sprout from the aorta with the
aim of continuing the transport of oxygenated blood towards the
organs. The brachiocephalic, left common carotid and left subclavian
artery branch off the aortic arch. In the descending aorta, the celiac
trunk, superior mesenteric, renal and inferior mesenteric arteries are
the major side branches. Minor side branches, which are situated in
between the ribs, are present as well.

Aortic arch

Ascending
thoracic aorta

Sinotubular.
junction

Aortic root
(Sinuses of
Valsalva)

Annulus
Descending
thoracic aorta

Abdominal
aorta

Figure 2.1: Anatomy of the aorta, with the side branches of the aortic
arch. The diaphragm separates the thoracic from the abdominal aorta. This
figure was adopted from Isselbacher et al. .

2.1.2 Microstructure of the aortic wall

The aortic wall consists of three layers, being the intima, media and
adventitia (figure 2.2). The intimal layer, situated closest to the
lumen, contains a single layer of endothelial cells supported by an
elastic membrane, thus providing a negligible effect to the mechanical
load bearing of the aortic wall @ The media and adventitia are
considered as the most important aortic wall layers from a mechanical



2.1. Healthy aortic wall

perspective, with a respective thickness of 65-85% and 35-15% of the
total wall . In the thoracic part, where the aorta is an elastic
artery, the medial layer consists of a series of elastic lamellae, which
are interconnected by, amongst others, collagen fibers, smooth muscle
cells, elastic fibers and glycosaminoglycans/proteoglycans . More
distally, the aortic wall shows more similarities to a muscular-type
artery, in which the amount of smooth muscle cells increases and the
layered structure of elastic lamellae in the media tends to disappear
. The adventitial layer primarily contains collagen fibers and a
limited amount of elastin [12]. In the adventitia as well as in the
outer part of the medial layer, the vasa vasorum is located, which is
a network of blood vessels that supply oxygen and nutrition to the
aortic wall . While the media is assumed to contribute to the load
bearing at physiological in vivo blood pressures, the main role of the
adventitia is found at supra-physiological pressures .

helically arranged fibre-
reinforced adventitial layer

transversely isotropic fibre-
reinforced medial unit

helically arranged fibre-
reinforced intimal layer

collagen fibres
elastic lamina exierna
collagen fibril
smooth musele cell
elastic fibril

elastic lamina interna
endothelial cell

Figure 2.2: Schematic representation of the microstructure of the aortic
wall, which is divided into the intimal (I), medial (M) and adventitial (A)
layer. This figure was taken from Gasser et al. .

Both in the medial and adventitial layer, the collagen fibers
are bundled in two to four families, which are dispersed within
the circumferential-axial plane and, to a smaller extent, in the
circumferential-radial plane . The mean angle of the collagen
fibers differs between families and aortic wall layers. Indeed, while
fiber angles of 0° to 45° (and -45° to 0°), with respect to the
circumferential direction, were observed in the media, angles of
45° to 90° (and -90° to -45°) were found in the adventitia [7] [16].
Moreover, the collagen fibers have a wavy structure in the stress-free
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state . When a tensile force is exerted, the fibers start to stretch,
which results in a stiffening behavior for an increasing elongation
of the fibers. While the collagen fiber families cause a direction
dependent, and thus anisotropic, behavior, the behavior exerted by
the elastin and the smooth muscle cells, is commonly assumed to be
isotropic . It is generally accepted that elastin and collagen
provide the major contribution to the passive soft tissue behavior,
while the smooth muscle cells allow the artery to actively respond

in their contractile state .

2.2 DISSECTED AORTIC WALL

2.2.1 Disease characterization and classification

An aortic dissection is a disease that is characterized by a delamina-
tion of the inner part of the thoracic aortic wall that contains one or
multiple tears (figure 2.3). These allow the blood to enter the space
between the delamination and the remaining part of the wall, which
leads to the formation of a parallel channel, i.e. the false lumen, next
to the normal pathway, i.e. the true lumen. This delamination of
the wall is often referred to as the intimal flap or the dissected mem-
brane and can either occur locally or extend from the ascending up to
the abdominal aorta , . Although the incidence rate is limited
to 4.4-6.0/100,000, the consequences of an aortic dissection might
be severe if the dissection is not properly treated . Indeed, a
dissection can result in an expanded aortic diameter, branch vessel
malperfusion, paraplegia and/or rupture of the aortic wall .

Aortic dissections are commonly classified based on the location
of the delamination, the duration of the symptoms and the presence
or absence of complications .

2.2.1.1 Location

Both the Stanford and the DeBakey classification refer to the location
of the dissection (figure 2.3). The Stanford classification distinguishes
aortic dissections involving the ascending aorta, i.e. type A aortic dis-
sections, from dissections which are limited to the descending part of
the aorta, i.e. type B aortic dissections . In case of type A dis-
sections, the location of the entry tear, and thus the assumed origin
of the dissection, is undetermined. An incidence rate of 58-71% and
42-29% was found for type A and B dissections, respectively , .
The DeBakey classification involves three classes, depending on the
location of the entry tear . A dissection of class I comprises both



2.2. Dissected aortic wall

Proximal Proximal Distal
DeBakey I and 11 DeBakey Illa and IlIb
Stanford A Stanford B Stanford B

Ascending,
Arch and
Descending

Ascending

Descending
penetrating ulcer

Figure 2.3: Overview of the Stanford and DeBackey classification system
based on the dissection location. This figure was obtained from Hiratzka et

al. .

the ascending and descending aorta with an entry tear in the ascend-
ing aorta. In class II, the dissection, and consequently the entry tear,
is limited to the ascending aorta. Class III refers to dissections with
an entry tear in the descending part of the aorta. In the remainder
of this dissertation, the definitions of the Stanford classification are
adopted.

2.2.1.2 Duration

The duration of the dissection refers to the time after the onset of the
symptoms . A dissection is defined as acute within 14 days
after the symptoms have started and as subacute within 2 weeks to
3 months. Thereafter, the dissection is defined as chronic.

2.2.1.8 Complications

A dissection is classified as complicated if one of the following com-
plications is present: involvement of the aortic valve, cardiac tam-
ponade, aortic wall rupture, malperfusion of branch vessels, dissec-
tion propagation, uncontrollable hypertension, uncontrollable clinical
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symptoms, fast dilation of the false lumen and/or aortic diameter [24].
Otherwise, the dissection is defined as uncomplicated.

In particular for type B dissections, 25% of the cases was defined
as complicated . The mortality rate of type A dissections in-
creases, as a rule of thumb, with 1%-2% per hour after onset of the
symptoms and in-hospital mortality rates close to 60% were observed
. Type A dissection are, thus, all considered as life-threatening
and the distinction between complicated and uncomplicated is not
explicitly made.

2.2.2 Adaptations in the microstructure of the dissected
aortic wall

Although the main constituents of the dissected aortic wall are the
same as those of the healthy aorta, some microstructural adaptations
have been observed in dissected aortas, already in the acute phase.
Indeed, medial degeneration was present, which includes apoptosis
of smooth muscle cells, fragmentation of elastic fibers and collagen
degradation . Moreover, inflammatory cells, e.g. lymphocytes
and macrophages, were found in the media, close to the false lumen,
and in the adventitia . Similarly, an increased amount of glyc-
osaminoglycans/proteoglycans, in particular localized in pools, was
observed in aortic dissections . In this acute phase, the elastin
concentration of the media was decreased compared to the healthy
aorta, in particular when considering the circumferential direction
, . For collagen, decreased, similar and increased concentra-
tions were observed in the media of dissected samples [38H40]. Other
studies did not unambiguously indicate in which phase, i.e. acute,
subacute or chronic, they considered the dissections and reported
elastin fragmentation, elastin fiber loss, collagen defects and fibrosis
in the medial layer . In this respect, a clear decrease in
elastin and increase in collagen in the medial layer was established
[42] [43]. An increase in adventitial collagen was observed too [43]. It
was, however, not specified whether the constituent increase/decrease
was defined in terms of content or concentration.

The observed microstructural adaptations might affect the overall
soft tissue behavior. Indeed, the acute dissected membrane was found
to behave differently compared to the healthy aorta as a rather linear,
but still anisotropic, behavior was observed . Moreover, the be-
havior of the dissected membrane changes during the transition from
the acute to chronic phase from highly dynamic to barely moving,
which is most likely a consequence of the stiffening and thickening of

the membrane .

10



2.2. Dissected aortic wall

2.2.3 Origin of aortic dissections

Although hypertension, aortic atherosclerosis and connective tissue
diseases, such as Marfan syndrome, have been frequently observed in
patients with aortic dissections, the cause of initiation of an aortic

dissection has not yet been elucidated [L} 47].

Over the past decades, multiple theories have been proposed. On
the one hand, it has been suggested that a tear in the inner layer of
the aortic wall allowed the blood to enter the wall and, consequently,
create a false lumen [49]. The formation of this initial tear has
been attributed to an elevated mean and systolic pressure as well as
to the degree of anisotropy of the wall tissue, which is in particular
weaker in the radial direction . On the other hand, it was
pointed out that a bleeding within the aortic wall, potentially caused
by rupture of the vasa vasorum, might be present before a tear in the
dissected membrane occurs . The importance of the vasa
vasorum in the dissection initiation was formulated by Osada et al.
too, based on the correspondence between the location of the vasa
vasorum and the dissection, as both are often situated in the outer
third of the media . Besides, a correlation between the presence
of inflammatory cells, e.g. macrophages and T lymphocytes, and aor-
tic dissections was found . Moreover, inflammatory cells have
been associated with medial degeneration, which might indicate that
inflammation plays a role in the formation of dissections .
It is, however, not yet clear whether inflammation is the initiating
factor or rather a consequence of the aortic dissection [57]. That the
cause of dissection might originate within the wall, was put forward
by Humphrey, Roccabianca et al. and Ahmadzadeh et al. as well @
. They hypothesized that the dissection initiation is related to
the formation of glycosaminoglycan/proteoglycan pools. The locally
increased concentration of these substances, consequently, induces
osmotic swelling in the medial layer, thus causing stress concentra-
tions, which might form the origin of the dissection. Computational
modeling of the glycosaminoglycan/proteoglycan pools and the re-
lated osmotic swelling, indeed, indicated that radial tensile stresses,
instead of the expected compressive stress, in the range of the radial
failure stress could be achieved . While previous hypotheses focus
on the local tissue microstructure, the aortic geometry was suggested
to play a role too, as the presence of medial ruptures was linked to
the location of minor and major aortic side branches , .
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2.2.4 Aortic dissection propagation

Dissections have been found to propagate, in general, along the
circumferential-axial plane in between elastic lamellae .
Nevertheless, some lamellae might be crossed during, in particular
axial, propagation, which leads to damage in a region of up to 20% of
the wall thickness , . The specific propagation path, including
the extent of retrograde propagation and which side branches are
connected to the false lumen, was suggested to depend on the
location of the initial tear along the aorta, the presence of material
inhomogeneities and the collagen fiber direction [64H67]. Moreover,
there is agreement that a dissection closer to the adventitial layer,
and in particular in the outer third of the media, is associated with
more dissection propagation, which means that the propagation
occurs at a lower pressure, has a higher axial length and/or requires
a smaller initial incision . Indeed, a larger area of initial
damage was associated with propagation at a lower pressure [64]
. Recently, contradictory results were found for the axial stretch
as Ban et al. linked a decreased axial stretch to a lower critical
pressure, whereas Han et al. observed a lower critical pressure for
an increasing axial stretch . Han et al. added that a lower
critical pressure was also obtained for a lower residual stress .

The exact mechanism of dissection propagation has, however, not
yet been elucidated. Some suggested that the propagation is triggered
by the cyclic loading imposed by the blood flow [50], while others
related the dissection propagation to the presence of shear within
the aortic wall [73H75]. An important role has been attributed to
the collagen fibers too . In this respect, the limited resistance to
shear in the circumferential-axial plane combined with the presence of
shear as a consequence of material inhomogeneities has been thought
to trigger rupture of the crosslinking fibers between the lamellae and,
consequently, dissection propagation by connecting the local voids
that are observed after the fiber rupture , . On a larger scale,
the aortic side branches were hypothesized to affect the dissection
propagation, with minor side branches reinforcing and major side
branches counteracting the propagation [61].

Moreover, no consensus has been reached on the degree of iso-
tropy of the circumferential and axial dissection properties of the
descending aorta. Indeed, anisotropy in the dissection propagation
was suggested by Yu et al. and Horny et al., whereas Rios-Ruiz et al.
found similar forces required to dissect the media [76H78|. Besides,
the dissection properties were found to depend on the patient age and
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2.2. Dissected aortic wall

the overall axial location along the aorta, while the variation within
the descending thoracic aorta remained limited [77H79).

2.2.5 Treatment of aortic dissections

After diagnosis of an aortic dissection, for which computed tomo-
graphy (CT) scanning as gold standard or magnetic resonance ima-
ging (MRI) as alternative approach are used, three types of treatment
can be applied, being optimal medical treatment, thoracic endovascu-
lar aortic repair (TEVAR) and open surgery . Optimal
medical treatment refers to providing the patient with drugs that are,
in particular, aimed at controlling the blood pressure, heart rate and
pain [25] [83]. TEVAR indicates a minimally invasive treatment that
implies the deployment of a self-expanding stent-graft, comprising
Nitinol struts, in the true lumen of the dissection. This treatment
attempts to close off the proximal entry tear and, consequently, to
trigger thrombus formation in and, thus, remodeling and healing of
the false lumen . The third treatment option is open surgery
where the body is incised to externally replace the aortic wall at the
location of the dissection . The optimal medical treatment to
control the blood pressure and heart rate is part of the TEVAR and
open surgery treatment too.

Depending on the dissection location, duration and the presence
or absence of complications, different guidelines have been developed
, . Here, the focus is put on the treatment of type B
dissections, as the less urgent nature of this type of dissections al-
lows surgeons to define the treatment strategy a priori. Based on
the guidelines, complicated acute type B dissections are commonly
treated with TEVAR. Indeed, TEVAR was found to result in a de-
creased 1-year, but similar 5-year mortality rate compared to open
surgery . For uncomplicated acute dissections, the preferred treat-
ment is still debatable. Previous guidelines recommended a optimal
medical treatment in those cases . However, recent stud-
ies indicate an improved long-term outcome for acute uncomplicated
dissections, despite a similar outcome compared to the optimal med-
ical treatment on the short-term . Therefore, a tendency towards
TEVAR as potential treatment for uncomplicated acute aortic dis-
sections has been observed . For chronic dissections, a different
treatment of complicated and uncomplicated dissections is suggested
as well . TEVAR is preferred over open surgery for complic-
ated chronic dissections as it results in a decreased mortality and
morbidity rate within 1 year after the treatment compared to open
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surgery [88]. An uncomplicated chronic dissection is treated medic-
ally. For the optimal medical treatment as well as TEVAR, regular
clinical follow-up with CT scans is strongly advised 89].

Note that open surgery is rarely used for patients with a type B
dissection, as this strongly invasive procedure is related to a high risk
of infection and mortality rate [8688|]. It is, therefore, only applied
if the dissection is considered unsuitable for TEVAR .

Despite the fact that TEVAR is often the treatment of choice, 20%
to 30% of the patients needs a reintervention or shows an expanded
aortic diameter within 1 year after the treatment . Moreover,
in 9-78% of the patients, only partial thrombosis or no thrombosis
at all has been obtained . In this respect, partial throm-
bosis, which is observed in about 10% of the patients, was found to
be a higher risk factor than a fully patent false lumen .
Moreover, the long-term evolution of the true lumen expansion, the
false lumen size and the total aortic diameter were found to depend
on the timing of the treatment . This indicates that, despite
major improvements in the previous decades, the current treatment
strategy is yet to be optimized.
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CHAPTER

Biomechanical modeling of the
dissected aortic wall

In an attempt to elucidate doubts regarding the optimal patient-
specific treatment of aortic dissections (chapter 2), computational
models might provide additional insight into the in vivo situation or
the anticipated progression of the disease and potential impact of an
intervention. As a type B aortic dissection is the result of an inter-
play between the dissected aortic wall and the blood flow, accurate
models of both aspects are required to capture the full treatment im-
pact. Moreover, when being interested in the effect of the thoracic
endovascular repair (TEVAR) treatment, the stent-graft deployment
has to be accounted for. Although an understanding of the stent-graft
deployment and the hemodynamics in an aortic dissection as well as
its interplay with the dissected wall is important, this dissertation
focuses on models of the dissected aortic wall.

Before going into the mechanical models of aortic dissections in
particular, the biomechanical framework of aortic wall tissue is dis-
cussed, which shows a complex anisotropic hyperelastic material be-
havior and has the capability to grow and remodel. Some important
aspects of the general framework of nonlinear continuum mechanics
are considered in section 3.1. Section 3.2 covers the most important
aspects to model the short-term, i.e. acute, behavior of the aortic
wall. In section 3.3, the presence of stresses in the in vivo aortic
wall is discussed. Some theoretical background on commonly applied
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3. BIOMECHANICAL MODELING OF THE DISSECTED AORTIC WALL

growth and remodeling algorithms is provided in section 3.4. There-
after, section 3.5 summarizes the dissected aortic wall models that
represent the acute situation and discusses the presence of growth
and remodeling in dissection models.

3.1 NONLINEAR CONTINUUM MECHANICS

As the aortic wall exhibits large deformations during each cardiac
cycle, it is described using a nonlinear continuum mechanics frame-
work. Each line element dX of the initial or reference configuration
Qo is mapped to a line element dx on the current configuration (2
using a deformation gradient tensor F', according to

ox
de = FdX with F = —. 3.1
T wi X (3.1)
In cardiovascular applications, the large deformations are gen-
erally caused by the pressure load of the blood. The resulting de-
formation is quantified by the balance of linear momentum, which
corresponds to

V.o + fp = pa, (3.2)

where o refers to the Cauchy stress, f3 to the body forces per unit
mass, p to the mass density and a to the acceleration, all expressed
in the current configuration 2. In the quasi-static cases, equation

(3.2) simplifies to
V-o+ fy=0. (3.3)

It is noteworthy that multiple definitions of stresses and strains
exist in nonlinear continuum mechanics, depending on whether they
refer to dimensions of the reference or current configuration. The
three most commonly used combinations of stress and strain defini-
tions are
(1) Cauchy stress o and true or logarithmic strain e

df

o= and € = In(U) (3.4)

(2) 1%t Piola-Kirchhoff stress P and nominal strain e
__df
- NdA

(3) 2" Piola-Kirchhoff stress S and Green-Lagrange strain E

ande=U —1 (3.5)

F-Tqf

S="NdiA

and E = %(UQ —1I). (3.6)
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3.2. Acute mechanical aortic wall behavior

In these definitions, U indicates the stretch tensor, I the identity
matrix and dA and da represent an infinitesimal area in the reference
and current configuration with respective normal vectors IN and n.
The normal force on area a in the current configuration is indicated

as f.

The different types of stresses can be transformed into each other.
The expressions of o as function of P and S are given by

o=J'PFT and (3.7)
o=J'FSFT, (3.8)

where J indicates the determinant of F'. In this dissertation, the
reported stresses and strains correspond to the Cauchy stress, o, and
true strain, €, respectively.

3.2 ACUTE MECHANICAL AORTIC WALL BEHAVIOR

The material of the aortic wall is commonly described as (quasi-)
incompressible and hyperelastic, which implies that the Cauchy stress
o can be expressed as

ov -

oc=—F" —pl, 3.9

5F p (3.9)
where W is a strain energy density function, I the identity tensor
and p a Lagrange multiplier, which is included to account for the
contribution of hydrostatic pressure stress.

Depending on the modeled material behavior and the required
accuracy, different forms of ¥ can be applied. One of the most
common formulations in arterial biomechanics is the Gasser-Ogden-
Holzapfel (GOH) model. This model describes the aortic material as
an additive decomposition of strain energy fractions coupled to the
isotropic matrix material, which represents the extracellular matrix
that mainly contains elastin, and two anisotropic dispersed collagen
fiber families . The corresponding strain energy density function
is defined as

U =cio(l1 —3) + il > ehe(rhi =30 1=0% _ 1) (3.10)

2ko Py

with c19 being the elastin shear modulus, k; the collagen fiber stiff-
ness, ko the fiber stiffening and x the fiber dispersion (figure 3.1).
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3. BIOMECHANICAL MODELING OF THE DISSECTED AORTIC WALL

The invariants of the right Cauchy-Green tensor C, with C = FTF,
are indicated by I, meaning that Iy and I; with j = 4,6, respect-
ively, correspond to the first, fourth and sixth invariant. They are
determined according to

I =Tr(C) (3.11)

I;=M’.CMY, (3.12)

with T'r referring to the trace of the considered tensor and M7 to
the mean fiber direction of the considered fiber family. Note that I;
depend via M7 on the mean collagen fiber angle o, which is defined
with respect to the circumferential direction.

rad 1

Figure 3.1: Schematic representation of a pressurized artery with a wall
thickness T' and a Gasser-Ogden-Holzapfel material that contains two dis-
persed collagen fiber families, with dispersion &, mean fiber direction M?J
and mean fiber angle «, embedded in an isotropic elastin matrix. The ra-
dial, circumferential and axial direction are, respectively, indicated as ‘rad’,
‘circ’ and ‘ax’. This figure was adapted from Gasser et al. .

Variations on this framework have been presented by excluding
the collagen fiber dispersion , indicated as the Holzapfel-Gasser-
Ogden (HGO) material model, or including two additional collagen
fiber families , asymmetric out-of-plane dispersion or the ef-
fect of smooth muscle cells, which is integrated in ¥ in a similar
manner as the contribution of collagen . In this dissertation, the
GOH and the HGO model were, respectively, applied in chapters 6-7
and chapter 8.
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3.3. Axial load and residual stress

3.3 AXIAL LOAD AND RESIDUAL STRESS

The aortic wall is in its in vivo pressurized state during the cardiac
cycle, thus, containing stresses. Moreover, even if the pressure load
caused by the blood flow is removed, some stresses remain in the
tissue. Indeed, when excising a portion of the arterial tissue dur-
ing surgery, the tissue shrinks axially and opens circumferentially, as
schematically represented in figure 3.2 . This indicates that
the aortic tissue is, even in its zero-pressure state, not completely
stress-free. While the axial shrinking indicates the presence of an
axial in vivo load, the remaining circumferential stresses are referred
to as the residual stresses.

In vivo Ex vivo

Aortic arch

S==—

Ascending
thoracic aorta

Sinotubular.
junction

Aortic root
(Sinuses of
Valsalva)

Annulus N~
Descending J J
thoracic aorta

Axial cut Circumferential cut

Figure 3.2: Schematic representation of the in vivo and ez vivo descending
aorta, where the presence of in vivo stresses is visualized through the effect
of an axial and circumerential cut. This figure was adapted from Isselbacher

et al. .

The importance of including these residual stresses and axial loads
in models of the arterial wall was emphasized as it affects the pre-
dicted stresses and strains [L00H102|. The axial load, and its corres-
ponding shrinking, is experimentally determined by measuring the
length difference between a tissue portion before and after excising it
from the body . The in vivo axial stretch was found to vary
between 1.05 and 1.43 and to depend on the considered wall layer,
axial location and patient’s age [L03H106]. The circumferential resid-
ual stresses and strains were commonly quantified by measuring the
opening angle obtained by axially cutting a cylindrical portion of the
aortic wall, resulting in aortic opening angles between 57° and 257°
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[LO5] 108]. However, this opening angle is a measure for a ho-

mogenized aortic wall, while variable circumferential residual strains
throughout the radial, circumferential and axial direction have been
observed (104}, [105} [109} [110]. Moreover, this method does not
account for the difference in contribution of the wall constituents to

the overall residual stress and axial load 113].

In the framework of modeling, multiple approaches have been
suggested to estimate the in vivo stress in arteries, for example by
closing the initially cut ex vivo geometry [114H117] or by determining
the load-free geometry, based on knowledge of the geometry in the
in vivo configuration, using inverse methods [118H124]. The number
of proposed algorithms that account for the residual stresses and its
variation throughout the thickness as well as the constituent-specific
properties are much more limited.

Cardamone et al. presented an analytical pre-stretch algorithm
based on the constrained mixture theory (section 3.4) and accounted
for the differences between the pre-stretch of elastin, collagen fibers
and smooth muscle cells . Multiple radial distribution patterns
were considered for the circumferential elastin pre-stretch.

A similar algorithm, referred to as the deposition stretch
algorithm, was proposed by Famaey et al. . The algorithm
was, however, implemented in a finite element analysis and is, thus,
applicable to non-idealized geometries. The algorithm is schem-
atically illustrated in figure 3.3. In brief, the algorithm considers
the in wvivo situation as the reference configuration and defines a
deformation gradient tensor G?, referred to as the deposition stretch
tensor of constituent i, that captures the deformation between
the unknown stress-free configuration and the in wvivo reference
configuration of that constituent. Note that the deposition stretch
tensor accounts for the presence of the in vivo load, axial stretch
and residual stresses. The collagen deposition stretch tensor G¢ is
determined by assuming a constant stretch ¢g¢ for collagen in the
fiber direction. The algorithm comes, in general, down to calculating
the elastin deposition stretch tensor G€ for each point of the aortic
wall. This calculation is initialized by assuming that the in vivo
geometry is stress-free (G¢ = I) and by pressurizing it to the in
vivo pressure, e.g. a diastolic pressure of 80 mmHg, which results
in a deformation F;. As no deformation is expected in the in vivo
situation, this virtual deformation is attributed to the absence of
deposition stretches in the model, which results in G¢ = Fj after
the first iteration. The procedure is repeated for the updated
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3.4. Growth and remodeling

deposition stretch tensor G®. The remaining deformation after
pressurizing the geometry Fb is again attributed to the absence of
proper deposition stretches, leading to G¢ = FaFy. This procedure
is repeated until the remaining deformation Fj, is negligible. The
resulting elastin deposition stretch tensor is then determined by
G°¢ = F,,... FoF;. Under the assumption of incompressibility and
a known constant axial elastin deposition stretch gf,, the radial
component is computed as

1

e e’
YecircYax

Jrad = (3.13)
if the circumferential component g¢;,. is known. The algorithm, thus,
simplifies to finding the value of g, .. Vander Linden et al., further,
adjusted this algorithm by predefining the radial distribution pattern
of g&ire 1127].

In this dissertation, the simplified deposition stretch algorithm
of Famaey et al. is applied to an incompressible thick-walled cylin-
der without predefined radial distribution of g¢;,.. [126|. Because of
the idealized geometries, a Matlab implementation, instead of the
proposed finite element analysis, is adopted.

Note that the inclusion of a different deposition stretch tensor for
collagen and elastin implies that the total deformation, which is a
combination of the deposition stretch tensor and the tissue deform-
ation, differs for both constituents. Accordingly, constituent-specific
Cauchy-Green tensors and invariants are obtained.

3.4 GROWTH AND REMODELING

The concept of a preferred homeostatic stress or stretch state has
been well accepted in arterial biomechanics . Indeed, in case
of changing loading conditions, e.g. due to hypertension, or external
triggers, e.g. due to the placement of a stent-graft, the tissue ad-
apts with the aim to regain its homeostatic stress or stretch state.
Therefore, the mechanical behavior of the aortic wall is a dynamic,
though slow, process. The aortic tissue can grow, i.e. change in mass,
and/or remodel, i.e. change in microstructure, over time. How the
tissue evolves over time depends on the considered constituent. In-
deed, it was found that elastin has a half-life of ca. 40 years
. Moreover, it is deposited during human development and, thus,
evolves during human growth, while no new structured or cross-linked
elastin is deposited . Conversely, collagen is frequently re-
newed as its half-life is in the order of 70 days [131]. The capability
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F=1 F=F F=F, F=F, F=1
Ge=l Ge=l Ge=F1 Ge=F2F1 Ge=Fn ...F2F1

Pressure | je—_—_—_—_—,—— e e e e ===

Radius

Increment

Figure 3.3: Schematic overview of the deposition stretch algorithm, based
on the cross-sectional view of a three-dimensional thick-walled cylinder.
The deposition stretch tensor of elastin G€ is iteratively determined by
attributing the resulting deformation gradient tensor F', when loading the
in vivo aortic geometry to the in vivo pressure, to G, as the in vivo aortic
wall geometry should be retained under in vivo pressure. This figure was
adapted from Famaey et al. .

of the aortic wall to adapt is visible in aortic dissections as well. In-
deed, untreated dissections often lead to an expansion in diameter
and thickening and a reduced motion of the dissected membrane is
observed during the transition from an acute to a chronic dissection

f11, b2 53

Multiple growth and remodeling frameworks have been proposed
of which the most common ones are the kinematic growth theory
[133], the constrained mixture theory and the homogenized
constrained mixture theory . As the explicit inclusion of the
constituents is of interest in the framework of aortic dissections, the
discussion below is limited to the constrained and homogenized con-
strained mixture theory. Note that only the most important aspects
are discussed. For a detailed overview of the theoretical frameworks
the reader is referred to the original papers of Humphrey and Ra-

jagopal and Cyron et al. [134] [135].
3.4.1 Constrained mixture theory

The constrained mixture theory assumes that the soft tissue is a mix-
ture of multiple constituents ¢ that each have an individual mass pro-
duction rate, mass removal rate and deposition stretch |[134]. Thus,
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3.4. Growth and remodeling

for each constituent, mass fractions are deposited with a particular
deposition stretch at different time points and degrade over time ac-
cording to their corresponding mass removal rate. Consequently, the
density of constituent i at time s, p’(s), is expressed as

P8 =P OQ () + [ mid s ar, (314)

where m’ represents the constituent production rate. The part of the
mass fractions, deposited at time 0 and 7, that survives at time s
is, respectively, indicated as Q*(s) and ¢'(s, ) for constituent i (with
0<7<s).

As the soft tissue is considered as a mixture of the different con-
stituents, the total strain energy density function W expressed per
unit reference volume, is defined as a combination of the constituent-
specific strain energy density functions U?, expressed per unit refer-
ence volume of constituent 7, weighted by the mass density of the
corresponding mass fraction, and is determined as

(s Z\II’ FY..(s,7)) with (3.15)

U (Flis(s,7)) =p (0)Q"(s) W i( 1as(5,0)) i 16
+/ (g (5. )T (S (5.7 OO

elas
The strain energy density, thus, depends on the elastic deforma-
tion gradient Fel as Of the considered constituents. Indeed, the con-
stituents, and their corresponding mass fractions, are constrained to
move together with the soft tissue. This implies that each mass frac-
tion of a constituent i, deposited at time 7, has a different reference
conﬁguration and, consequently, a different elastic deformation gradi-

ent FY, (s, 7) at time s, which is defined as

Flus(s,7) = F(s)F~H(7)G*(7), (3.17)

where F(s) and F(7), respectively, indicate the total deformation
at time s and time 7. Both are often obtained using finite element
models. G* refers to the deposition stretch tensor of constituent i.
As indicated, G* could depend on the time of deposition, but is often
assumed to be time-independent.

Although no growth deformation is explicitly included in this for-
mulation, it can be integrated in equation (3.17) as [136]

i (s.7) = F6)F, " (s) (FOEF, (1) Gi(r).  (3.18)
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Here, Fy indicates the growth deformation gradient tensor for which
multiple suggestions have been proposed. The most simple case as-
sumes equal isotropic growth for all constituents and was defined as

[137]
Pl (s) 1/3
F,y(s) = <pt0t(0)> I (3.19)

where p'°!(s) represents the total density of the constituents at time
s. Anisotropy in the expression for F, was proposed as well, by
assuming transversely isotropic growth, according to [137]

Fy(s) = Ztotggi

agag+ (I —ag®ay). (3.20)

Here, ag4 is a unit vector that indicates the main direction of the soft
tissue growth. Note that this growth was still assumed to equally
affect the considered constituents.

3.4.2 Homogenized constrained mixture theory

Similar to the constrained mixture theory, the homogenized con-
strained mixture theory considers the soft tissue as a mixture of mul-
tiple constituents ¢, which are constrained to move together with the
tissue . However, it is no longer assumed that different mass
fractions of constituent ¢ are deposited and removed at different time
points over the duration of interest, which results in a different cur-
rent stress level for each mass fraction. Instead, one temporally ho-
mogenized fraction with an average stress level is assumed for each
constituent, which avoids the need to track the reference configura-
tion of multiple mass fractions per constituent. It has been shown
that the final result of this homogenized constrained mixture the-
ory closely matches the result of the constrained mixture theory at a
lower computational cost .

As only one mass fraction per constituent is defined, the rate of
change in density of constituent i at time s, p'(s), is determined as

pl(s) = p'(s) + pL(s). (3.21)

The rates of constituent production and degradation at time point s
are indicated as p (s) and p' (s), respectively.

The total strain energy density function of the constrained mix-
ture W is calculated according to

Plot(s) = Z i(FY, (s)) with (3.22)
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Wi (s) = /()W (g (5)). (3.23)

Consequently, ' is the sum of the constituent-specific strain energy
density functions ¥*, weighted by the corresponding current density
p'. Note that U?, and thus U, is assumed to depend on the elastic

part of the deformation, Feil us» only, similar to equation (3.16).

The total deformation gradient tensor at time s, F(s), is in the
homogenized constrained mixture theory defined according to

F(s) = Feilas(s)Fri(s)Fg(s). (3.24)

F,f and Fy represent the deformation gradient tensor as a consequence
of the respective soft tissue remodeling and growth. As ¥*? depends

on Feil as» it is of interest to rewrite equation (3.24) as
i i -1
Fio,(s) = F(s) (Fi(s)Fy(s)) (3.25)

Similar to the constrained mixture theory, F is often retrieved as the
result of a finite element model. To allow the calculation of Fglas,
expressions for F; and F, have to be defined. For growth tensor Fy,
the same expressions as for the constrained mixture theory (equations

(3.19-3.20)) can be applied.

In order to derive an expression for F,f, which represents the
temporally homogenized deformation due to the remodeling of con-
stituent ¢, it is assumed that the change in Cauchy stress due to
remodeling, c'ri, can be defined in terms of the rate of change of the

corresponding Fél as> according to

sioy aai(s) . i
o1 = (st F”>FF (320

Moreover, by assuming that F' and F, are time independent, from
equation (3.24) follows that F,, (s)Fy(s) is constant as well and, by

elas

applying the chain rule for derivatives, Félas(s) can be written as
il (s) = —Fli () Ei(s) (Fi(s)) (3.27)

Including equation (3.27) in equation (3.26) and defining that
. .. RN
L (s) = F!(s) (Fq'f(s)) , consequently, results in

. i _ 3‘7i(3) ) i
Gi(s) = - (M>FF Bl (5)Li(s). (3.28)
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Besides, the change in Cauchy stress over a time fraction ds can be
expressed as the difference in Cauchy stress at time s + ds and s,
averaged over the respective constituent masses [135]. This results in

i Chre(s)0(s)ds + () ('(s) + 4 (s)ds)
o, (s)ds = ‘ ” oi(s),
pi(s) + pi(s)ds
(3.29)
where U;re indicates the pre-stress of the deposited mass fraction of

constituent i. By neglecting the higher order term in the denomin-
ator, this leads to

si(s) = L) (07(5) = otels) (3.30)

By combining equation (3.28) and (3.30), F?(s) can be retrieved from

p(s) (4 i [ 95(s) . i i
o (0=t = (57,55, im0

(3.31)

3.5 COMPUTATIONAL MODELS OF THE DISSECTED AORTIC WALL

Multiple dissected wall models have been developed. While some fo-
cused on the geometrical complexity, others integrated complex ma-
terial models. An overview of the most important models is given
below. These dissection models often use the technique of finite ele-
ment analysis, where the equation of linear momentum is solved.
This implies that the internal stresses of the tissue need to balance
the externally applied forces, when assuming a static or quasi-static
configuration, as indicated in section 3.1. To implement the theory
of nonlinear continuum mechanics in such a computational model,
the considered geometry has to be discretized as no infinite number
of calculations can be resolved. Therefore, the geometry is divided
in discrete parts, called elements, of which each corner is referred
to as a node. The combination of all nodes and elements yields the
resulting mesh. An extended overview of the finite element method
is, however, beyond the scope of this dissertation.

3.5.1 Acute dissected aortic wall models
3.5.1.1 Geometrically advanced models

Patient-inspired and -specific models of the dissected aortic wall have
been developed as part of models that considered the interaction
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between the dissected wall and the blood or stent-graft [138142].
An example geometry of such a model is shown in figure 3.4. Despite
their geometrical complexity and accuracy, the models are simplified
in terms of material behavior. Indeed, the aortic wall is often repres-
ented as a single layer with an isotropic linear elastic or hyperelastic
material . Wang et al. integrated anisotropy in the wall
model, but did not consider the presence of pre-stress, while this was
shown to strongly affect the stresses and strains predicted by the
model [100H102] 124} [143]. In fact, pre-stress is only rarely included
in the patient-specific dissected wall models .

Figure 3.4: Geometry of the patient-specific dissection model considered
by Baumler et al. . The dissected membrane is indicated in pink, whereas
the blue cross-sections indicate the locations of interest, which are situated
at the height of the left subclavian artery (LSA), pulmonary arteries (PA),
left ventricle (LV), celiac trunc (CT) and bifurcation of the abdominal aorta
(ABD). This figure was adapted from Baumler et al. .

3.5.1.2 Models with advanced material behavior

Buckling of the dissected membrane as well as dissection propaga-
tion has been considered in models that integrated the advanced an-
isotropic hyperelastic material behavior of elastin and collagen in a
medial and adventitial layer . Indeed, Zhang
et al. developed a model of membrane buckling, as a consequence of
the release of the residual stresses, in an unloaded cylindrical por-
tion of the aorta after inducing an artificial dissection [144]. Simil-
arly, membrane buckling in a plane-strain model has been considered
[145]. The plane-strain model was also applied to model the dissec-
tion propagation in the radial direction , . Others studied
the propagation in a three-dimensional (3D) geometry, but did either
not consider the deformed configuration or used it to calibrate model

27



3. BIOMECHANICAL MODELING OF THE DISSECTED AORTIC WALL

parameters . Recently, Rolf-Pissarczyk et al. presented
a constitutive law that includes the degradation of the elastic fibers
that interconnect the medial elastic lamellae, in order to model the
dissection propagation . This constitutive law was implemented
in an axially stretched and pressurized portion of an idealized dis-
sected aorta wall. The resulting stresses of the deformed model are
illustrated in figure 3.5.

True lumen &8 % False lumen

Figure 3.5: Deformation and maximal principal stress, maz{o;}i=12.3,
expressed in terms of Cauchy stress and indicated in kPa, as result of a
geometrically idealized model of a dissected aortic wall with a constitutive
law that included the degradation of radial elastic fibers, at (a) diastolic
and (b) systolic pressure. This figure was adapted from Rolf-Pissaryck et

al. [147].

3.5.2 Growth and remodeling in dissected aortic wall
models

Multiple theoretical frameworks of arterial growth and remodeling
have been developed, as indicated in section 3.4. The main applica-
tions of these theories include the Ross procedure, the formation of
aortic aneurysms and the effect of hypertension and angioplasty
. In these applications, the difference in stress between the
current and the homeostatic configuration, deviations in wall shear
stress and the presence of inflammation have been considered as driv-
ing factors.

In the dissected wall, changes in the soft tissue stress, compared to
the homeostatic stress state, are hypothesized to be the consequence
of the delamination of the dissected membrane and the presence of
inflammation (section 2.2.3). Thus, growth and remodeling is expec-
ted to take place in a dissected aortic wall, which is confirmed by the
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observations of expanded aortic diameters as well as dissected mem-
brane thickening as indicated in sections 2.2.1 and 2.2.2. Gacek et
al. investigated the growth and remodeling of an idealized dissected
aortic wall, but in the chronic phase only . To date, no further
models of the growth and remodeling of the soft tissue in the context
of aortic dissections have, to the author’s knowledge, been developed.
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CHAPTER

Uncertainty quantification

As indicated in chapter 3, a lot of progress has been made in the
past decades in the development of computational models of aortic
dissections. Even though this progress is very valuable, in particu-
lar when aiming towards a computationally-supported personalized
treatment, in vivo data is, up to now, often limited or even unavail-
able in clinical practice. The in vivo wall thickness can currently not
be retrieved from clinical computed tomography (CT) or magnetic
resonance imaging (MRI) scans, due to the limited spatial resolution.
Similarly, the in vivo wall behavior often remains unknown, due to
missing temporal information in clinical imaging practice. Therefore,
many models include assumptions regarding one or more of these un-
knowns. To assess the impact of such assumptions systematically,
the resulting output uncertainty, as a consequence of variations in
the input parameter space, can be quantified. The uncertainty quan-
tification, including two techniques for a global sensitivity analysis,
and the use of surrogate modeling in sensitivity analyses is discussed
in section 4.1 and 4.2, respectively. For uncertainty quantification
as well as surrogate modeling, a collection of points that covers the
parameter space of interest has to be assessed, which requires proper
sampling methods. Therefore, section 4.3 discusses different sampling
strategies for the input parameter space. Some applications of un-
certainty analysis in the domain of cardiovascular biomechanics are
illustrated in section 4.4.
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4.1 UNCERTAINTY QUANTIFICATION AND SENSITIVITY ANALYSIS

Uncertainty quantification attempts to determine the impact of un-
certain input parameters on the output of interest. In this respect,
often the sensitivity of the model output to each of the input para-
meters is analyzed, which can be performed on a local or global level.

In the case of a local sensitivity analysis, the impact of small
parameter variations around a point of interest on the output para-
meter is considered and corresponds to taking the partial derivative
of a function f, which represents the relation between the output
f(x) and the n-dimensional input © = (x1,...,2;,...,%,), to input
parameter z; as of ()

T
u; = 0z, (4.1)

When considering a global sensitivity analysis, the impact of vari-
ations over the full input parameter space, and thus multiple input
parameters simultaneously, on the output parameter is determined
and the contribution of the individual input parameters to the total
output uncertainty is assessed. Multiple techniques to perform such
an analysis exist and two of the most common ones, the Sobol analysis
and the 6 moment-independent analysis, are discussed below.

4.1.1 Sobol analysis

The Sobol indices consider the parameter-specific impact on the vari-
ance of the output probability distribution as a consequence of the
uncertain input parameters . Multiple types of Sobol indices
can be determined, depending on the included degree of interaction.
Indeed, the first order Sobol indices, Sy;, define the individual effect
of each input parameter X, i.e. the variance of the expected value
of output Y if input parameter X; is known relative to the variance
of output Y if all input parameters are unknown. The total order
indices Sp; consider all interaction effects related to a specific input
parameter, next to the main effect which is also quantified by Sy;.

The corresponding definitions are given by [159] [160]

with Ex_,(Y|X;) and Ex,(Y|X~;) being, respectively, the expected
value of output Y when X; is known and when all input paramet-
ers except for X; are known. The subscripts X.; and X; indicate
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that the corresponding expected values are calculated over all input
parameters except for X; and over input parameter X;, respectively.
Similarly, V', Vx_, and Vx, refer to the variance calculated over all
input parameters, all input parameters except for X; and input para-
meter X;.

Although both Sobol indices contain valuable information, spe-
cific sampling algorithms have been suggested to facilitate the cal-
culation of these indices at a reasonable computational cost .
Moreover, the Sobol analysis requires the input parameters to be
independent.

4.1.2 Delta moment-independent analysis

The § moment-independent analysis describes the difference in output
probability distribution for the unconditional case and the conditional
case in which input parameter X; is known, as illustrated in figure
4.1 . The ¢ indices, therefore, consider the complete output
distribution and are, consequently, not limited to a specific moment
of the probability distribution, such as e.g. the variance or skewness.
Moreover, the definition does not require independence of the input
parameters. The § index of Xj, §;, is defined as

5 = %EXZ. [s(X;)] with (4.4)
s(X) = [|#vw) = fyix, ()] dy and (45)
Ex [s(X0)] = [ fx, (@) [s(X0)da (46)

Herein, Ex, refers to the expected value of s(X;), which indicates the
shift of input parameter X;. This shift is determined by the differ-
ence between the unconditional probability distribution of output Y,
fv(y), and the distribution of output ¥ when input parameter X; is
known, fyx,(y). In this dissertation, the global sensitivity analysis
is performed with a § moment-independent analysis (chapter 7).

4.2 SURROGATE MODELING

To perform a global sensitivity analysis, large numbers of model eval-
uations need to be performed, with examples indicating numbers in
the order of 10% . In this context, standard computational mod-
eling techniques, such as the finite element analysis, are often compu-
tationally intractable for full-dimensional sensitivity analyses. There-
fore, the model simulations can be replaced by a surrogate model that
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Figure 4.1: Illustration of the interpretation of the § moment-independent
indices. The indices represent the shift in output distribution, which is
marked in black, between the unconditional output, fy (y), and the con-
ditional output distribution with a known value for input parameter X,
fy|x=2+(y). This figure was taken from Borgonovo .

captures the link between the input and output parameters. Many
types of surrogate models exist, with neural networks, polynomial
chaos expansion and Gaussian process regression being some of the
most well-known ones . In contrast to more deterministic surrog-
ate modeling approaches, e.g. neural networks and polynomial chaos
expansion, Gaussian process regression accounts for the intrinsic un-
certainty of the model.

Indeed, a Gaussian process describes a set of random variables,
of which each finite subset has a joint Gaussian distribution [164].
As the number of random variables in a Gaussian process can be
infinite, Gaussian processes are often interpreted as a distribution of
functions, where each point of the function corresponds to a random
variable. The Gaussian process GP is, then, defined as

f(x) ~ GP(mgp(x), Kgp(z, x')), (4.7)

where mgp(x) and Kgp(x, 2’) indicate, respectively, the mean func-
tion and covariance function or kernel.

Multiple kernel functions can be imposed to train the Gaussian
process [164]. One of the commonly applied kernel functions is the
radial basis function, which is described as

Kep(e,a') = o%c 2 17, (4.8)
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where & and ’ are two points in a multi-dimensional input parameter
space. The hyperparameters o and L, respectively, represent the vari-
ance and the length scale of the kernel. In case an anisotropic kernel
is applied, each input parameter has its own corresponding length
scale. During the training process, the hyperparameters are optim-
ized for a set of training samples. The performance of the trained
model is afterwards tested with respect to a set of test samples.

At locations where the training set provides little information,
the output prediction, given by the trained Gaussian process, is often
uncertain, which means that locally the output variance is large, as
illustrated in figure 4.2. Therefore, if the resulting Gaussian process
is applied to determine the solution at a point outside of the training
set, e.g. * = 4 in this example, the solution is sampled from the
local distribution provided by the trained Gaussian process at that
particular point and is thus not necessarily equal to the corresponding
value of the mean function.

output, f(x)
(=]

5
4

-5 0
input, x X

Figure 4.2: Illustration of the result after Gaussian process regression,
with some example functions, indicated in black, and the remaining vari-
ance, marked in gray. The larger the distance with respect to a data point
(4), the larger the remaining variance, as illustrated with = 4. This figure
is adapted from Rasmussen and Williams .

4.3 SAMPLING STRATEGIES

In both uncertainty quantification and surrogate modeling, a set of
points needs to be selected that optimally covers the considered in-
put parameter space. Many strategies to do so have been proposed.
Rather than giving an exhaustive overview, some of the most common
techniques are summarized below.
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4.3.1 Full factorial design

A full factorial design refers to a sampling where all combinations
of the input parameters of interest are considered (figure 4.3(a)).
This requires the discretization of the individual input parameter
ranges into a finite number of values, in order to achieve a finite
number of combinations. As all parameter combinations are con-
sidered, the number of samples is often high for multi-dimensional
problems. However, it allows the determination of all individual and
interaction effects of the input parameters on the considered output.

Full factorial design Random sampling  Latin hypercube sampling
'
ol [®

* oo *; - ;f

a, b. L2 c. e

o0y

|

Figure 4.3: Tllustration of a (a) full factorial design, (b) random sampling
and (¢) Latin hypercube sampling, each with 12 samples, for two input
parameters.

4.3.2 Random sampling

In a random sampling, the samples are generated by randomly choos-
ing input parameter combinations from given continuous intervals,
while accounting for their probability density distribution . As
the parameter combinations are randomly generated, spreading of
the samples over the input parameter space is not guaranteed (figure
4.3(b)). Consequently, many samples might be required to reasonably
cover the considered input parameter space.

4.3.3 Latin hypercube sampling

In a Latin hypercube sampling with n samples, the continuous in-
put ranges are each separated in n intervals of equal probability and
combined in such a way that each of the n intervals is represented by
only one sample for a particular input parameter (figure 4.3(c)) [166].
Within each interval, a random sampling is applied. This technique
ensures that the samples are well spread over the input parameter
space. This spreading often leads to a reduction in the number of
required samples and, thus, enhances the efficiency compared to a

random sampling [165].
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4.3.4 Saltelli sampling

The Saltelli sampling procedure, indicating an extension of the Sobol
sampling, provides a systematic and reproducible technique to sample
the continuous ranges of the input parameters, while ensuring a good
spread over the parameter space . This sampling technique is,
in particular, appropriate to allow the calculation of the total Sobol
indices (section 4.1.1), next to the first order Sobol indices, in an
efficient manner.

4.4 UNCERTAINTY ANALYSIS IN CARDIOVASCULAR BIOMECHANICS

To the author’s knowledge, no formal global sensitivity analysis has
been applied to the aortic wall in the framework of dissections. Nev-
ertheless, some aspects of uncertainty in aortic dissection models have
been quantified and some examples of formal global sensitivity ana-
lyses in cardiovascular mechanics have been performed before. Rather
than emphasizing the results of these studies, a brief summary of the
considered topics is provided.

The impact of uncertainty in, for example, heart rate, tear size
and geometry on the hemodynamics in aortic dissections has been
considered as well as the effect of uncertain stent-graft
parameters on the dissected wall . Regarding the sens-
itivity of the resulting dissected aortic wall stress and deformation
to its unknown parameters, some studies have been performed. In
this respect, mainly the imposed tear size was the subject of interest
(71}, [72 [144H146]. Baumler et al. and Brunet et al. included the
impact of the unknown material behavior on, respectively, the dissec-
ted membrane movement during the cardiac cycle and the dissection
propagation . While most of these studies varied individual
parameters and, thus, considered the local uncertainty, Brunet et
al. investigated the impact of multiple simultaneous parameter vari-
ations, consequently investigating the global uncertainty and determ-
ined the most influential factors for dissection propagation [71].

In other cardiovascular applications, two recent examples of a
Sobol analysis have been published. Brandstaeter et al. studied the
uncertainty in the growth and remodeling of a hypertensive aorta
and an idealized abdominal aortic aneurysm, while Campos et al.
considered the impact of uncertain material parameters on the passive

mechanical behavior of the heart , .
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Problem statement

5.1 PROBLEM STATEMENT

While the exact mechanisms of the initiation and progression of aortic
dissection are not yet fully elucidated and the treatment of patients
with type B aortic dissections is currently only suboptimal, com-
putational biomechanical models of the dissected aortic wall might
increase the insight into the in vivo state. Being able to predict the
patient outcome a priori has the potential to optimize the patient-
specific treatment strategy, in particular for patients not requiring an
emergency treatment. However, existing dissected aortic wall models
of the acute situation include strong assumptions regarding the wall
thickness and/or its behavior as no such patient-specific non-invasive
information can be retrieved from clinical imaging techniques. The
evolution of the dissected aortic wall and, in particular the dissected
membrane, over time was represented by one model, which considered
the chronic state only.

The uncertainty on the predicted wall stress and deformation in-
troduced by the lack of clinical data on the wall thickness and beha-
vior, both on the short- and long-term, is yet to be quantified in the
framework of type B aortic dissections, which is the overall goal of
this dissertation.
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5.2 OBJECTIVES

This general goal was subdivided into three objectives, each
corresponding to a different type of uncertainty.

Objective 1

To investigate the potential of clinical pulse wave velocity measure-
ments to reduce the extent of the material parameter space, and,
hence, the uncertainty in global material behavior of the aortic wall,
introduced by unknown material parameters.

In this respect, chapter 6 discusses the impact of uncertainty
in the determination of material parameters, required for computa-
tional biomechanical modeling, based on non-invasive clinical pulse
wave velocity measurements for an idealized healthy descending
thoracic aortic wall.

Objective 2

To quantify the effect of clinically uncertain material and geometrical
parameters on the predicted stress and deformation of a dissected
aortic wall model.

Chapter 7 considers how the uncertain wall thickness and
stiffness affects the predicted acute wall stress and deformation in
an idealized wall model of a type B aortic dissection.

Objective 3

To assess the feasibility to reproduce the clinically observed growth
and remodeling of the dissected aortic wall, and the dissected
membrane in particular, during its transition from the acute to
chronic phase, based on the limited quantitative knowledge on growth
and remodeling parameters.

In chapter 8, a slice model of an idealized dissected wall, as
part of a type B aortic dissection, was utilized to determine whether
the state-of-the-art knowledge regarding growth and remodeling,
with all its uncertainty, allows the reproduction of the dissected
membrane thickening and total diameter expansion rate, observed
during the transition from an acute to chronic dissection.

40



I1

Uncertainty in biomechanical
dissected aortic wall models

CHAPTERS

6

Pulse wave velocity as measure to aid material
parameter estimation 43

Uncertainty quantification in an idealized dissected
aortic wall 67

Growth and remodeling of the dissected membrane
in an idealized dissected aorta 101






CHAPTER

Pulse wave velocity as measure
to aid material parameter
estimation

One of the major challenges in computational arterial biomechanics
is to properly represent the patient-specific material behavior. In
the framework of aortic dissections, the standard clinical imaging
techniques do not provide sufficient information to retrieve proper
material parameters non-invasively. Therefore, this chapter presents
an innovative approach and assesses whether a non-invasive stiffness
metric, i.e. pulse wave velocity, has the potential to constrain the
material parameter space and the corresponding global behavior of
biomechanical aortic wall models.

This chapter is based on the paper "Pulse wave velocity: A clin-
ical measure to aid material parameter estimation in computational
arterial biomechanics", published in Journal of Biomechanics [171].

6.1 INTRODUCTION

Computational arterial biomechanical models often rely on an ex-
tensive material parameter set to describe the constitutive behavior
of the arterial wall using, e.g. a Gasser-Ogden-Holzapfel (GOH) for-
mulation [15]. These parameters are typically derived from in vitro
experiments on tissue samples, fitting the model to mechanical test

43



6. PULSE WAVE VELOCITY AS MEASURE TO AID MATERIAL
PARAMETER ESTIMATION

data . However, when developing patient-specific models from
clinical data, it is not trivial to choose parameters that lead to the
desired mechanical behavior of the arterial wall over the in vivo pres-
sure range because of the difficulty to reconcile in vivo measurable
arterial mechanical data and an extensive parameter set, needed to
develop realistic computational biomechanical models. Multiple at-
tempts have been made to link non-invasive in vivo pressure-area
data (of e.g. the carotid artery) to constitutive material parameters
to facilitate patient-specific modeling, yielding a single, best-fit para-
meter set [173H176]. However, this technique cannot be extended to
central arteries and material parameters obtained using in vivo data
can still differ from those based on in vitro experiments, which sug-
gests that the uncertainty on the fitted material parameters remains

large .

In clinical practice, arterial stiffness is often quantified using
pulse wave velocity (PWV), i.e. the speed at which the arterial
pulse propagates along an artery . PWYV functionally links the
intra-arterial pressure (P) to the lumen cross-sectional area (A) of
an arterial segment through the Bramwell-Hill relation, i.e.

AdP 1
PWV_\/pdA_ o (6.1)

with dA the change in lumen cross-sectional area in response to a
pressure change dP, D, the distensibility of the artery and p the
density of blood. The measure is functional as it captures the in vivo
area-pressure relation, without requiring knowledge on the material
parameters, wall thickness, axial loading or pre-stretch of the con-
sidered arterial segment. Moreover, aortic PWV was shown to be a
potent biomarker of cardiovascular health and reference values
in humans have been published, indicating physiological values of 4-
12 m/s [181]. Furthermore, novel ultrasound-based methods allow
the assessment of PWYV at different pressure levels from tracking the
pulse wave generated upon systolic ejection, i.e. at diastolic pressure,
and from aortic valve closure, i.e. at dicrotic notch pressure
183].

Despite its clinical value, the added value of PWYV in computa-
tional arterial wall modeling has, to the authors’ knowledge, not yet
been considered. Therefore, this study aims to investigate whether
PWYV, a clinically measurable parameter reflecting stiffness within
the in vivo pressure range, is applicable as a guide to reduce the ma-
terial parameter space in computational arterial biomechanics and to
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quantify the remaining uncertainty in material behavior after para-
meter space reduction.

6.2 METHODS

6.2.1 Arterial reference model
6.2.1.1 Geometry, material and boundary conditions

Although the computational framework, developed in Matlab (The
MathWorks Inc., USA), is applicable to any (idealized) artery, this
study considered the human descending thoracic aorta, represented as
a thick-walled cylinder with a physiological diameter and wall thick-
ness of 27.30 mm and 1.90 mm, respectively . The aortic
wall contains a medial and adventitial layer, with a respective wall
thickness fraction of 75% and 25%, both behaving as an anisotropic
hyperelastic GOH material @ For each layer, the strain energy
density function Wqye, is written as

k e (1_3:07c_1)2
\I/layer = C10 (If - 3) + 71 ( Z €k2 (R[1+(1 3&)[]. 1) — 1) s (62)
j=4,6

with c1g the elastin shear modulus, k; the collagen fiber stiffness, ko
the intrinsic collagen fiber stiffening, x the collagen fiber dispersion,
It and Ij’: respectively the first and j** (with j = 4, 6) invariant of the
right Cauchy-Green tensor C* = Fi" Fi of constituent deformation
gradient tensor F* . Invariant I7 depends on the mean fiber angle,
indicated as a. The superscripts e and c refer to elastin and collagen,
respectively.

The formulation for a thick-walled cylinder, i.e.

To ov dr
P = Acire 7y "> 6.3
/Ti 8Acirc r ( )

allowed the iterative calculation of the circumferential stretch Ac,
and the radial displacement, for a known inner radius r;, outer radius
ro, Strain energy density function ¥ and intra-arterial pressure P
. Using this formulation combined with the GOH model, the in
vivo pre-stretched configuration was determined at diastolic pressure
(80 mmHg) by calculating the deposition stretches according to the
pre-stretching algorithm of Famaey et al. with a default collagen and
axial elastin pre-stretch of 1.10 . Starting from this pre-
stretched configuration, the aortic deformation at any other intra-
arterial pressure level was determined using equation (6.3).
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6.2.1.2 GOH parameter selection

For each GOH parameter, a physiological range was determined from
reported uniaxial and biaxial experimental and histological data of
human (descending) thoracic aortas (table 6.1) [186]. Adventi-
tial parameters c194 and k14 were assumed to depend on their medial
counterpart, by considering the relative elastin and collagen area frac-
tions between both layers, reported for the human ascending aorta
. Besides, the collagen fibers in both layers were assumed to have
the same kg value. Combining this with equation (6.2) results in

k C _ Cc__ 2
Wy = o (If = 3) + 5 | D € (<EA=391)" 1) (6.4)
J=1.6

U4 = 0.34ciom (If — 3) + m ekQ (n[f+(1—3;{)I;71)2 —-1],
2k2 j=4,6

(6.5)
as strain energy density function where index M refers to the medial
and index A to the adventitial layer. The seven independent para-
meter ranges were discretized into five equally spaced values, except
for k1 and ko where a logarithmic scale was applied to represent all
orders of magnitude. A full factorial design was performed and only
parameter sets resulting in a tensile circumferential elastin deposition
stretch, ¢%,., throughout the wall were retained, as elastin is hypo-
thesized to be deposited during development and has, therefore, been

stretched during human growth [111] [112].

Table 6.1: Input ranges of the GOH parameters for the media and adventi-
tia for the full factorial design in order to obtain potentially physiological
parameter sets, based on the data of Jadidi et al., Schriefl et al. and Weis-
becker et al. . Each range was discretized into five values, using a
linear scale for c1g9, a and k and a logarithmic scale for k; and k3. LB and
UB, respectively, indicate the lower and upper bound of the range.

Media Adventitia Scale
Parameter LB UB ‘ Parameter LB UB ‘
ciom (MPa)  0.005  0.025 | ci04 (MPa) 0.34c1oMm Linear
ki (MPa)  0.0002  1.000 | k14 (MPa) 117k Logarithmic
kanr (-) 4.0 35.0 | k24 () ko Logarithmic
anr (%) 0.0 45.0 | aa (°) 45.0 90.0 Linear
kum (-) 0 1/3 | ka (-) 0 1/3 Linear
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6.2.1.3 Metric for arterial stiffness

For each GOH parameter set, the PWV was assessed at diastolic
(PWVg) and dicrotic notch (110 mmHg; PW Vo) pressure, meas-
urable in clinical practice, using the Bramwell-Hill equation (6.1)
with a blood density of 1060 kg/m3 and a forward finite pressure
difference of 1 mmHg [187]. To facilitate the parameter space
reduction analysis as function of PWVyg, the physiological PW Vg
range was discretized in intervals of 1.00 m/s, centered around a tar-
get value. PWVgo;, therefore, refers to a PWVgy value within the
interval centered around the target (e.g. a PW Vg of 6 m/s indic-
ates a PWVgy within 5.50-6.50 m/s). For the parameter sets leading
to a PW Vg, within the physiological range (4-12 m/s), the added
value of PWVy19 was considered. Analogous to PWVgg;, the res-
ulting PWVj1p range was discretized into intervals of 1.00 m/s and
PWVii0: was defined. To quantify the additional reduction from
knowledge of PWVii0;: for a given PW Vo, the weighted average
over the PW V19, intervals was computed, using the number of para-
meter sets per interval as weighting factor.

6.2.2 Reduction in GOH parameter space
6.2.2.1 Global reduction

The extent to which knowledge of PW Vg, provides a global seven-
dimensional (7D) parameter space reduction, R;p, was quantified as
C7D|80t
Rip=1—- ——, (6.6)
C7D

with c7p the number of parameter sets with g¢;,.. > 1.00 throughout
the wall and c7pjgp; the number of those sets yielding a particular
PW Vg (figure 6.1). When additionally considering PWViig,, the
total global reduction, R7p s, averaged over the PWVi1g; intervals,
was defined as

1 C7D|80¢,110¢
R7p ot = Z C7D|80t,110t (1 - |> ; (6.7)

C7D‘80t 110t CTD

with c7pjgor,110¢ the number of sets corresponding to both the
considered PWVgos and PW Vi, (figure 6.1). Rrp(tory = 0.00
means that PWVgos (combined with PWVi9) provides no
reduction; R7p(io) = 1.00 indicates that no parameter sets were
found yielding that PW Vgo,; (and PW Vi1g,).
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Figure 6.1: Graphical abstract of the study, where the global and local
reduction of the GOH parameter space is assessed based on PWV measure-
ments at 80 and 110 mmHg. The effect of the reduction on the global ma-
terial behavior was considered too, using uncertainty (U) metrics based on
the PWV-pressure relations. APW V5030, and APW Vig0i80¢,110¢ T€present
the maximal PWYV range at 120 mmHg for the selection of parameter sets
fulfilling the PW Vg ; requirement and for the selection of sets fulfilling the
PW Vgt and PWVi10,¢ requirements, respectively. Similarly, APW Vgg|0¢
and APW Vgg|g0¢,110¢ Tefer to the maximal PWV range at 80 mmHg, in case
only PW Vg + and both PW Vg and PWVi19,+ are known.

6.2.2.2 Local reduction

The local two-dimensional (2D) subspace reduction, Rsp, quanti-
fies the reduction in number of parameter value combinations per
PW Vg and subspace (i.e. the projection of the 7D parameter set
on a plane defined by two GOH parameters) and, consequently, the
link between the parameter values and PWV measurements. It was

defined as Capysor
Rop=1—- ——, (6.8)

C2D
with cop the maximal number of parameter value combinations (i.e.
25 as each 2D subspace considers two GOH parameters with five
levels) and cypjgp¢ the number of combinations at PW Vg, (figure

6.1). Similar to section 6.2.2.1, i.e. by including PWVj19, and taking
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a weighted average, the total local reduction, Rop t0¢, Was calculated

as

1 C2D|80t,110¢

> erpjsotaior (1 — ——— |, (6.9)
C7D|80t 1710t €2D

R2D,tot =

with ¢opjgor,110¢ the number of parameter sets for a specific PW Vg 4
and PWViig, (figure 6.1). Again, Ryp(sr) = 0.00 means that
PWVgp s (and PWViig,) does not reduce the considered subspace;
Ryp(tory = 1.00 indicates that no parameter set occurs at PW Vg,
(and PWVi104). The location and frequency of occurrence of the
parameter value combinations was plotted per 2D subspace in,
so-called, combination plots.

6.2.3 Remaining uncertainty in material behavior

Even after the reduction guided by the PWYV measurements, some
uncertainty in the PWV-pressure behavior, Upyy, remains, which
was assessed using the systolic pressure (120 mmHg) as point of in-
terest.

In case only PW Vg, is available, Upwy was quantified as

APW Vigo80¢

, 6.10
AP Vagisor (6.10)

Upwv =

with  APWVggg0; the corresponding maximal PWV range at
80 mmHg (which will approach the predefined interval), and
APWViggig0¢ the maximal PWV range at 120 mmHg (figure 6.1).

Adding PWVj19, as prior knowledge led to a total uncertainty,
Upwv tot, computed as

1 APW Vigog0t,110
> erppsoniion | (6.11)

Urwv,tot = ;
C7DI|80t 110t APW Vgosor, 110t

with APW Vgogor,1100 and APW Vyggig0,110¢ the respective corres-
ponding maximal PWV ranges at 80 mmHg and 120 mmHg (figure
6.1). As before, a weighted averaged over the PW Vo intervals was
taken.

6.2.4 Practical implementation: Patient-inspired thoracic
aorta

A patient-inspired thoracic aorta model was developed, using the
same diameter and total, medial and adventitial wall thickness as
the reference model (section 6.2.1) [188]. A PW Vg = 5.96 m/s and
PWVi1p = 8.41 m/s with an uncertainty of 0.50 m/s was assumed
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(corresponding to PW Vgg = 5.46-6.46 m/s and PWVj19 = 7.91-8.91
m/s) [189]. The GOH parameter sets yielding these target PWV
values on the reference model were identified, and the two sets leading
to the minimal and maximal PWVj19 were selected.

A structured hexahedral mesh was created with pyFormex and a
finite element analysis, using Abaqus/Standard (Dassault Systémes,
France), was performed. The deposition stretches were estimated for
the reference model (section 6.2.1) and refined using a finite element
implementation of the algorithm. Starting from this pre-stretched
geometry, PW V3o and PWVi;y were calculated based on the mean
radial displacement and the Bramwell-Hill equation (6.1) with a finite
forward difference of 1 mmHg and compared to the PWYV require-
ments. The variation in systolic PWV (PWV}9y) and mean maximal
principal Cauchy stress (mM PS199) was assessed too. A similar ap-
proach was applied to a cylindrical model with the same dimensions
for verification purposes (appendix A, section 6.6).

6.3 RESULTS

6.3.1 Reduction in GOH parameter space

From the 78,125 parameter sets in the full factorial design, 20,938
fulfill the convergence criteria of the deposition stretch algorithm and
result in g5,. > 1.00 throughout the wall. Of these, 12,032 sets
lead to a PW Vg, within the physiological range (3.50-12.50 m/s)
(supplementary material in the online version of the paper [171]).
The number of sets is highest for PWVgp; = 4 m/s (3,667 sets) and
steadily decreases for values up to 8 m/s to suddenly drop between 8
and 9 m/s (figure 6.2(a)).

Figure 6.2(b) displays PW Vi1, ranging between 3.50-16.50 m/s,
per PW Vg and shows the widest PWVy19 range for PWVgo; < 9
m/s, while less spreading is observed for vessels with a high PW Vg +
(appendix B, section 6.7).

0.3.1.1 Global reduction

The global parameter space reduction, R7p, varies from 82.5%
(PWVgo: = 4 m/s) to 99.4% (PWVg+ = 10-12 m/s), relative
to the 20,938 converging sets (figure 6.3(a)). Note that 42.5% of
the reduction is obtained from excluding sets that lead to PW Vg
beyond the physiological range. The remaining part of Ryp varies
between 40.0% and 56.9% and increases with PW Vg, as less sets
are attributed to higher PW Vg, (figure 6.2).
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The 7D reduction further increases to 96.0-99.5% when including
PW Vi, (figure 6.3(b)). While the highest R7p i are found at 9-12
m/s, the lower values of PW Vg, (4-8 m/s) benefit most from adding
PWVii0+, with an additional reduction of 3.6-13.6%.

6.3.1.2 Local reduction

The 2D subspace analysis elucidates the contribution of each GOH
parameter to the reduction. For 18 of the 21 subspaces, Raop increases
for higher PW Vg, i.e. fewer parameter value combinations yield a
higher PW Vg + (figure 6.4(a)). Subspaces cio-aa, cio-k4 and aa-k4
do not contribute to the reduction as Rop = 0.00. In contrast, an
increasing trend in Rop starting at PW Vg of 4-6 m/s is observed
for the six subspaces including k1 and for ko-kps, kKa-kar and aa-Kpy.
In other subspaces, the increase in Ryp is restricted to PW Vgg ¢ from
7-9 m/s on.
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Figure 6.4: (a) Local reduction Ryp and (b) total local reduction Rap tot,
categorized per 2D subspace of the GOH parameters (vertical axis) and
per PW Vg, (horizontal axis). For Rap iot, & weighted average was taken
over the PWVi1o, intervals. Note that Rop( o) equal to 1.00 in itself is
not occurring, as this would indicate that no parameter set corresponds to
the PW Vg 4, which is neither the case for (a) nor for (b) as the weighted
average over PWVjjo, intervals is taken. For example, subspace ki-rns
leads to a Rep = 0.60 at a PW Vs, of 6 m/s, which points out that 15
of the 25 possible parameter value combinations (60.0%) cannot result in a
PW Vg of 5.50-6.50 m/s. On average, adding PW V719 information results
in Rop tot = 0.81. This means that the number of parameter value combin-
ations is, on average, reduced to 4 for the ki-xys subspace at PW Vg, = 6
m/s when PW V9, is known.

The major effect of including PW Vi is found at 4-7 m/s, while
very limited additional reduction occurs for 2D subspaces at 11-12
m/s (figure 6.4(b)). The highest increase in reduction is found for
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subspaces composed of ki, ko, Ky and ajpy, resulting in Rop 4ot of
27.2-80.9%, while Rap o+ minimally increases to 0.1-2.0% for sub-
spaces comprised of cjg, g and ky for PW Vg, of 4-7 m/s. The
complete overview of Rap ;ot, per subspace, PWVgo; and PW Vi
is provided in the online version of the paper [171].

Further insight into the relation between PW Vg and the GOH
parameter values is gained from the location and frequency of oc-
currence, as illustrated for subspaces ky-k1 (high Rop) and as-cig
(Rep = 0.00) (figure 6.5). For kps-ki, PWVgp; < 10 m/s can be
reached for certain parameter value combinations, with higher values
of k1 requiring higher values of ks, while only one combination yields
PWVgo+ > 10 m/s. In contrast, a homogeneous spread is found over
the PW Vg ; range for subspace o 4-c19, meaning that any PW Vg ¢ is
achievable with any parameter value combination of this 2D subspace
over the considered range.
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Figure 6.5: The GOH combination plots show the location and frequency
of occurrence of the parameter value combinations per PW Vg ¢, for sub-
spaces (a) kp-k1 and (b) @a-c1o. The marker size is scaled proportional
to the frequency of occurrence, relative to the total number of parameter
sets per PW Vg For instance, for a PW Vs, of 7 m/s and subspace (a)
kar-k1, it can be seen that the parameter value combination x3; = 0.083
and k1 = 0.119 MPa was found in 30.8% of the parameter sets that lead to
a PW Vg of 6.50-7.50 m/s.

6.3.2 Remaining uncertainty in material behavior

The uncertainty in global behavior, Upyy, decreases monotonously
with PW Vg4, from 831% at 4 m/s to 72.9% at 12 m/s (figure 6.6).
Additional knowledge of PW Vj1g reduced the uncertainty for all but
the highest PWV level, with Upwv st varying from 25.7% to 137%
(figure 6.6).
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Figure 6.6: The uncertainty and the total uncertainty in PWV-
pressure behavior based on knowing PW Vg0 ¢ (Upwyv) and based on know-
ing PWVso and PWVii0+ (Upwv,er) are indicated by ‘PWVg ;' and
‘PWVii0,, respectively.

6.3.3 Practical implementation: Patient-inspired thoracic
aorta

Out of the 2,045 parameter sets within the PW Vo, range, 424 re-
main when accounting for the PWVj1g range, of which those with
the minimal and maximal PW Vg are selected (figure 6.7(a)). After
inclusion of the deposition stretches, the finite element analysis of the
patient-inspired aorta leads to deviations of 0.009-0.034 mm from the
required diastolic radius (13.650 mm) and results in PWVgp = 6.10-
6.72 m/s and PWVj9 = 7.27-9.43 m/s (table 6.2). The variation
in systolic material behavior for the patient-inspired aorta equals
2.52 m/s (Upwy = 405%) for the PW Vi and 0.019 MPa for the
mM PS159. The diastolic and systolic configurations, together with
the maximal principal Cauchy stress at 120 mmHg, are shown in

figure 6.7(b, ¢).

6.4 DISCUSSION

To the authors’ knowledge, this study is the first to address the added
value of PWV, a clinical arterial stiffness parameter, for (i) identifying
the material parameters of nonlinear hyperelastic constitutive models
in arterial computational biomechanical models, and (ii) quantifying
the uncertainty of the material behavior. Using the GOH model and
a descending thoracic aorta as an example, it was demonstrated that
measuring the PWV at a reference pressure (80 mmHg) is a straight-
forward tool to drastically reduce the parameter space. The addi-
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Figure 6.7: (a) Overview of the potential area-pressure and the PWV-
pressure relations of the parameter sets resulting in the required PW Vgq
(indicated in light gray) and in the required PWVgy and PW 'V}, interval
(indicated in dark gray) for the reference model. The curves of the para-
meter sets that fulfill both requirements and lead to the minimal (lower
boundary, LB) and maximal (upper boundary, UB) PWVj;¢ are indicated
in green, while the curves of the parameter sets that only fulfill the PW V5,
requirements and lead to the minimal and maximal PW Vi1 are indicated
in black. The curves corresponding to the minimal and maximal PWVjiq
are illustrated with a full and dashed line, respectively. The correspond-
ing (b) deformed configurations in diastolic (80 mmHg) and systolic (120
mmHg) pressure and (c) the maximal principal Cauchy stress of the cross-
section at 80 mmHg and 120 mmHg are presented for the parameter sets
with the minimal PWVi19 (LB PW Vg, full line) and maximal PW Vi
(UB PW Vi1, dashed line).

tional knowledge of PWV at a higher pressure (110 mmHg) resulted
in further reduction.

6.4.1 Extent of parameter space reduction

Using PW Vg is a potent way to reduce the GOH parameter space.
Simply excluding GOH parameter sets leading to non-physiological
PWVgy (beyond 3.50-12.50 m/s) reduced the parameter space with
42.5%. Further considering a PW Vg within a 1.00 m/s interval re-
duced the global parameter space by minimally 82.5%. The highest
reduction (for the global and local analyses) was found for PWVgg ; >
9 m/s. Such values are mainly observed in older or diseased sub-
jects and correspond to stiff materials as using the Moens-
Korteweg equation for the current model leads to a Young’s modulus
of 1.52 MPa for a PWV of 10.00 m/s. Younger, healthy subjects ex-
hibit a lower PW Vgy, which can be obtained with more GOH para-
meter sets and, consequently, results in a larger variability in PWV
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Table 6.2: Overview of the GOH parameter values of the parameter sets
with the minimal and maximal PWVig, selected from the 424 sets that
fulfilled the requirements of the use case, together with their corresponding
PWYV measurements for the reference model, the cylindrical aortic veri-
fication case (for minimal PWVj;g only (appendix A, section 6.6)) and
the patient-inspired aorta at 80 mmHg and 110 mmHg, i.e. PW V3, and
PWVi19. The diastolic mean radius, Rgp, and the PWV, mean cross-
sectional area and mean maximal principal Cauchy stress (MPS) at 120
mmHg, PWVisg, A1a0 and mM PS5y, were considered too.

GOH parameters
€10 k1 ko KM an KA aa
(MPa) (MPa)  (-) (-) (°) () (°)
Min PW V19 0.010 0.119 350 0.250 11.3 0.083 45.0
Max PW V110 0.020 0.139 204 0.000 33.8 0.000 45.0

Rgy  PWVgy PWViig PWVigg Aizo mMPSia0
(mm) (m/s) (m/s) (m/s) (mm?) (MPa)

Min PWV110

Reference 13.650 5.49 7.91 8.64 650 /
Verification 13.653 5.53 8.00 8.68 651 0.140
Patient-inspired | 13.616 6.10 7.27 8.05 655 0.141
Max PWV110

Reference 13.650 5.52 8.76 9.71 642 /

Patient-inspired | 13.659 6.72 9.43 10.57 636 0.122

at higher pressures (figure 6.2). For these subjects, it becomes relev-
ant to include a PWV measurement at a higher (e.g. dicrotic notch)
pressure, as adding PWViqg; significantly increases the reduction
(figure 6.3-6.4). Thus, the PWV measurements at diastolic and di-
crotic notch pressure provided reduction in the 7D parameter space
and, consequently, the 2D subspaces, at higher and lower PW Vg ;.

While the achieved reduction depends on the PWVgo;, fewer
parameter sets lead to high PWVgo; (figure 6.2). It should,
consequently, be elucidated whether the higher reduction at higher
PW Vg relates to the parameter space and its sampling or whether
it reveals that few physiological GOH parameter sets reach these
high PWVgg ;. The parameter space was, therefore, resampled with
a linear scale for k1 and ko to include more higher collagen stiffness
values compared to the logarithmic scale. While anticipating more
sets with a high PW Vg ; using the linear scale, no sets corresponding
to a PW Vg of 11-12 m /s were found. Therefore, it is hypothesized
that the limited number of parameter sets at high PW Vo, is not
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caused by insufficient “stiff” input values, but indicates that few sets
lead to high PW Vg ;.

6.4.2 Relation of local reduction to the GOH parameters

PWYV measurements contributed notably to the local reduction for
parameters related to the medial collagen fibers, with subspaces
consisting of ki, ko, kpr or aps leading to the highest reduction
(R2p,tot > 27.2%.). This aligns with the fact that these parameters
represent the (medial) anisotropic nonlinear behavior in the GOH
model. Moreover, 75% of the wall consists of medial tissue, which
contains more circumferentially directed collagen fibers . It
is, consequently, expected that the related parameters strongly
affect the radial deformation and correlate to PWV. Remarkably,
no parameter set in the physiological PW V3 range contained
k1 = 0.0002 MPa, which indicates that this order of magnitude
rarely occurs in physiological materials .

In contrast to the medial collagen parameters, subspaces contain-
ing parameters cig, k4 and a4 hardly provided any subspace reduc-
tion (Rap ot < 14.9%) through the use of PWV measurements. For
k4 and a4, this likely relates to the more axially oriented collagen
fibers in the adventitia, while PWYV is defined by a radial deform-
ation . Moreover, it was suggested that the adventitia protects
the aortic wall against extreme loadings and, thus, mainly affects the
wall mechanics at supra-physiological pressures , while pressures
within the physiological range were considered. The limited reduc-
tion for the adventitial fiber-related parameters does, however, not
imply that they are irrelevant, but that the PWV measurements are
insufficient to draw conclusions on them. The absence of a strong re-
duction in the parameter space for cig is expected to be related to the
deposition stretch algorithm, where a stiffer elastin behavior (higher
c10) commonly results in a lower g¢,.., which, partially, compensates
the stiffer behavior.

While the 2D reduction relates to the number of parameter value
combinations, the combination plots provide insight into their loca-
tion and frequency of occurrence (figure 6.5), thus delivering 2D re-
gions of interest. However, these regions do not guarantee that each
set results in the requested PWVgq; and PW V110, as the plots limit
the interpretation to 2D while considering a 7D parameter space.
This is also reflected by the difference between R;p and Rsp. An
example algorithm to select a parameter set that fulfills the required
PWVgy and PW Vi intervals is provided in appendix C (section
6.8).
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6.4.3 Remaining uncertainty with knowledge of PWV

Even within the collection of parameter sets that fulfill the conver-
gence, PW Vg and PW Vi1, requirements, differences in material
behavior remain, which were quantified by the uncertainty on the
PWYV at systolic pressure (Upwy). In line with the reduction ana-
lysis, a lower PWVgo; was associated with a higher Upyy, which
reduced when including PWVii0:. The proposed analysis and ap-
proach, thus, yields a collection of parameter sets with a similar global
behavior, rather than a single set, as typically obtained with a curve
fitting approach [173H178]. While a single set provides a ready-to-use
solution and allows the uncertainty estimation of individual paramet-
ers, it is an advantage of the proposed approach to naturally reveal
and acknowledge the uncertainty in the global material behavior, e.g.
introduced by measurement inaccuracies or partial knowledge of the
behavior due to limited tested loading conditions, and to estimate its
effect, which is important when interpreting the modeled results.

6.4.4 Practical implementation: Patient-inspired thoracic
aorta

To demonstrate the use of the framework, the GOH parameter sets
matching the predefined intervals of PWV at 80 and 110 mmHg were
determined and a finite element analysis for a cylindrical verification
case, with the same specifications as the reference model (appendix
A, section 6.6), and a patient-inspired thoracic aorta were performed
for the parameter sets with the minimal and maximal PWVi1y. The
verification case demonstrates that the results closely match those
of the reference model. Applying the methodology to the patient-
inspired aorta yielded PWYV values close to, though not within, the
desired intervals, with a maximal deviation of 0.64 m/s. The differ-
ence between the predefined intervals and the achieved PWV values is
ascribed to the complex anatomical arch geometry, which differs from
the cylinder used to calculate the PWV. The complex geometry also
led to a higher uncertainty of PWV at 120 mmHg (Upwv ot = 405%),
compared to the reference model (Upwvior = 154%). Despite some
deviations in PWV and uncertainty with respect to the reference
model, results within the same range were obtained for the patient-
inspired aorta, which suggests that the link between the GOH para-
meters and the PWYV of the reference model can provide guidance in
the parameter space reduction, even for complex geometries.

The uncertainty in material behavior translates into uncertainty
in the modeled output. Indeed, applying the parameter sets, yielding
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the lowest and highest PWVi1g, to the patient-inspired aorta leads
to limited differences in mM PS9g of 0.019 MPa between both sets
(table 6.2).

This particular example illustrates the added value of the cur-
rent study for arterial computational modeling practice in general,
by (i) using readily available clinical data to guide model paramet-
erization and (ii) stepping away from the deterministic view of sim-
ulations relying on a single parameter set to represent the in vivo
situation. Indeed, rather than intending to provide a ground-truth
GOH parameter set for the considered arterial model, for which the
current clinically available data is too limited, the approach provides
a selection of potential sets with a similar global material behavior
as measured in vivo. The practical application of this information
might differ from study to study. Indeed, one could select one (e.g.
the set with the highest frequency of occurrence (appendix C, section
6.8)) or multiple (e.g. the two sets that represent the extreme beha-
vior within the selection) parameter sets to apply to the model. The
deviation between the unknown ground-truth parameter set and the
applied one(s) is accounted for by quantifying the uncertainty, which
can be either determined for the specific model, or estimated based
on the idealized one.

6.4.5 Limitations

The presented methodology links non-invasive clinical stiffness meas-
urements to the parameters of the constitutive GOH model. It is,
however, important to note that the reference model assumes no teth-
ering to external tissues, a homogeneous material in the media and
adventitia and a cylindrical geometry with a constant diameter, wall
thickness and media and adventitia fraction. This is no longer valid in
patient-specific geometries, and might, therefore, affect the deforma-
tion and the link between the parameter sets and the measured PWV
. However, the patient-inspired aorta, where the ob-
tained PWVgy and PWV;1g approached the required behavior quite
well, suggests that the PWV measurements can still provide guid-
ance regarding the GOH parameter space when considering complex
geometries. Nonetheless, this work is best approached as a modeling
concept that was illustrated on an idealized thoracic aorta model of
chosen dimensions. When implementing the framework for a spe-
cific application with dimensions that significantly differ from the
presented case, it is advisable to have a reference model that closely
approaches the application.
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Moreover, the impact of wall geometry variations was analyzed
on a pooled data set that covered the physiological range for the
wall thickness and the medial and adventitial thickness fractions (ap-
pendix D, section 6.9). The reduction was slightly decreased, but sim-
ilar trends as for the reference model were observed for both thickness
parameters. Therefore, the relation between the GOH parameter sets
and PWV measurements was only compromised to a limited extent,
which suggests that measuring PWYV is a robust manner to guide the
parameter selection process, even for an unknown wall geometry.

A fixed axial elastin pre-stretch of 1.10 was applied, whereas this
is strongly patient-specific . Therefore, additional calculations
were performed for five parameter sets with a PW Vg0 of 5 and 10
m/s and axial pre-stretch levels ranging from 1.00 to 1.60. Overall, no
differences in PWV-pressure behavior were observed for physiological
pressures, which suggests that axial elastin pre-stretch plays a minor
role in the current application.

While this study focused on PWV measurements at 80 mmHg
and 110 mmHg, corresponding to the current clinical practice, an
extension to more PWV-pressure data points, if available, is possible.
This is expected to further refine the parameter space.

6.5 CONCLUSION

In conclusion, this study showed the potential of using PWV at
diastolic and dicrotic notch pressure to reduce the GOH parameter
space, in particular for parameters related to the medial collagen
fibers. The results, therefore, demonstrate that PWV measurements
present a novel method to provide guidance during arterial compu-
tational modeling, while acknowledging the remaining uncertainty in
global material behavior.
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6.6 APPENDIX A: VERIFICATION CASE

Methods

The presented methodology was verified by considering an ideal cyl-
inder that matches the dimensions of the reference model, i.e. a
diameter of 27.30 mm and a wall thickness of 1.90 mm, consisting
out of 75% medial and 25% adventitial tissue. Using this geometry
with a length of 60.00 mm and a structured hexahedral mesh, a finite
element analysis was performed using Abaqus/Standard (Dassault
Systeémes, France) to determine the mean radial displacement of the
inner wall nodes at 80, 81, 110 and 111 mmHg. The deposition
stretches were integrated as described in section 6.2.1. Next, the
resulting radial displacements were used to calculate PWVgy and
PWVi10, using the Bramwell-Hill equation (6.1). The material prop-
erties corresponding to those with the minimal PW V1 of table 6.2
were applied.

Results

After applying the deposition stretches, a radius of 13.653 mm was
obtained at 80 mmHg, which is in close correspondence to the re-
quired initial inner radius of 13.650 mm. Based on the mean radii
obtained at 81, 110, 111, 120 and 121 mmHg, a PW Vg = 5.53
m/s, PWVi;p = 8.00 m/s and PWViy = 8.68 m/s were found.
This closely corresponds to the PWV measurements of the reference
(Matlab) model (PWVgg = 5.49 m/s, PW V19 = 7.91 m/s). The geo-
metry with the corresponding displacement magnitude at 80 mmHg,
110 mmHg and 120 mmHg is represented in figure 6.8. The maximal
principal Cauchy stress at 120 mmHg is illustrated in figure 6.9.

Displacement (mm)

0.750

0.688

0.625

0.563

0.500

0.438

0.375

q 0.313
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0.188

b

a. b. c. 0.000

Figure 6.8: Geometry of the cylindrical verification case after application
of the pre-stretch at (a) diastolic pressure (80 mmHg), (b) dicrotic notch
pressure (110 mmHg) and (c) systolic pressure (120 mmHg). A diameter of
27.30 mm, a wall thickness of 1.90 mm and a medial and collagen thickness
fraction of 756% and 25% were applied, equal to the dimensions of the ref-
erence model.
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Figure 6.9: Maximal principal Cauchy stress of the cylindrical verification
case at systolic pressure (120 mmHg).

6.7 APPENDIX B: OVERVIEW OF NUMBER OF PARAMETER SETS
PER PW V110t INTERVAL

Table 6.3: Overview of the number of parameter sets, c7p|sot,110¢, categor-
ized per PWVgo,; and PWViig,.

PWVi1o, PWVso,t (Hl/S)

4 5 6 7 8 9 10 11 12
4 2 0 0 0 0 0 0 0 0
5 682 1 0 0 0 0 0 0 0
6 1203 1035 36 0 0 0 0 0 0
7 850 832 874 25 0 0 0 0 0
8 561 267 600 895 51 0 0 0 0
9 21 497 194 205 775 19 0 0 0
10 56 90 284 186 371 215 0 0 0
11 292 27 0 248 4 103 0 0 0
12 0 0 0 0 117 8 33 0 0
13 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 120 5 0
15 0 0 0 0 0 0 0 112 133
16 0 0 0 0 0 0 0 0 5
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6.8 APPENDIX C: PARAMETER SELECTION ALGORITHM

Parameter selection algorithm

To take the PWV measurements as a guideline for parameter space
reduction, rather than as an exact representation of the material
behavior, it is the aim not to limit the choice of parameter set to
the set with the PWVgy and PW Vg closest to the requirements.
Moreover, it might be sufficient for some applications to consider one
parameter set in the required range, rather than applying the upper
and lower boundary of the requested range. Therefore, an algorithm
was developed to determine a parameter set based on the parameter
value combination with the highest frequency of occurrence over the
2D subspaces.

First of all, the algorithm selects the parameter sets that fulfill
the PWVgp and PW Vi requirements (including a predefined un-
certainty range), based on the 12,032 sets that are listed in supple-
mentary material, which can be found in the online version of the
paper . For this selection of parameter sets, the frequency of
occurrence is determined for each parameter value combination and
per 2D subspace. The parameter value combination with the highest
frequency of occurrence is taken and the corresponding parameter
values are assigned to the two GOH parameters. Next, the frequency
of occurrence of all parameter value combinations is updated for the
GOH parameters that still have to be determined, while ensuring
compatibility with the GOH parameters that are already known from
all previous iterations. In this respect, the frequency of occurrence
of the GOH parameter value combinations that have been selected
are assigned as 0, as well as the parameter value combinations which
are incompatible with these selected values. In the next iterations,
the parameter value combination with the highest frequency of oc-
currence over all updated 2D subspaces is, again, selected. At the
end of each iteration, an update of the frequencies of occurrence of
the 2D subspaces is performed. The iterative process finishes when
a parameter value for each GOH parameter was found. A schematic
representation is illustrated in figure 6.10.
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Select parameter sets based on PWVg, and PWV ,,
measurements with predefined uncertainty interval

l

Iterate over all 2D subspaces

|

Take parameter value combination with
maximal frequency of occurrence

l While number of
fixed GOH
Fix values of the 2 corresponding parameters < 7

GOH parameters

|

Put parameter value combination with
maximal frequency of occurrence
and
all parameter value combinations that are
incompatible with the fixed GOH parameters
equal to 0

l

Update the remaining parameter value combinations
based on the selection of parameter sets that is
compatible with the fixed GOH parameters

l

GOH parameter set based on maximal
frequency of occurrence over 2D subspaces

Figure 6.10: Schematic overview of the selection algorithm to determine
the parameter set based on the maximal frequency of occurrence over the
2D subspaces.

6.9 APPENDIX D: EFFECT OF VARIATIONS IN WALL GEOMETRY

Methods
Effect of total wall thickness

A fixed wall thickness of 1.90 mm was assumed for the descending
thoracic aorta in the main analysis of this study. In practice, the
exact wall thickness is, however, often not known as it cannot be
retrieved from e.g. clinical computed tomography (CT) scans. In
order to elucidate the robustness of the considered approach with
respect to the wall thickness, the 2D reduction analysis was repeated
for a pooled data set with wall thicknesses covering the physiological
range (1.30 mm, 1.90 mm and 2.50 mm) [6H§].
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Effect of medial and adventitial thickness fractions

The fractions of medial and adventitial thickness were assumed to be
75% and 25% of the total wall thickness, respectively. These fractions
can, unfortunately, not be derived from the standard clinical imaging.
Moreover, these fractions have been shown to be highly variable, e.g.
due to the presence of hypertension [192]. It is, therefore, important
to consider the sensitivity of the presented analysis to changes in
the medial and adventitial thickness fractions. Therefore, the 2D
reduction analysis was repeated for a pooled data set, analogous to
the total wall thickness. The pooled data set contained data for three
different fractions of the media and adventitia thickness (65-35%, 75-
25% and 85-15%), which are expected to cover the physiological range
when being combined .

Results
Effect of total wall thickness

Figure 6.11 shows two example 2D subspaces, ki-cip and aps-k1,
where the results of a wall thickness of 1.90 mm are compared to
the results based on the pooled data set. The extent of reduction
was slightly decreased, compared to the analysis with a wall thick-
ness of 1.90 mm, but similar trends were observed. Moreover, the
location and frequency of occurrence was similar for PW Vgo ¢ up to
8 m/s. For PW Vg from 9 m/s on, some differences were observed,
in particular for combinations including ay.

Effect of medial and adventitial thickness fractions

Very similar results were found for the 2D subspace plots of the ref-
erence model data and the pooled data, in particular for PW Vgg 4
of 4-8 m/s. From 9-12 m/s, small discrepancies between both data
sets occurred that lead to a slight decrease in reduction for the pooled
data set, especially for 2D subspaces with ajs. Figure 6.12 illustrates
the difference between the media and adventitia fractions of 25% and
75% and the pooled data set for subspaces ki-cig and aps-k1.
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Figure 6.11: The GOH combination plots show the location and frequency
of occurrence of the parameter value combinations per PW Vg, for (a) ki-
c10 with a wall thickness of 1.90 mm and the pooled wall thickness data, (b)
apr-k1 with a wall thickness of 1.90 mm and the pooled wall thickness data.
The black markers indicate the result obtained with a wall thickness of 1.90
mm, while the green markers represent the pooled data, i.e. the combined
data of wall thicknesses of 1.30 mm, 1.90 mm and 2.50 mm. The marker size
is scaled proportional to the relative frequency of occurrence, with respect
to the total number of parameter sets per PW Vg +.
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Figure 6.12: The GOH combination plots show the location and frequency
of occurrence of the parameter value combinations per PW Vg ¢ for (a) ki-
c10 with medial and adventitial thickness fractions of 75% and 25% and
the pooled medial and adventitial thickness fraction data, (b) ay-k1 with
medial and adventitial thickness fractions of 75% and 25% and the pooled
medial and adventitial thickness fraction data. The black markers indic-
ate the result obtained with a medial and adventitial thickness fraction of
75% and 25%, while the green markers represent the pooled data, i.e. the
combined data of medial and adventitial thickness fractions of 65-35%, 75-
25% and 85-15%. The marker size is scaled proportional to the relative
frequency of occurrence, with respect to the total number of parameter sets
per PW Vg ;.
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CHAPTER

Uncertainty quantification in an
idealized dissected aortic wall

While dissected aortic wall models already have been developed, they
significantly simplify either the wall geometry or material behavior.
Moreover, the impact of an uncertain wall thickness and stiffness on
the resulting wall stress and deformation has not yet been evaluated,
while these parameters cannot be accurately retrieved from the clin-
ical imaging modalities used for aortic dissections. Therefore, this
chapter presents the development of a physiology-inspired dissected
aortic wall model that includes a state-of-the-art pre-stressed mater-
ial model and is utilized to quantify the effect of unknown material
and geometrical parameters on the predicted wall stress and deform-
ation.

This chapter is based on the paper "Uncertainty quantification
of the wall thickness and stiffness in an idealized dissected aorta’,
published in the Journal of the Mechanical Behavior of Biomedical

Materials [195].

7.1 INTRODUCTION

A type B aortic dissection is a disease that is characterized by a
delamination of the inner part of the descending thoracic aortic wall,
i.e. the intimal and a part of the medial layer. In the presence of one
or more tears, this delamination allows the blood to flow along its
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normal pathway via the true lumen as well as along an alternative
channel in between the dissected membrane and the remaining part
of the wall, i.e. the false lumen. An example of such a patient-specific
anatomy is shown in figure 7.1. Although the incidence rate is lim-
ited to 1.85/100,000, severe long-term complications such as aortic
expansion, spinal cord ischemia, renal failure, paraplegia and aortic
rupture can occur if the disease is not treated properly . A com-
mon treatment for type B aortic dissections is thoracic endovascular
aortic repair (TEVAR), implying that a stent-graft is implanted at
the site of the proximal tear in order to seal off the false lumen. By
sealing it off, surgeons aim to trigger complete thrombus formation of
the false lumen, which results in healing of the dissection. Although
TEVAR has a high acute success-rate, the long-term success rate of
complete false lumen thrombosis varies from 91% to values of only
22% . Moreover, while some of the remaining patients
show a fully patent false lumen, partial thrombosis was observed for
ca. 10% of the treated patients in most studies, which was found to
result in a higher mortality rate . Furthermore, 20% to
30% of the treated patients requires a re-intervention within the first
year post-TEVAR and an expanded aortic diameter was observed for
a similar fraction of the patients within the first year too [2] [4]. It
is, however, not yet elucidated how to determine a priori for which
patients the desired outcome will be achieved.

Computational biomechanical models of the blood flow, dissected
aortic wall and stent-graft deployment can contribute in gaining in-
sight into the acute, mid- and long-term effect of TEVAR. Models
of the dissected aortic wall with varying geometrical and material
complexity have been proposed. Indeed, some geometrically patient-
inspired and -specific dissected wall models have been developed as
part of a fluid-structure-interaction model, which most often leads
to a simplified single-layered soft tissue model with a linear elastic
or an isotropic hyperelastic behavior , . Moreover, only
the model of Baumler et al. included the effect of pre-stress, confirm-
ing its large effect on the resulting model stresses and strains
, . Others integrated advanced anisotropic hyperelastic ma-
terial models, including the effect of elastin and collagen, with a me-
dial and adventitial layer in their, axially stretched and/or residually
stressed, dissected wall model . They mainly
focused on the dissection propagation, while limiting the geometrical
complexity. In this respect, Zhang et al. modeled dissected mem-
brane buckling, caused by an artificially induced dissection, in a re-
sidually stressed, though unloaded, circular sample of the aortic wall
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. In an attempt to include dissection propagation in the model,
Rolf-Pissarczyk et al. developed a constitutive law that includes the
degradation of the elastic fibers that interconnect the elastic lamellae
in the media and applied it to an axially stretched and pressurized
idealized dissected wall . No models were found that accounted
for both the geometrical complexity and the constituent-specific and,
consequently, anisotropic material behavior, which might affect the
result when aiming at the long-term outcome prediction of type B
dissections.

Moreover, in most of these models, assumptions regarding the
material behavior, the thickness of the non-dissected aortic wall and
the fraction of the dissected membrane and, if applicable, the medial
thickness have inevitably been made. Often, the acquired values were
adopted from literature, as an idealized geometry was considered or
no patient-specific structural data was available. In the current clin-
ical practice, these thickness and stiffness parameters can, indeed, not
be retrieved from the standard imaging modalities, which are mainly
contrast-enhanced computed tomography (CT) scans with typical im-
age resolutions in the axial plane in the order of 0.60 mm to 1.00 mm
for qualitative scans, according to the authors’ experience. Insight
into the effect of these parameters on the predicted output is essential
when envisioning models that assist in the clinical decision making
for the treatment of type B aortic dissections. To the best of the au-
thors’ knowledge, the uncertainty induced by an unknown true wall
thickness and stiffness of the dissected aorta on the predicted wall
stress and deformation has not yet been investigated.

Therefore, this study aims (i) to develop an idealized dissected
aortic wall framework that includes an anisotropic hyperelastic ma-
terial model with a medial and adventitial layer that (ii) enables the
quantification of the global uncertainty of the characteristic deform-
ation patterns and maximum principal stress values with respect to
varying wall stiffness and thickness parameters and the parameter-
specific contributions of these parameters to the uncertainty.

7.2 METHODS

An overview of the main uncertainty analysis is presented in figure
7.2. First, section 7.2.1 describes the general model framework of
the dissected aortic wall. This model framework is, in section 7.2.2,
applied to assess the uncertainty induced by unknown thickness and
stiffness parameters (section 7.2.2.1) on the wall displacement and
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Figure 7.1: Overview of a patient-specific anatomy of a type B aortic
dissection and the corresponding views of the idealized dissection model.
(a) three-dimensional segmentation of an aortic dissection obtained from a
patient-specific CT scan, together with (b) an axial and (c¢) a coronal slice
and the corresponding view of the dissected wall model. On the CT slices,
the true lumen is indicated in red, the false lumen in yellow and the tears
in green. On (b) the axial slice, the best-fit circle of the intact true lumen
wall is indicated together with the circumferential angle 6 that covers the
dissected membrane.

stress (section 7.2.2.2). In section 7.2.2.3, the uncertainty is assessed
on a global level, i.e. related to the combined effect of the considered
input parameters for a set of 300 finite element analyses. In section
7.2.2.4, the uncertainty analysis is extended to the parameter-specific
level, in which the contribution of each input parameter to the global
uncertainty is assessed, which requires the development of a surrog-
ate model to generate the necessary large number (10,000) of model
results. Finally, section 7.2.3 considers the impact of some intrinsic
assumptions of the model framework.

7.2.1 Dissected wall model framework

7.2.1.1 Geometry and mesh

The dissected wall model was generated starting from a cylindrical
geometry with a length of 60.00 mm and a diameter of 27.30 mm,
which is in the range of reported diameters of descending thoracic
aortas without dissection . The false lumen, with an
axial length of 40.00 mm, and the tears were inserted at predeter-
mined locations, thus creating a dissected membrane and a remain-
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Figure 7.2: Overview of the general workflow for the global uncertainty
quantification and the parameter-specific contributions. The input para-
meters Trw, Tpa, Ty and PWV,..p refer, respectively, to the total wall
thickness, the relative dissected membrane thickness, the relative medial
thickness and the pulse wave velocity of the reference model. The four
output parameters Upnr,maz, UrRW,mazs AUmaz and M PSgpw mae indicate
the maximal displacement of the dissected membrane, the maximal dis-
placement of the remaining wall, the maximal distance between the dis-
sected membrane and remaining wall and the maximal principal Cauchy
stress at the maximal displacement of the remaining wall. The Latin hyper-
cube samplings with 30, 300 and 10,000 samples are abbreviated as LHS3,
LHSgOO and LHSl0,00Q.

ing wall (figure 7.3). The circumferential false lumen size was de-
termined based on the pre-operative CT scans of a patient-specific
case with a type B dissection, obtained from the University Hospital
of Diisseldorf with consent of the local ethical committee (reference
number: 2017064325) . To do so, the healthy pre-dissection dia-
meter was estimated as the diameter of the best-fit circle based on
the curvature of the true lumen wall, for each axial CT slice of the
dissection in which the true and false lumen could be distinguished
(figure 7.1(b)). The circumferential false lumen size was then de-
termined as the angle, within that best-fit circle, that covered the
section with dissected wall tissue. Calculating the median angle over
the axial CT slices, lead to a circumferential false lumen size of 245°.
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Unloaded configuration Loaded configuration

Figure 7.3: Geometry of the idealized dissection model in the (a) unloaded
and (b) loaded configuration at diastolic pressure (80 mmHg). On the un-
loaded configuration, Ty and Tpys, i.e. the total wall and the relative
dissected membrane thickness, are indicated. On the loaded configuration,
the displacement output parameters are visualized, with Upas,mazs URW,max
and AU,,q, being, respectively, the maximal displacement of the dissected
membrane, the maximal displacement of the remaining wall and the max-
imal distance between the dissected membrane and the remaining wall.

7.2.1.2 Material behavior

The dissected aortic wall contained a medial and adventitial layer,
both behaving as an incompressible anisotropic hyperelastic Gasser-
Ogden-Holzapfel (GOH) material [15]. The strain energy density
function of each layer, ¥;,,.,, was defined as

k T (1—3k) T —
\I/layer = ClO(If - 3) + - Z €k2( fi+(1=3 )]J 1? -1 (71)
j=4,6

with ¢19 representing the elastin shear modulus, ki the collagen fiber
stiffness, ks the intrinsic collagen fiber stiffening, s the collagen fiber
dispersion and « the mean collagen fiber angle with respect to the
circumferential direction. The first, fourth and sixth invariant of the
constituent Cauchy-Green tensor C* are, respectively, indicated by
I, I and I¢. The superscripts e and c, respectively, refer to elastin
and collagen.

Physiological ranges for the medial and adventitial material para-
meters were determined, based on reported uniaxial and biaxial ex-
perimental data of (descending) thoracic aortas without dissection

(table 7.1) [8] [186]. The stiffness of the elastin and collagen of the
adventitial layer, indicated with index A, was assumed to depend on
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that of the medial layer, indicated with index M, by accounting for
the relative area fraction of elastin and collagen in both material lay-
ers [12]. Moreover, all collagen fibers of the aortic wall were assumed
to have the same intrinsic stiffening and, hence, k3. Combining these
assumptions with equation (7.1) resulted in

k c c
Uar = cron (I —3) + ok ( S el +(-3mn ;-1 1) (7.2)
j=4,6

k C (&
Uy =croali —3) + ﬁ ( > h2(kalf+(1-3ra) I -1)? _ 1) (7.3)
2 \j=46

with C10A — 0.34010]\/1 and /ﬁA = 1.17[61]\4. (7.4)

The in vivo pre-stretched state of the aortic wall was integrated
using a Matlab (The MathWorks Inc., USA) implementation of the
deposition stretch algorithm of Famaey et al. for thick-walled cylin-
ders . The collagen and axial elastin deposition stretch was
assumed to remain constant throughout the geometry and equal to
1.10, representative for the descending aorta of a 65 year old person,
which corresponds to the average age of a patient with a type B aortic

dissection [103 .

The selection of GOH parameters was coupled to the pulse wave
velocity (PWYV) of a reference cylinder, PWV,¢, at diastolic pressure
(80 mmHg). By using PWV,..s as a representation of the aortic wall
stiffness, GOH parameter combinations that lead to a physiological
material behavior were ensured. Therefore, a full factorial design
was performed on discretized physiological ranges of the GOH para-
meters, to eliminate incompatible combinations (table 7.1, chapter 6)
. For each combination of the full factorial design, the deposition
stretches at 80 mmHg were calculated for a cylindrical thick-walled
reference model with dimensions corresponding to the average values
of the applied thickness ranges as reported in table 7.1 . The
combinations leading to a tensile circumferential elastin deposition
stretch, g¢%,., throughout the wall were retained as they complied
with the assumption that elastin has been stretched during human
development . The PWV at 80 mmHg was then calculated
for the resulting GOH parameter combinations. Consequently, the
GOH parameter combination with the PWV,.; that best matched
the required PWV, was selected.
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Table 7.1: Overview of the applied input ranges for the Latin hypercube
sampling and the full factorial design, performed to couple the GOH para-
meters for the media and adventitia to the PWV,.f, similar to chapter 6
. The corresponding references are mentioned as well. LB and UB,
respectively, indicate the lower and upper bound of the range.

Meaning Range Reference
Parameter LB UB Mean
Thickness
Trw (mm) Total wall thickness 1.30 2.50 1.90

1991203
Trr (%Trw) Medial thickness, 65 85 75 \@ 9|
relative to total wall

Toar (%Tar) Dissected 50 90 70 61 [9]

membrane

thickness,

relative to media

Stiffness

PWV,er (m/s)
ciom (MPa)
kias (MPa)
kan ()

am (°)

PWV 4.00 12.00 [181]
of reference cylinder
Elastin stiffness  0.005 0.025
in media
Collagen stiffness 0.0002 1.000
in media
Collagen stiffening 4.0 35.0
in media
Mean fiber angle 0.0 45.0
in media
Fiber dispersion 0 1/3 ||
in media
Mean fiber angle ~ 45.0  90.0
in adventitia
Fiber dispersion 0 1/3 |\

in adventitia
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7.2.1.3 Finite element analysis

The in wvivo mechanical loading state of the dissected aorta at
a physiological diastolic (80 mmHg) and systolic (120 mmHg)
blood pressure was modeled using a finite element analysis in
Abaqus/Standard (Dassault Systémes, France). The cylindrical
geometry (section 7.2.1.1) was meshed with hybrid hexahedral
elements, using the in-house developed software pyFormex for
geometrical operations and pre- and post-processing of finite
element analyses . Herein, the tears and false lumen
were implemented as unconnected elements at the corresponding
interfaces (figure 7.3).

To compute the deformed dissected wall configuration, first, the
deposition stretches were calculated for the healthy cylindrical aortic
wall, i.e. without tears or false lumen, at the location of the element
centroid (section 7.2.1.1). The in vivo diastolic configuration was
then obtained by applying the resulting deposition stretches to the
dissected wall model together with the diastolic pressure, both in the
true and false lumen. Since the mesh consists of unconnected ele-
ments at the tears and the false lumen, this allowed the dissected
membrane to deform as a result of the release of the residual stresses.
This approach ensured a realistic deformation of the dissected wall.
Next, the intra-arterial pressure in the true and false lumen was fur-
ther increased to systolic pressure. As the same pressure was applied
to the true and false lumen, no net pressure gradient over the dissec-
ted membrane was assumed. At the proximal and distal end of the
model, only radial displacement was allowed.

To ensure mesh-independent results, a mesh sensitivity study,
with the number of elements ranging from 36,000 to 162,000, was
performed for a reference geometry with average wall thickness para-
meters (table 7.1) and a stiffness corresponding to a physiological
PWV of 5.00 m/s [181].

7.2.2 Uncertainty quantification of unknown thickness-
and stiffness parameters

7.2.2.1 Input parameters and sampling

The uncertainty related to the unknown material stiffness and wall
thickness was quantified using four input parameters: (i) the total
wall thickness (Try; mm); (ii) the medial thickness relative to Trry
(Tar; % of Trw); (iii) the dissected membrane thickness relative to
Tar (Tpa; % of Tyy) and (iv) PWV,..r as representation of the aortic
wall stiffness. Ty and Tpys were expressed relative to Ty and Ty,
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respectively, to ensure parameter independence. The use of PWV,..r
allows a continuous sampling of the stiffness parameter, while avoid-
ing incompatible GOH parameter combinations (section 7.2.1.2).

The four-dimensional (4D) input parameter space was sampled
using a Latin hypercube sampling, which is more efficient and robust
compared to a random Monte Carlo sampling [165]. This sampling
implies that each input parameter was divided into intervals of equal
probability, which are represented by one sample only. A uniform
probability distribution was assumed for the four independent input
parameters.

Note that each sample contains a PWV,.r, obtained for a ref-
erence cylinder with an average Ty and Ty, and thickness values
that, most likely, deviate from these average thicknesses. As the de-
position stretch has to reflect the effective residual stresses in the
considered sample geometry, the corresponding g¢;.. was calculated
for the selected GOH parameters, based on PWV,.y, and the sample
thicknesses, instead of the reference model with average thickness
parameters. Consequently, the sample g¢;,. might be compressive,
while only tensile ¢¢,. are considered to be physiological (section
7.2.1.2). Therefore, samples leading to a compressive g5, . were ex-
cluded from the uncertainty analysis.

7.2.2.2  Output parameters

In total, four output parameters were considered. To determine the
uncertainty related to the dissected wall deformation, the following
output parameters were determined: (i) the maximal displacement
of the dissected membrane relative to the healthy cylindrical con-
figuration, Upprmag, (ii) the maximal displacement of the remain-
ing wall relative to the healthy configuration, Urw,maqz, and (iii) the
maximal distance between initially coinciding nodes of the dissec-
ted membrane and remaining wall, AU,,q4., which corresponds to the
maximal distance between the dissected membrane and remaining
wall as visible on clinical CT scans. Furthermore, (iv) the maximum
principal Cauchy stress at the location of Urw maz, M PSRW maz, Was
assessed, by averaging the maximal principal stress over the integra-
tion points of the elements that surround the considered node and the
corresponding nodes on the same radial axis throughout the remain-
ing wall. It is noteworthy, that M PSgrw,mae: does not necessarily
correspond to the maximal stress in the remaining wall. However,
as the acute dissected wall was of interest, rather than the potential
of the dissection to propagate, the choice was made to exclude the
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regions at the false lumen boundaries and to focus on the stress at
the location of the largest remaining wall deformation, which is often
essential in the estimation of the rupture risk.

7.2.2.8  Global uncertainty quantification based on finite element
analyses

The combined effect of the uncertainty on the four independent input
parameters was assessed using a Latin hypercube with 300 samples
(LHS300). For each sample with a corresponding g5, > 1.00 (section
7.2.1.2), a finite element analysis was performed with the dissected
wall model framework that was adapted according to the considered
stiffness and thickness parameters. For each of the four output vari-
ables, the median value as well as the interquartile range (IQ) and
the interval between the minimum and maximum value (min-max)
over the LHS3y9 were determined.

7.2.2.4 Parameter-specific contribution to global uncertainty based
on surrogate models

To quantify the parameter-specific contribution to the global uncer-
tainty related to the idealized dissected wall model, large amounts
of samples need to be assessed, which would be too computationally
expensive when using finite element analyses. Therefore, the devel-
opment of a surrogate model is discussed before continuing with the
analysis of the parameter-specific contribution to the global uncer-
tainty.

Surrogate model of the dissected wall

A surrogate model was developed based on the input from the LHS30g
and the corresponding results obtained with the finite element ana-
lyses. As the relatively limited amount of input samples might intro-
duce uncertainty in the surrogate model, it was opted to train a Gaus-
sian process regression model, which accounts for the uncertainty in
the surrogate model itself, instead of a regular neural network, using
the open-source package GPy in Python 3.7 .

Here, an important consideration is that it is the aim of the Gaus-
sian process regression to surrogate the finite element analysis as
accurately as possible. Given that perspective, PWV,.s (as an en-
compassing material parameter) was replaced by the corresponding
seven GOH parameters and the calculated g¢;,.. at the inner radius
of the sample geometry, similar to the input for the finite element
analyses. Thus, when combined with the three thickness input para-
meters, this results in a Gaussian process with 11 input parameters.
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The input parameters were normalized between 0 and 1, by

Linorm = M, (75)
L5 max — Limin

with @i norm, Timin and x; maz being the respective normalized, min-
imal and maximal value of input parameter X;. For the output para-
meters, the mean was subtracted in order to comply to the zero-mean
assumption during the training of the Gaussian process. No further
normalization was applied, to facilitate the interpretation of the pre-
dicted output.

The Gaussian process was trained by using a radial basis function

of the form ,
llz—="|]

2 L2 (7.6)

N

Kep(z,2') = 0%e”
as kernel, with & and «’ two points in the multi-dimensional input
space, o the variance and L the length scale, both being hyperpara-
meters of the Gaussian process. While the kernel contains one o
parameter, an anisotropic kernel with a different length scale for each
input parameter was included. The hyperparameters were determ-
ined by optimizing the log-likelihood during the training process in
maximally 100,000 iterations. The process was trained on the avail-
able samples of the LHS399 and a new, randomly generated, LHS3q
was used as test set. The root mean squared error (RMSE) was cal-
culated for the test set. A RMSE < 1.00 mm was pursued for the
displacement output parameters to limit the mean error to a repres-
entative pixel size of a clinical CT scan. No predefined RMSE for
M PSRw mas Was assigned, as not much is currently known regarding
the stress in a dissected wall.

Delta moment-independent analysis

The trained surrogate model was used to perform a global sensitiv-
ity analysis in order to gain insight into the effect of the uncertainty
on the individual input parameters. Therefore, the trained Gaussian
processes were applied to calculate the output of a Latin hypercube
sampling of 10,000 samples (LHS19,000) based on the four independ-
ent input parameters (Trw, Thr, Tpy and PWV,..r) as discussed in
section 7.2.2.1. To be consistent with the finite element analyses,
the GOH parameter combination that lead to the closest PWV com-
pared to the required PWV,.; was determined for each of the 10,000
samples, the corresponding sample g¢;,. was calculated and samples
leading to ¢5,. < 1.00 were excluded (section 7.2.2.1). Of the re-
maining samples, those leading to an output value in the lower and
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upper 2.5% were excluded to limit the weight attributed to these ex-
treme values, which might potentially be the result of regions of large
uncertainty in the Gaussian process and, thus, less reliable.

The remaining samples of the LHS1¢ 000, combined with the de-
termined results for the four considered output parameters, were sub-
jected to a § moment-independent analysis, using the SALib python
package . This analysis considers the importance of each
input parameter, by taking into account the complete output distri-
bution, instead of a moment of the distribution, i.e. a characteristic
of the distribution shape as the variance or skewness. Indeed, J; con-
siders the expected shift between the unconditional and conditional
output distribution for an input parameter X; and is, thus, defined
as

5= %EXZ. [s(X,)] with (7.7)
s(X) = [1v () = fyix, (ldy and (73)
Ex s(X0)] = [ fx, (@) ls(X0)dai (9)

Ex, indicates the expected value of shift s for input parameter X;,
which considers the difference between fy (y) and fyx,(y) that, re-
spectively, indicate the unconditional distribution of output Y and
the conditional distribution of output Y for a known input parameter
X;.

7.2.3 Additional sources of uncertainty

In this section, the impact of some intrinsic assumptions of the model
framework and their contribution to the output uncertainty is con-
sidered.

7.2.3.1 Pressure gradient

The standard model framework does not include a pressure gradient
over the dissected membrane, while pressure differences of 3 mmHg
between the true and false lumen have been measured in vivo .
To assess the impact of neglecting the pressure gradient, a pressure
difference of 3 mmHg over the dissected membrane was applied to
10 randomly selected samples of the LHS309. Similar to the in vivo
measurements, the higher pressure was located in the false lumen in
diastole and in the true lumen during systole . The difference in
output was assessed using the median value of the difference between
the results obtained with and without pressure gradient at the con-
sidered loading state, i.e. either diastole or systole. The width of the
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min-max range was determined too to assess the effect on the output
uncertainty. Moreover, by taking the difference between Upasmas
at diastolic and systolic pressure with the inclusion of the pressure
gradient, the dissected membrane movement was estimated.

7.2.8.2  Axial dissection length

Compared to in vivo observations, where type B dissections often dis-
tend from the arch to the abdominal aorta, an axial dissection length
of 40.00 mm is rather limited [47]. To assess the effect of this
assumption on the output parameters, a slice model of the idealized
dissected wall, i.e. without tears or proximal and distal connection
between the dissected membrane and the remaining wall, with an
axial length of 5.00 mm was developed. Accordingly, this slice model
represents an infinitely long dissection and, thus, the expected upper
boundary of the potential dissected membrane displacement for the
considered samples. The slice model was applied to 10 samples, ran-
domly chosen from LHS3qq, i.e. the same samples as in section 7.2.3.1.
The impact on the output parameters was determined as the median
difference between the result of the idealized dissected wall and slice
model. The effect on the output uncertainty range was considered by
using the min-max range.

7.3 RESULTS

7.3.1 Reference dissected wall model

The results of the idealized dissected wall model are similar for the
reference geometry irrespective of the element number. Indeed, the
results of the finer meshes (with 54,000 to 162,000 elements) deviate
0.5% to 2.8% from those of the coarsest mesh (with 36,000 elements)
for the considered wall displacement and stress output parameters.
The computational time increases from 13 minutes with 5 cores to 55
minutes with 16 cores (250 GiB RAM and 180 GB local storage per
core) with an increasing element number. Due to the minor differ-
ences in the output parameters, it is opted to perform the uncertainty
analysis with the coarsest mesh to minimize the computational cost.

Figure 7.4 illustrates the deformation and maximal principal wall
stress obtained for the reference model with the final (coarsest) mesh
at diastolic and systolic pressure. The maximal deformation of the
remaining wall and the dissected membrane is observed at the central
part of the dissection. While a local increase in maximal principal
wall stress is observed in the remaining wall at the location of separa-
tion with the dissected membrane, the central part of the membrane
shows negligible stresses.
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Diastolic pressure Systolic pressure Displacement (mm)
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0.800
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0.667
0.600
0.533
0.467
0.400
0.333
0.267
0.200
0.133
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0.000
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c. d.

Figure 7.4: Overview of the resulting (a, b) displacement magnitude, with
respect to the undeformed configuration, and (¢, d) maximal principal wall
stress of the reference model at (a, ¢) diastolic (80 mmHg) and (b, d) systolic
(120 mmHg) pressure.

7.3.2 Global uncertainty quantification based on finite
element analyses

Out of the 300 samples from the LHS30, 237 useful results are ob-
tained. From the 63 excluded samples, 25 do not fulfill the conver-
gence criteria of the finite element analysis, while 38 samples result
in non-physiological deposition stretches (g,. < 1.00) when apply-
ing the algorithm to the sample instead of the reference geometry.
The non-physiological deposition stretches are obtained for sample
geometries with a larger absolute medial thickness than the reference
model. Figure 7.5 illustrates the displacement magnitude of 12 ex-
ample deformed configurations at diastolic pressure, with respect to
the initial cylindrical configuration. Some examples of representative
maximal principal stress patterns are shown in appendix A (section
7.6). While the complete overview of input and output parameters is
reported in the supplementary material of the online version of the
paper, the median values and the IQ and min-max uncertainty ranges
of the 237 samples for the four output parameters, at the considered
pressures, are shown in figure 7.6 and summarized in table 7.2 .
Larger median displacements were obtained for parameters involving
the dissected membrane (Uppsmaz and AUpq,) compared to those
obtained for Urw,mae at both pressure levels. When going from dia-
stolic to systolic pressure, the median displacements show a maximal
increase of 0.84 mm. Similarly, the highest median M PSrw mae Was
found at 120 mmHg. The fraction of the 1QQ range, relative to the
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min-max range, varies from 24% to 34% for the displacement para-
meters that include the dissected membrane deformation (Upnsmaz
and AUpq,) and from 14% to 18% for parameters related to the
remaining wall (Upw,maz and M PSRw maz), at both diastole and
systole. Higher fractions were observed for the fourth quartile for all
output parameters, with intervals ranging from 51% (for AU, at
systolic pressure) to 80% (for M PSpw ma at diastolic pressure).

Displacement (mm)
16.00
14.67
13.33
12.00
10.67
9.33
8.00
6.67
5.33
4.00
2.67
1.33
0.00

Figure 7.5: Overview of the deformed dissected wall configuration at dia-
stolic pressure (80 mmHg) of 12 example samples of the LHS309. The color
scale indicates the displacement of the nodes with respect to the initial
cylindrical configuration. The output parameters Ups maz, Urw,mas and
AU 4. are indicated for one example configuration and, respectively, corres-
pond to the maximal displacement of the dissected membrane, the maximal
displacement of the remaining wall and the maximal distance between the
dissected membrane and remaining wall.

7.3.3 Parameter-specific contribution to global
uncertainty based on surrogate models

7.8.83.1 Surrogate model of the dissected wall

The Gaussian processes are trained on the 237 samples of the LHS3q9
and tested on 26 samples, obtained from the LHS3y after excluding
the samples with a g¢¢;,.. < 1.00 for the sample geometry. The RMSE
of the Gaussian processes varies from 0.73 mm to 1.43 mm for the
displacement output parameters and from 0.075 MPa to 0.120 MPa
for M PSrw maz at diastolic and systolic pressure (appendix B, sec-
tion 7.7). This translates into RMSE values between 10% and 22%
of the corresponding median values, based on the LHS3gg results, for
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Figure 7.6: Boxplots of the 237 deformed configurations at diastolic (80
mmHg) and systolic (120 mmHg) pressure. The output (a) displacements
UbM,maz, UrW,maz and AU, and (b) Cauchy stress M PSgpw max Tep-
resent the maximal displacement of the dissected membrane, the maximal
displacement of the remaining wall, the maximal distance between the dis-
sected membrane and remaining wall and the maximal principal Cauchy
stress at the maximal displacement of the remaining wall. The span of the
whiskers represents the central 95% of the output values.

Table 7.2: Median value, interquartile (IQ) and min-max ranges of
Ubm,maz, Urw,maz and AUp,q, and M PSRrw mae of the 237 deformed con-
figurations at diastolic (80 mmHg) and systolic (120 mmHg) pressure. The
1Q and min-max ranges are expressed as the absolute deviation with respect
to the corresponding median value.

Output ‘ Median IQ range min-max range
Diastole

UbM mag (mm) 5.95 [-1.99; 2.28] [-4.13; 13.44]

Urw,mage (mm) 2.19 [-0.96; 1.31] [-1.91; 10.38]

AUpaz (mm) 7.78 [-2.55; 4.01] [-5.24; 14.22]

MPSpw maez (MPa) 0.259 [-0.076; 0.138] [-0.183; 1.383]
Systole

Ub M maz (mm) 6.46 [-2.29; 2.36] [-4.72; 12.81]

Urw,mage (mm) 2.64 [-1.06; 1.40] [-2.01; 12.68]

AUpay (mm) 8.62 [-2.76; 4.12] [-5.87; 14.36]

M PSRrwW,maz (MPa) 0.397 [-0.117; 0.202] [-0.242; 1.547]
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UbpM,maz and AUz, while errors from 30% to 48% are obtained
for M PSRrwW maz and Urw,mae- The output distribution obtained as
result of the Gaussian process and the LHS;p 000 was compared to
the one based on the finite element analyses of LHS3qg, as indicated
in figure 7.7(a, b). In particular, the central 95% of the output dis-
tribution was found to be comparable.
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Figure 7.7: The resulting (a, b) boxplots based on the LHS399 and the
Gaussian process (GP) with the corresponding (¢, d) ¢ indices at (a, ¢)
diastolic (80 mmHg) and (b, d) systolic (120 mmHg) pressure. The out-
put parameters Upas,maz,; UrRW.maz, AUmaez and M PSgrw mq, indicate the
maximal displacement of the dissected membrane, the maximal displace-
ment of the remaining wall, the maximal distance between the dissected
membrane and remaining wall and the maximal principal Cauchy stress at
the maximal displacement of the remaining wall. The whiskers of the box-
plots show the central 95% of the output values, i.e. the values used for the
6 moment-independent analysis.

7.3.3.2  Delta moment-independent analysis

The § indices at diastolic and systolic pressure, resulting from the
application of the Gaussian process on the performed LHSi¢ 000
sampling are shown in figure 7.7(c, d) and appendix C (section
7.8). The thickness input parameters lead to ¢ < 0.11 for Up s maz,
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Urw.maz and AU,q,. While Ty is the thickness parameter that
affects the displacement output distribution the most for Upu max
and AU,paz, Tpym and Ty induce a minor shift in output distribution
(0.02 <6 <£0.08). For Urw,maa, all thickness parameters resulted in
0 < 0.08, with Thps being slightly more important compared to Ty
and Tjs. The input parameter with the highest importance for all
displacement output parameters is PWV,.¢, with 0.15 < ¢ < 0.24.
On contrary, for MPSRrw,maz, the largest impact is attributed to
Tpay with 0.28 < § < 0.30. The distribution is to a lesser extent
affected by Ty and PWV,.; (0.10 < § < 0.11) and Ty (6 = 0.03).

7.3.4 Additional sources of uncertainty
7.83.4.1 Pressure gradient

The absolute values of the median displacement differences, with
respect to the corresponding results without pressure gradient, are
larger at diastolic than at systolic pressure, but remain below 1.00
mm (table 7.3). In diastole, the magnitude of Upsmaez and AUpqs
increases, while a decreasing displacement magnitude is found for
URW,maz by adding the pressure gradient. In systole, the opposite ef-
fect is observed. The impact of the pressure gradient on M PSRrw maz
is negligible with a median difference below 0.001 MPa. The width
of the resulting min-max interval varies between 92% and 103% of
the corresponding interval obtained without pressure gradient, again
indicating a limited effect. Taking the difference between Upns max
of the corresponding diastolic and systolic configurations, with inclu-
sion of the pressure gradient, results in estimated dissected membrane
movements of 0.01 mm to 1.71 mm.

7.8.4.2 Auwxial dissection length

The slice model results in median displacement differences up to
2.08 mm and indicates an increasing displacement in Upasmaz and
AUz, while U, mae decreases (table 7.3). Similarly, the width of
the min-max intervals increases for Upnrmaez and AUy, with up
to 53%, compared to the idealized dissection model results, whereas
a 55% decrease in interval width is observed for Ugpwmas. For
M PSRw maz, the median difference is limited to an increase of 0.032
MPa, while the width of the min-max interval increases with 29%.

7.4 DISCUSSION

7.4.1 Dissected wall model framework

A computational framework for an idealized dissected two-layered
aortic wall was developed. Although an idealized wall geometry is
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Table 7.3: The effect of altering the pressure gradient or dissection length
in 10 configurations, at diastolic (80 mmHg) and systolic (120 mmHg) pres-
sure. The median value of the difference between Upnrmaz: Urw,maz,
AUpae and M PSRrw,maz in the adapted and the original idealized dissec-
ted wall framework is presented. The width of the min-max range obtained
based on the 10 configurations is included as well and is presented relative
to the min-max interval of the counterpart results of the idealized dissected
model framework.

Pressure gradient Dissection length
Output Median Min-max | Median Min-max
difference width (%) | difference width (%)
Diastole
Up M maz (mm) 0.69 103 1.76 153
URw,maz (mm) -0.11 97 -0.80 45
AUpae (mm) 0.39 92 0.60 106
MPSgwmaee (MPa) | -0.0004 99 0.022 122
Systole
UbpM,maz (mm) -0.32 94 2.08 153
URw,maz (mm) 0.07 101 -0.86 46
AUpaz (mm) -0.32 99 0.72 108
MPSrw,maz (MPa) 0.0007 100 0.032 129

applied, it contains the main characteristics of an aortic dissection,
i.e. the false lumen and the tears. Moreover, it includes anisotropic
hyperelastic material behavior as well as deposition stretches. Despite
the fact that the cause and progression of the dissection is discarded
in this study, the current framework allows for an, at least partially,
physiological representation of an acute aortic dissection. Indeed, the
shape of the true and false lumen is not predetermined, but is cre-
ated based on the release of the deposition stretches in the dissected
membrane and the application of the true and false lumen pressure.
Consequently, a realistic deformation is ensured, without requiring
detailed knowledge on the exact cause of the dissection.

Based on the implemented framework, 237 out of the 300 con-
sidered samples (LHS309) fulfilled the finite element analysis con-
vergence criteria (8% of the 300 samples excluded) and resulted in
95ire > 1.00 throughout the wall for the sample geometry (13% of
the 300 samples excluded). As 79% of the LHS300 samples leads to
useful results, the framework in itself was considered to be quite ro-
bust. The finite element analysis in itself was even more robust with
a success rate of 90%. Indeed, after excluding the samples based on
9Sire> 90% of the simulations lead to a converged result.
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7.4.2 Global uncertainty quantification based on finite
element analyses

Based on the developed model framework of the dissected wall and
the performed finite element analyses, the overall uncertainty on the
considered deformation and stresses, as a consequence of uncertain
thickness and stiffness parameters, was estimated at diastolic and
systolic pressure levels. Despite slight differences in the absolute me-
dian values, the magnitude of the global min-max and IQ uncertainty
ranges was very similar at diastolic and systolic pressure, especially
when considering the large variety in the input parameter space (fig-
ure 7.6 and table 7.2). It might, therefore, be sufficient to study the
uncertainty based on one loading state for a quasi-static model.

The IQ uncertainty ranges were maximally 6.88 mm and 0.319
MPa for the displacement and stress output parameters, respectively,
whereas the min-max ranges showed uncertainty intervals up to 20.22
mm and 1.788 MPa, which is in particular induced by the large vari-
ation in the fourth quartile for all output parameters (figure 7.6 and
table 7.2). The min-max interval width of Upasmaz can be inter-
preted as the maximal error in the predicted true lumen diameter
decrease, which is linked to the risk of malperfusion. Urw,mqz can be
interpreted as the maximal error in the total diameter increase, which
is currently used as a clinical decision criterion. At diastolic pressure,
the current study estimates model output errors up to 64% for the de-
crease in true lumen diameter and up to 45% for the increase in total
diameter, relative to the diameter of the healthy descending aorta.
Note that this interpretation implicitly assumes that axial bending
of the dissected wall is negligible. Although these extreme values are
expected to occur rarely, it is of major importance to acknowledge
their presence, as their exclusion could result in an under- or overes-
timation of the malperfusion and rupture risk and, consequently, in
inappropriate clinical decisions.

Despite this increased insight, the model framework is expected
to underestimate the true uncertainty. Indeed, the direct coupling
of PWV,cr to a set of GOH parameters assumes that the PWV is
measured with high accuracy and fully represents the material be-
havior. However, some measurement errors might be expected and
the PWYV is mainly a stiffness measure of the circumferential be-
havior. Therefore, PWYV is rather a guide than an exact measure
to obtain proper material parameters (chapter 6) [I71]. The link
between the PWV,.r and the GOH parameter set is, consequently,
not straightforward and includes additional uncertainty, which was
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not accounted for in the main uncertainty analysis. The impact of
the use of PWV,..; as material parameter is considered in appendix D
(section 7.9) and reveals remarkable variations, in particular for the
wall deformation, for slight changes in PWV,..r, while applying con-
stant thickness parameters. Although this additional uncertainty is
not accounted for in the main analysis, it does not invalidate the ob-
tained results, but indicates that the quantified uncertainty must be
considered as a lower boundary as the tissue-specific GOH parameter
are often unknown.

7.4.3 Parameter-specific contribution to global
uncertainty based on surrogate models

The § moment-independent analysis shows the importance of each
individual input parameter on the output distribution, thus, indicat-
ing which information is an essential prerequisite for the development
of reliable predictive models (figure 7.7 and appendix C, section 6.7).
Ty was found to have a negligible effect on all considered output
parameters, and is, consequently, not expected to largely influence
the predicted wall deformation and stress. The impact of the other
thickness parameters depends on the considered output parameter.
On the one hand, Ty affects the output distribution of M PSrw, max
and the displacement parameters involving the dissected membrane,
i.e. Upm,mazr and AUpqz, to some extent, but has little effect on
the output distribution of Urw maz. On the other hand, knowing
the true value for Thys is of minor importance for all displacement
output parameters, but leads to the largest impact on the output
distribution of M PSgrw maz- For the material stiffness, represen-
ted by PWV,.;, the opposite effect is noticed. Indeed, uncertainty
on PWV,.; yields the strongest impact on the displacement out-
put distributions, while its influence on the M PSR, mq. distribution
remains moderate. These observations suggest that, in particular,
patient-specific knowledge on the global material stiffness and the
relative thickness of the dissected membrane is essential when one is
interested in the respective prediction of the deformation and peak
wall stress in aortic dissections, which is in line with basic mechanical
insights.

The actual values of the obtained ¢ indices might, however, be
affected by the considered input parameter space and the Gaussian
process regression, which depends on the specific training and test
set. To assess the added value of the trained Gaussian process to
quantify the parameter-specific contribution to the uncertainty, the
indices obtained for the LHSig000 are compared to those directly

88



7.4. Discussion

obtained from the LHS3q9 together with the corresponding 95% con-
fidence intervals on the ¢ indices. As indicated in appendix C (section
7.8), most general trends are, although less pronounced, similar for
both sets of § indices, which enhances the confidence in the reported
indices. Nevertheless, the confidence intervals of the indices largely
decrease with an increasing number of samples, which confirms the
added value of training a surrogate model based on the finite element
results to perform the global sensitivity analysis. In addition, the ro-
bustness of the obtained ¢ indices, based on LHS1¢, 000, is tested with
respect to the sampling based on the trained Gaussian process (ap-
pendix C, section 7.8). Therefore, the same LHS1g oo is resampled
with the same Gaussian process, which yields very similar § indices.
It might, therefore, be assumed that the indices are the result of the
intrinsic trends of the Gaussian process, rather than being a result of
a specific sampling and, thus, the Gaussian process uncertainty.

7.4.4 Physiological relevance of idealized dissected wall
framework

While mean dissected membrane movements of 1.7-5.5 mm in the
descending aorta throughout the cardiac cycle have been measured
in vivo, the idealized dissected wall model resulted in dissected mem-
brane movements between diastolic and systolic pressure from 0.01
mm to 1.71 mm when adding a physiological pressure difference of 3
mmHg between the true and false lumen . Despite
differences in the methodology to measure the dissected membrane
movement over the cardiac cycle, due to the different nature of the
computational and experimental results, this indicates that the model
framework results in displacements which are in the same order of
magnitude, but smaller compared to the in vivo measurements.

It is speculated that at least part of the remaining difference
between the modeled and measured dissected membrane movement
is related to the limited axial dissection length of 40.00 mm. In-
deed, physiological dissections often extend from the left subclavian
artery until the abdominal aorta . The slice model repres-
ents an infinitely long dissection and results at systolic pressure in
a median Uppsmas deviation of 33%, relative to the median of the
corresponding idealized dissected wall samples (table 7.3). This devi-
ation is three times higher than the median difference obtained by the
addition of the pressure gradient. This suggests that the axial dis-
section length impacts Upas,maz to a larger extent than the inclusion
of the pressure gradient. It is, therefore, expected that an increased
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axial dissection length will enhance the dissected membrane move-
ment during the cardiac cycle.

In addition, the similarity between the wall stress pattern of the
current model and the idealized dissection model of Rolf-Pissarczyk
et al. (figure 3.5) supports that the limited dissected membrane
movement results from the short dissection length rather than
from physiological limitations of the presented model framework
1147]. Indeed, in both models, local concentrations in maximal
principal stress were obtained in the remaining wall at the location
of separation with the dissected membrane, while the dissected
membrane was found to contain negligible stresses (figure 7.4 and
appendix A, section 7.6).

Despite the differences in absolute values compared to physiolo-
gical measurements, it must be emphasized that the current study
aims to quantify the uncertainty. On the one hand, adding the pres-
sure gradient over the dissected membrane leads to slight deviations
of 0% to 8% in the width of the min-max interval (table 7.3). On the
other hand, the slice model resulted for Urw,ma. in an interval that
was 55% smaller, while 53% larger ranges were obtained for Up s maa
(table 7.3). Despite the fact that using a limited axial dissection
length might underestimate the expected uncertainty, in particular
for Upa maa, it should be noted that the slice model also represents
an upper boundary rather than a physiological case. Moreover, the
obtained uncertainty ranges of the additional finite element analyses,
still fall within the reported min-max interval based on the complete
LHS309. Therefore, the use of an idealized model framework is not
expected to largely compromise the uncertainty quantification.

7.4.5 Lessons learned from surrogate modeling

In the current study, it was opted to train a Gaussian process as
surrogate model, rather than a neural network. Indeed, neural net-
works provide a deterministic result, which is reasonable when large
datasets are available and, consequently, accurate networks can be
trained. Due to the computational cost, the sample number for the
finite element analyses in this study is limited to 300, thus the samples
do not cover the input parameter space very densely. The fact that
a Gaussian process accounts for the remaining uncertainty in the
surrogate model, therefore, enhances the reliability of the results of
the 6 moment-independent analysis. Note that the 5% extreme out-
put values were, nevertheless, excluded to find a trade-off between
the inclusion of the intrinsic uncertainty, which increases the reliabil-
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ity, and the exclusion of potentially non-physiological results, which
might negatively affect the reliability.

To train the Gaussian processes, the PWV,.; is replaced by the
seven corresponding GOH material parameters (section 7.2.1.2) and
the resulting sample ¢¢;,. to obtain a sufficiently low RMSE (< 1.00
mm) for the displacement output parameters. Although this target
is not reached for the Gaussian process of Upu,maz and Urw,maz at
systolic pressure, this methodology best approaches the RMSE re-
quirement. Indeed, Gaussian processes trained with less input para-
meters result in insufficiently accurate surrogate models (appendix B,
section 7.7). Note that the seven GOH parameters and the sample
9%, are also required as input to the finite element model, which
justifies the obtained Gaussian processes as it follows the same steps
as the finite element analysis.

Moreover, it is worth mentioning that the reported RMSE values
provide an indication, rather than a general statement, as a different
Latin hypercube sampling for the training and/or test set results in
a different Gaussian process and/or corresponding RMSE. The effect
of a different test set is assessed by generating a control test sampling
LHSS" ! and subjecting it to the trained Gaussian processes. Com-
pared to the LHS30, the LHSSI"™! yields lower RMSE values for most
Gaussian processes and fulfills the required RMSE threshold of 1.00
mm for all displacement output parameters. Although these results
enhance the reliability of the Gaussian processes, it mainly illustrates
that caution should be taken when evaluating a Gaussian process on
a single RMSE value.

Besides, one could argue whether a RMSE threshold of 1.00 mm,
based on a representative resolution of clinical CT scans, is sufficiently
strict for the developed surrogate models. Indeed, as the idealized
deformation might underestimate the physiological one, the absolute
RMSE might also be an underestimation of the expected physiological
deviation, when assuming that the relative RMSE remains constant.

In this respect, it is important to emphasize that the current aim
of the trained Gaussian processes is to provide insight into the uncer-
tainty, rather than providing a clinically applicable surrogate model.
As the overall output distribution obtained from the Gaussian pro-
cesses was similar to those of the finite element analyses, in particular
for values within the central 95% of the output distribution, the ap-
plicability of the current methodology for uncertainty quantification
is supported.
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Nevertheless, the technique might be promising for outcome pre-
diction and uncertainty quantification in a clinical setting too, as it
yields real-time probabilistic predictions. Indeed, accurate Gaussian
processes of the false lumen size, i.e. AU,,q., could for example assist
in deriving proper GOH parameter combinations from the deforma-
tion of the dissection, which can be observed in clinical CT scans, and
inverse Bayesian inference. However, this would require more data
and/or knowledge as a prerequisite to further enhance the accuracy
of the Gaussian process.

7.4.6 Limitations

Although aimed at uncertainty quantification, the current framework
inevitably contains assumptions as well. The studied geometry was
fixed and only one inner diameter and one configuration for the tears
and false lumen was implemented. Moreover, the wall thicknesses
and the deposition stretches were assumed to be homogeneous along
the circumferential and axial directions, which does not correspond to
the physiological reality . Besides, the idealized geometry
deviates from a patient-specific one, not only in terms of pressure
difference and dissection length as discussed above, but also in terms
of geometrical complexity, as no side branches, tortuosity or external
soft tissue support was included. These aspects might result in an
under- or overestimation of the deformation and wall stress of the
remaining wall and dissected membrane , . Although includ-
ing these complexities might further advance the translation of the
obtained uncertainty results to the clinical practice in absolute terms,
it was opted to use an idealized model with the most important char-
acteristics to allow the use of a systematic approach to unravel the
effect of the unknown wall thicknesses and stiffness. Moreover, the
added value of the model framework is situated in the increased in-
sight into the uncertainty quantification, on a global as well as on a
parameter-specific basis.

Regarding the material behavior, the collagen fiber dispersion
was considered as axisymmetric, while differences between the in-
and out-of-plane dispersion have been observed . A material
model that accounts for dispersion asymmetry, such as proposed by
Holzapfel et al., is expected to more accurately approach the in vivo
aortic wall mechanics, which was confirmed by an improved fitting
with experimental data . However, no radial tensile stresses
were observed in the idealized dissection model, which implies that
radial collagen fibers will not contribute to the overall stress state as
they are not recruited. An asymmetric dispersion model will, hence,
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only differ from the implemented model in its increased amount of
fibers close to or in the local axial-circumferential plane. While this
deviation might affect the absolute wall stress and deformation, as in-
dicated by Niestrawska et al., the overall material behavior remains
similar, which suggests a limited impact on the uncertainty .
Moreover, the properties of healthy aortic wall tissue were used as a
starting point. Consequently, the developed framework is assumed
to represent an acute type B aortic dissection. Indeed, to model a
chronic type B aortic dissection, growth and remodeling should be
applied to represent the stiffening of the membrane after dissection
. In this respect, the quantified uncertainty and the parameter-
specific importance is only valid in the situation of an acute dissec-
tion. Indeed, the addition of growth and remodeling might result in a
different impact of the considered thickness and stiffness parameters
on the long-term deformation and stress of the dissected wall.

Moreover, the cause of dissection might be related to altered wall
properties. Indeed, type B dissections are associated with degrada-
tion in the medial layer which is, amongst others, characterized by
fragmented elastic fibers, a reduced elastin fraction and the accu-
mulation of glycosaminoglycans in pools ﬂ@, . Therefore, it is
possible that the included state-of-the-art material model, with in-
tegration of the anisotropic behavior and constituent-specific depos-
ition stretches, is not fully representative for the dissected wall tissue.
However, Rolf-Pissarczyk et al. implemented a constitutive law to in-
clude the radial elastic fiber degradation in between the medial elastic
lamellae, but did not see a clear effect of the adapted material model
in their model of the dissected wall . Nevertheless, adaptations
in circumferential and longitudinal stiffness and strength as well as
changes in collagen content of the acute dissected wall, compared to
non-dissected aortic walls, have been observed @, . These
effects were not considered by Rolf-Pissarczyk et al. and might affect
the resulting wall stress and deformation of the model . As the
considered material parameter combinations cover a large range of
pulse wave velocities in health and disease, the impact of these differ-
ences between the material of the dissected and healthy aortic wall
on the quantified uncertainty is expected to remain limited.

7.5 CONCLUSION

In summary, a robust idealized dissected wall framework was de-
veloped that included an anisotropic hyperelastic material behavior
as well as deposition stretches. It enabled the prediction of the acute
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wall deformation in a physiology-inspired manner. With this frame-
work, the effect of uncertainty related to wall thickness and stiff-
ness parameters on the wall deformation and stress was assessed.
Large ranges of potential wall deformations and stresses were identi-
fied by the global uncertainty analysis, in particular when including
the extreme outcomes, which might strongly affect the clinical de-
cision. The analysis of the parameter-specific contribution to the
uncertainty suggested that the modeled material stiffness strongly
affects the dissected wall deformation, while the relative dissected
membrane thickness was the most important determinant for the
wall stress. The large uncertainty ranges and the varying impact
of, often unknown, wall stiffness and thickness parameters emphas-
ize the need for caution when interpreting the outcome of dissected
wall models. Moreover, it supports the use of probabilistic rather
than deterministic predictions for clinical decision making in aortic
dissections.
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7.6 APPENDIX A: EXAMPLES OF MAXIMAL PRINCIPAL STRESS
PATTERNS

Cauchy stress (MPa) Cauchy stress (MPa)
0 484

1.083
0.993
0.903
0.812
0.722
0.632
0.542
0.451
0.361
0.271
0.181
0.090
0.000
Cauchy stress (MPa) Cauchy stress (MPa)
1.101 1.427
1.010 1.308
0.918 1.189
0.826 1.070
0.734 0.951
0.643 0.833
0.551 0.714
0.459 0.595
0.367 0.476
0.276 0.357
0.184 0.238
0.092 0.119

Figure 7.8: Overview of the maximal principal wall stress on the de-
formed configuration at diastolic pressure (80 mmHg) for four examples of
the LHS3qg, i.e. those corresponding to the first row of figure 7.4. For each
example, an axial and a cross-sectional cut is shown, together with the cor-
responding color scale.
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7.7 APPENDIX B: RMSE OF GAUSSIAN PROCESSES

LHS3; and LHSS !

Table 7.4: Overview of the RMSE of the trained Gaussian process per
output parameter at diastolic (80 mmHg) and systolic (120 mmHg) pressure
based on the test set LHS30 and the control test set LHS50™™'. The RMSE
are presented as absolute values as well as relative to the median LHS3qg
value.

RMSE | LHS3;  LHS{ ™
Diastole
UD]W,maz (mm) 0.94 (16%) 0.71 (12%)
UrwW.maz (mm) 0.73 (33%)  0.83 (38%)
AUpae (mm) 0.77 (10%) 0.60 (8%)
MPSrw,maz (MPa) | 0.075 (29%) 0.032 (12%)
Systole
UDJV[,maz (mm) 1.43 (22%) 0.83 (13%)
UrW,mae (mm) 1.26 (48%)  0.96 (36%)
AUpae (mm) 0.88 (10%) 0.74 (9%)

MPSRW,maac (MP&)

0.120 (30%)

0.054 (14%)

Gaussian processes with different number of input
parameters

Table 7.5: Overview of the RMSE of the Gaussian process based on four
(GPy, i.e. based on the four independent input thickness and stiffness para-
meters Tryw, Tar, Tpa and PWV,..; only), 10 (GP1g, i.e. with exclusion
of g5, as input parameter) and 11 (GPyq, i.e. the Gaussian process used
in the study) input parameters at diastolic (80 mmHg) and systolic (120
mmHg) pressure. The RMSE are presented as absolute values as well as
with respect to the median LHS3p9 value.

96

RMSE | GPy GPy, GP.,
Diastole

UDJ\I,maw (mm) 3.65 (61%) 1.54 (26%) 0.94 (16%)

URw.maz (mm) 2.08 (95%)  0.72 (33%)  0.73 (33%)

AUy (mm) 4.05 (52%)  1.50 (19%)  0.77 (10%)

MPSRW,maa: (MPa)

0.188 (73%)

0.089 (34%)

0.075 (29%)

Systole
UbM maz (mm) 3.69 (57%)  2.19 (34%)  1.43 (22%)
Urw,mae (mm) 3.23 (122%) 0.99 (37%)  1.26 (48%)
AUpaq (mm) 3.91 (45%)  1.65 (19%)  0.88 (10%)
MPSrw maz 0.210 (53%) 0.127 (32%) 0.120 (30%)
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7.8 APPENDIX C: COMPARISON OF DELTA INDICES
Comparison of delta indices of LHS3090 and LHS1 000

Table 7.6: Overview of ¢ indices and the corresponding 95% confidence
interval (dcons) as a result of the § moment-independent analysis for output
parameters Upumaz, Urwmazs AUmae and M PSpw.mas based on the
results of LHS300 and the central 95% of the output of LHS1 oo at diastolic
(80 mmHg) and systolic (120 mmHg) pressure.

IHPUt parameter UDM,maw URW,ma:c AUmaac MPSRW,mec
‘ o 6conf ‘ 0 5conf ‘ 0 6conf ‘ 0 5conf

Diastole

Trw LHS300 0.085 0.037| 0.028 0.028| 0.076 0.039| 0.099 0.041
LHS10,000 | 0.107 0.006| 0.057 0.007| 0.109 0.007| 0.101 0.008

Tom LHS509 0.044 0.033] 0.091 0.041| 0.045 0.034| 0.198 0.060
LHS10,000 | 0.033 0.005| 0.084 0.008| 0.039 0.006| 0.278 0.008

Ty LHS300 0.021 0.030] 0.039 0.032| 0.009 0.027| 0.071 0.031
LHS10,000 | 0.029 0.005| 0.034 0.005| 0.026 0.005| 0.033 0.005

PWV,..r LHS300 0.045 0.032| 0.131 0.047| 0.075 0.042| 0.132 0.033
LHS10,000 | 0.150 0.009| 0.209 0.010| 0.173 0.011| 0.106 0.008

Systole
Trw LHS300 0.091 0.037| 0.039 0.025| 0.080 0.040| 0.099 0.036
LHS10,000 | 0.106 0.007| 0.046 0.005| 0.102 0.007| 0.103 0.007
Tom LHS300 0.051 0.034| 0.077 0.040| 0.050 0.037| 0.224 0.053
LHS10,000 | 0.034 0.006| 0.062 0.007| 0.035 0.007| 0.303 0.009
T LHS300 0.025 0.029| 0.053 0.027| 0.010 0.029| 0.063 0.033
LHS10,000 | 0.029 0.005| 0.034 0.005| 0.024 0.005/ 0.028 0.005
PWV,ey LHS300 0.040 0.033| 0.117 0.036| 0.093 0.042| 0.117 0.031
LHS10,000 | 0.159 0.010| 0.242 0.011] 0.195 0.012| 0.095 0.008
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Comparison of delta indices of LHS( 009 and a resampling

Table 7.7: Overview of § indices and the corresponding 95% confidence
interval as a result of the § moment-independent analysis for output para-
meters Upm mazs URW,mazy AUmaz and M PSgrw maee based on the results
of the central 95% of the output of LHS;0 ggp and a resampling of the same
LHS10,000 with the same Gaussian process, indicated as LHS?%S’%I&IOPIE, at dia-
stolic (80 mmHg) and systolic (120 mmHg) pressure.

IHPUt parameter UDM,mam URW,ma,m AUTH[L’I‘ MPSRW,mar
‘ o 6co77.f ‘ 0 6conf ‘ 0 5conf ‘ 0 5conf
Diastole

Trw  LHS[500™ | 0.096 0.007| 0.067 0.007| 0.111 0.006] 0.096 0.006
LHS10000 | 0.107 0.006 0.057 0.007| 0.109 0.007| 0.101 0.008
Tpy  LHSISH0R | 0.034 0.006) 0.084 0.008| 0.040 0.006 0.305 0.008
LHS;0000 | 0.033 0.005 0.084 0.008| 0.039 0.006| 0.278 0.008
Ty LHS 50" | 0.032 0.005 0.034 0.005( 0.025 0.005| 0.036 0.005
LHS10000 | 0.029 0.005 0.034 0.005| 0.026 0.005| 0.033 0.005
PWV,¢; LHS[S50P | 0152 0.009| 0.214 0.009| 0.166 0.010| 0.105 0.008
LHS;0000 | 0.150 0.009] 0.209 0.010| 0.173 0.011| 0.106 0.008

Systole
Trw LHS?%?%B“OPIC 0.100 0.007| 0.046 0.005| 0.119 0.007| 0.101 0.008
LHS10,000 0.106 0.007| 0.046 0.005| 0.102 0.007| 0.103 0.007
Tom LHSE%f%glople 0.036 0.005| 0.054 0.006] 0.034 0.005| 0.299 0.009
LHS10,000 0.034 0.006| 0.062 0.007| 0.035 0.007| 0.303 0.009
Ty LHS?%?%B“OPIC 0.032 0.006| 0.038 0.005| 0.027 0.006| 0.035 0.005
LHS10,000 0.029 0.005| 0.034 0.005| 0.024 0.005| 0.028 0.005
PWV,es LHSE%f%glople 0.157 0.010| 0.234 0.012] 0.183 0.009| 0.094 0.008
LHS10,000 0.159 0.010| 0.242 0.011] 0.195 0.012| 0.095 0.008
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7.9 APPENDIX D: IMPACT OF DIRECT COUPLING BETWEEN THE
PWV,.; AND GOH PARAMETERS

Methods

In chapter 6, it was found that the PWV can guide the selection of
GOH parameters, but does not provide a direct relation . In
the current framework, this direct link was, nevertheless, assumed
in order to facilitate the use of the Latin hypercube sampling. To
consider the effect of this assumption, the reference geometry (section
7.2.1.3) was simulated with the 10 GOH parameter combinations that
most closely corresponded to a PWV,.¢ of 5.00 m/s. The median
difference, with respect to the results that would be obtained with
the idealized dissected wall framework, was determined. Note that
one of the 10 analyses, by definition, corresponded to the result of the
presented framework. The uncertainty induced by coupling the PWV
to other GOH parameter combinations was assessed as the resulting
min-max range.

Results

The 10 samples with the PW V. closest to 5.00 m/s maximally de-
viated 0.0017 m/s from this target. While the median difference of
M PSRW maz shows a maximal decrease in magnitude of 0.005 MPa,
median increases in magnitude up to 4.97 mm, with respect to the ini-
tial framework, are obtained for the displacement output parameters
(table 7.8). The width of the resulting min-max ranges was close to
50% of the min-max interval of the LHS3qq for the displacement para-
meters. Smaller min-max intervals are found for M PSgrw, maz, With
the maximal width being 14% of the corresponding LHS309 min-max
interval.

Discussion

The width of the intervals ranged up to 53%, i.e. for Upns maa, relat-
ive to the min-max range of LHS3(g, which is remarkable as constant
thickness parameters and a nearly constant PWV,..r, with a maximal
deviation of 0.0017 m/s, are assumed. This reveals a significant un-
certainty in the use of PWV,.; as material parameter, superimposed
on the uncertainty of not knowing the true PWV,.;.
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Table 7.8: The effect of altering the coupling between the GOH parameters
and PWV,.; in 10 configurations at diastolic (80 mmHg) and systolic (120
mmHg) pressure. The median value of the difference between Upasimag,
Urw,mazs AUmaz and M PSpw maee in the adapted and the original ideal-
ized dissected wall framework, is presented, with positive values indicating
an increase in displacement or stress magnitude compared to the original
idealized dissected wall framework. The width of the min-max range ob-
tained based on the 10 configurations is expressed with respect to the total
LHS3099p min-max width.

GOH-PWV,.s coupling
Output Median difference Min-max width (%)
Diastole
UDM,maw (mm) 1.85 47
URW,maac (mm) 2.41 44
AU gz (mm) 4.61 52
M PSRrw,maz(M Pa) -0.002 11
Systole
Upm,max (mm) 1.85 51
URW,ma.r (mm) 2.03 45
AU gz (mm) 4.97 53
M PSRrw,maz(M Pa) -0.005 14
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CHAPTER

Growth and remodeling of the
dissected membrane in an
idealized dissected aorta

Clinical observations indicate that the diameter and wall thickness of
the dissected aortic wall evolve during its transition from the acute
to chronic phase. While growth and remodeling of the aortic wall is
increasingly investigated, the knowledge regarding the required para-
meters remains limited and the transition of the dissected wall from
the acute to chronic phase has not yet been considered. Therefore,
this chapter assesses the feasibility to reproduce the clinical observa-
tions regarding this transition based on the current, limited, know-
ledge of the growth and remodeling parameters.

This chapter is based on the paper "Growth and remodeling of the
dissected membrane in an idealized dissected aorta model”, published
in Biomechanics and Modeling in Mechanobiology [216].

8.1 INTRODUCTION

Similar to the healthy aorta, the dissected aortic wall evolves over
time as a consequence of soft tissue growth and remodeling. This
typically leads to aortic expansion as well as thickening and a re-
duced motion of the dissected membrane, i.e. the delaminated part
of the aortic wall that separates the true lumen (normal blood path)
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from the false lumen (newly formed blood path) between the delamin-
ated and the remaining part of the wall . Moreover, in-
flammation has been observed in the region of the dissection, which
is expected to affect the soft tissue growth and remodeling [55-57].
Understanding the impact of growth and remodeling in the context
of aortic dissections might contribute to treatment optimization. In-
deed, both medically and endovascularly treated patients regularly
show the development of complications, such as aortic expansion and
malperfusion, and/or the need for late (re)interventions [2| [4]. This
indicates that the current treatment strategies are often not able to
determine the optimal patient-specific treatment at hospital admis-
sion. Moreover, the timing of the intervention has been found to
impact the long-term outcome of the treatment in terms of maximal
aortic diameter, false lumen size and true lumen expansion . In
combination with accurate models of the blood flow and thrombus
formation, the inclusion of growth and remodeling in models of aor-
tic dissection will help in the prediction of potential complications
and/or the preferred timing of stent-graft placement.

Multiple theoretical frameworks to represent soft tissue growth
and remodeling, such as the (homogenized) constrained mixture the-
ory, have been proposed over the past decades and applied to ar-
terial diseases as hypertension and aneurysm formation, where the
growth and remodeling process was explained as a consequence of
elastin degradation and collagen remodeling induced by changes in
stress and/or inflammation [148H154]. Furthermore, a multi-
scale framework was developed and used to model the effect of the
microstructural constituent remodeling on the macroscopic soft tissue
deformation in a chronic dissection [15§].

However, these growth and remodeling models come with a large
set of parameters and knowledge regarding proper physiological val-
ues thereof is still limited. In case longitudinal experimental data
is available, values for the considered parameters can be determined
through parameter fitting [148]. However, often insufficient or even
no data is available and parameter values have to be assumed. In
this respect, the impact of adopted parameter values for the stress-
induced growth and remodeling has been tested, but not in the frame-
work of aortic dissections [137] [149] [150| [153] [154] 217]. Indeed, the
transition from the acute to the chronic phase in the dissected aorta
has, to the authors’ knowledge, not yet been modeled and proper
parameter values have, consequently, not yet been established.

Therefore, this study aims to investigate whether the transition

of the dissected aorta from the acute to the chronic phase, and the
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corresponding dissected membrane thickening, can be represented by
applying stress- and inflammation-mediated growth and remodeling
of elastin and collagen using reported ranges for the growth and re-
modeling parameters.

8.2 METHODS

8.2.1 Model framework
8.2.1.1 Geometry

The reference geometry is based on an idealized model of a slice of a
dissected aorta (comparable to chapter 7; appendix A, section 8.6).
The dissected wall model was developed as a cylindrical geometry
with an axial length of 5.00 mm, an inner diameter of 27.30 mm and
a total wall thickness of 1.90 mm (figure 8.1) [197]. Of the total
wall thickness, a fraction of 75% was assumed to correspond to the
media and 25% to the adventitia @ . The false lumen is implemen-
ted in the cylindrical reference geometry by integrating unconnected
elements at 70% of the medial layer, thus in the outer third of the me-
dia, and comprises 245° of the circumference, a value retrieved from
a patient computed tomography (CT) scan and in correspondence to
Brunet et al. . The CT scan was acquired from the University
Hospital of Diisseldorf with consent of the local ethical committee
(reference number: 2017064325) [198]. In its unloaded state, the
false lumen is not visible and the model appears as the geometry of
a healthy cylindrical aortic wall (figure 8.1(a, ¢)). The model does
not include the tears or connection with the healthy aortic wall and,
therefore, represents an infinitely long dissection.

8.2.1.2 Acute material behavior

Both the medial and the adventitial layer of the dissected wall model
are assumed to behave as an incompressible anisotropic hyperelastic
Holzapfel-Gasser-Ogden (HGO) material with two non-dispersed
fiber families . The strain energy density functions for the elastin
and collagen fraction of each layer, ¥$,, ¥5,, ¥4 and U9, were,
consequently, defined as

¢ L COM e gy ge ki 1 ke IEy =12 4
M pSM 1 s XM ng 2k2 J;:ﬁ

1)
C10A kia 1 ko(I6,—1)2 (8
UG = (If —3); ¥4 = — e?iA -1

with C10A = 0.34610M and klA = 117k51M
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Unloaded Loaded

Figure 8.1: Overview of the slice model in the (a, ¢) unloaded and (b, d)
loaded configuration. The predefined dimensions of the model are indicated
on the (a, ¢) unloaded shape, which corresponds to the geometry of the in
vivo healthy wall, but already includes the predefined location of the false
lumen. A schematic indication of the measured geometrical parameters is
illustrated on the (b, d) loaded configuration, with T}, being the dissected
membrane thickness and D} ,, D%; and D&, referring to the respective
total, false lumen and true lumen diameter, where day ¢ indicates the day
of interest in the growth and remodeling process. Note that D;,, D%, and
Dl are measured at the same line, but are indicated next to each other
for better visualization.

where subscripts M and A, respectively, indicate the medial and
adventitial layer and superscripts e and c¢ refer to elastin and collagen,
respectively. Parameters cig, k1 and kg correspond to the elastin
shear modulus, the collagen stiffness and the collagen fiber stiffening,
respectively. Parameters c;g and k; were linked for the media and
adventitia based on the observed elastin and collagen area fractions in
both layers . The invariants of the right Cauchy-Green tensor C*

of constituent deformation gradient tensor F*, with C* = F il i are
indicated as I and I;, with j = 4,6. The fourth and sixth invariants,
I{ and I§, depend on fiber stretch and the mean fiber angles aj; and
a4, which are defined with respect to the circumferential direction
and differ for the media and adventitia. Note that the fibers are
assumed to contribute to the load bearing in tensile stretch only.
The initial density of constituent ¢, expressed as fraction with respect
to the initial configuration, is accounted for by pf. Including this
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density allows the expression of the fraction of collagen and elastin
with respect to a reference unit area within each material layer, which
is assumed to contain no other constituents than collagen and elastin.

The parameters were determined based on a predefined value of
the pulse wave velocity (PWV) as proposed in chapter 6, where the
PWYV of a full factorial design of the Gasser-Ogden-Holzapfel (GOH)
parameters, including collagen fiber dispersion, was calculated for a
reference cylinder [171]. A PWV of 6.00 m/s was assumed, which
is representative for the aortic stiffness in middle-aged humans and,
thus, corresponds to the average age of dissection patients . Asa
non-dispersed one-dimensional fiber orientation was assumed in the
growth and remodeling implementation (section 8.2.2.1), the GOH
parameter combination that fulfilled the zero-dispersion condition,
both in the media and adventitia, and was closest to the target PWV
of 6.00 m/s was selected. This resulted in parameters cjopr = 0.015
MPa, k1 = 0.119 MPa, kops = 6.9, apr = 45.0° for the media and
c104 = 0.005 MPa, k14 = 0.139 MPa, kops = 6.9, ag = 78.8° for
the adventitia. The aortic wall tissue was assumed to be composed
of elastin and collagen, smooth muscle cells were not accounted for.
Consequently, the initial fractions of collagen and elastin were de-
termined as percentage of the total elastin and collagen area, based
on the data of Iliopoulos et al. . This resulted in a respective ini-
tial collagen fraction for the media and adventitia of 0.27 and 0.40,
for each fiber family. The corresponding initial elastin fractions were
0.46 for the medial and 0.20 for the adventitial layer.

8.2.1.8 Loading and boundary conditions

To account for the in vivo loading state of the aortic wall, an axial
stretch as well as circumferential and radial deposition stretches have
been included using a Matlab (The MathWorks Inc., USA) imple-
mentation of the deposition stretch algorithm of Famaey et al. .
This pre-stressing algorithm was first applied to a healthy cylindrical
geometry, without false lumen, with a constant deposition strain of
10% in the fiber direction for collagen and in the axial direction for
elastin . The in vivo deformation of the acute dissection was
subsequently obtained by applying the resulting deposition stretches,
obtained from the deposition stretch algorithm in Matlab, simultan-
eous with a diastolic pressure of 80 mmHg to the true and false lumen
to a finite element model, with 3,000 hybrid hexahedral elements, in
Abaqus/Standard (Dassault Systémes, France). The healthy config-
uration was not explicitly determined in the finite element analysis.
Note that no load was applied to the dissected membrane, due to
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the assumption that the pressure exerted by the true and false lumen
compensate each other. The slight difference in surface on which
the pressure is acting indicates that the applied loading conditions
provide an approximation of the in vivo situation. At the proximal
and distal boundaries, only radial expansion was allowed for the ad-
ventitial layer and the connected medial layer, while the circumfer-
ential direction was an additional degree of freedom for the dissected
membrane. This procedure leads to a dissected wall, shown in figure
8.1(b, d), that embeds initial stresses in the (remaining) aortic wall,
while stress is relieved in the dissected membrane as the delamination
takes place and the diastolic pressure is applied.

8.2.2 Transition from acute to chronic dissection

While the medical consensus on the definition of the acute, subacute
and chronic phase of the dissection is, respectively, 0 to 14 days, 2
weeks to 3 months and more than 3 months after onset of the symp-
toms, a different definition was adopted for the experimental data
of Peterss et al., where the dissected membrane thickening from the
acute to the chronic phase was assessed , . Indeed, they con-
sidered the membrane thickening after 2 to 6 weeks as subacute and
after 6 weeks as chronic. In order to allow for a comparison with the
experimental data, the definition of Peterss et al. was adopted here
. In total, 30 growth steps were implemented, each accounting for
a time step of 3 days, thus considering growth and remodeling during
90 days.

8.2.2.1 Homogenized constrained mixture theory

The evolution of the dissected wall during the transition from
an acute to a chronic dissection was modeled using an imple-
mentation of the homogenized constrained mixture algorithm in
Abaqus/Standard. While the details of the theory, developed by
Cyron et al., and the implementation, proposed by Maes et al. and
Maes and Famaey, have been extensively described before, the most

important aspects are summarized below [135) 14§].

In the homogenized constrained mixture theory, the total deform-
ation gradient tensor at time s, F(s), is the result of the soft tissue
growth Fy and the constituent-specific remodeling F}! and elastic de-
formation F,;, . according to

F(s) = F!

elas

(5)Fy (5) Fy(s) (8.2)

T

with ¢ indicating the considered constituent and i = e, ¢ correspond-
ing to elastin and collagen, respectively. Consequently, the elastic
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deformation gradient tensor Fe’l s 18 determined if the total deforma-
tion, which can be determined using a finite element model, and the
deformation due to growth and remodeling is known. The soft tissue
growth is assumed to occur in the radial direction and to affect the
different constituents in the same manner. Therefore, the soft tissue

growth at time s, Fy(s), was implemented as

P (s)
ptt(0)

where a4 is a unit vector that indicates the main growth direction, p*
the total density of elastin and collagen together and I the identity

matrix .

As it is assumed that elastin does not remodel, the deformation
imposed by the remodeling only depends on the collagen and can be
extracted from

Fy(s) = ag®@ag+ (I —ag®ay), (8.3)

1
Fe(s) = Ao/ (s)M7T @ M + o (r-mfem?), (34)
r (S

for one-dimensional collagen fibers . The mean collagen
fiber direction in the initial configuration is indicated by MY, while
oS (s) represents the collagen remodeling stretch in the fiber direc-
tion of fiber family f at time s. For more details about the derivation
of this equation, the reader is referred to the original papers
137].

The densities of collagen and elastin change over time due to the
constituent degradation and, in case of collagen, production. There-
fore, the current change in density of constituent i at time s, pi(s),
is determined as

p'(s) = p4(s) + P (s), (8.5)
where §', (s) and " (s) represent the respective production and de-
gradation rate of constituent ¢ at time s. Note that the densities,
and the corresponding changes, are expressed relative to the initial
configuration.

The total strain energy density function W' is calculated as a
combination of the strain energy density function of the different
constituents and their corresponding densities. Moreover, it is as-
sumed that the strain energy only depends on the elastic part of the
deformation. This results in

V() = 32 %) (Pl (5) (8.6)
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where j = M, A depending on whether the medial or adventitial layer
is considered (section 8.2.1.2).

8.2.2.2 Stress-mediated growth and remodeling

As the aortic wall attempts to restore homeostasis, collagen is re-
modeled by sensing the difference between the current and the homeo-
static stress state [L34]. It is assumed that this stress-mediated
growth and remodeling is present, both in health and disease, and,
consequently, in the framework of aortic dissections. Therefore, the
collagen production depends on the difference between the homeo-
static and the current stress in the direction of fiber family f, az’f
and 0%/ (s) respectively, and the gain factor k¢. The homeostatic
fiber stress, O'Z’f , is determined as the stress that corresponds to the
imposed homeostatic collagen fiber deposition strain of 10%. The
degradation rate is, on the contrary, assumed to be constant and to

depend on the characteristic time of collagen 7, which was taken as

101 days [137, [148]. This results in

C,f e, f _ Cvf
.c, P S c g S g
p+f(s) = TE) 1+ ko# (8.7)
O
¢, f
.c,f _ _p (5)
p0 () = L2 (8.8)

This stress-mediated growth and remodeling, thus, retains the
homeostatic configuration for a healthy aortic wall, which is
indicated in appendix B (section 8.7).

8.2.2.3 Inflammation-mediated growth and remodeling

As inflammatory cells have been observed in the dissected region,
inflammation might be involved in the process of the dissected mem-
brane thickening [55H57]. In total, four inflammation patterns were
considered based on the duration and location of the inflammation.
As indications have been found for a transient and permanent effect
of inflammation on the dissected membrane , a transient and
permanent inflammation process was studied similar to Maes et al.
and Drews et al. . The transient inflammatory reaction
(figure 8.2(a)), as a consequence of the dissection of the aortic wall,
was defined as

ds et
_ —ds+8—-1
Ft(s) - (ﬁ _ 1) € * ’ (89)
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with § and 8 being shape parameters that determine the location
and extent of the inflammation peak and s being the time expressed
in days. The second pattern implies a permanent inflammatory re-
action triggered by the dissection, which is in correspondence to the
observations of Peterss et al., where no significant change in degree of
inflammation of the dissected membrane was found between the acute
and chronic phase (figure 8.2(a)) [44]. The permanent inflammation
function is described as

T,(s) =1—e%, (8.10)

with 0 being the shape parameter that defines how fast the inflam-
matory process arises after occurrence of the dissection and s being
again the time expressed in days.

Next to parameters 6 and 3, three gain factors were defined which
impose the extent to which the inflammation-mediated growth and
remodeling of collagen and elastin takes place. Indeed, kf.,, kf_ and
kf._, respectively, represent the extent of the collagen production,
collagen degradation and elastin degradation as a consequence of the
inflammatory reactions. Adding the effect of this inflammation to the
stress-mediated growth and remodeling (equations (8.7-8.8)) leads to

5 (s) = 2220 (1 ke T(s) + ke T o ) (8.11)

Te &
c,f s
597 (s) = =2 TE )1+ ke_T(s)) (8.12)
(5) = —3 7 (5)KE_T(s) (8.13)

Here, I' can be replaced by I'y or I'y, depending on the considered
inflammation duration. The location of the inflammation was either
applied to the full wall, i.e. the complete medial and adventitial layer,
or to the media that surrounds the false lumen, i.e. the dissected
membrane and the media of the remaining wall, which is referred
to as local inflammation (figure 8.2(b)). The regions which are not
subjected to inflammation are still affected by the stress-mediated
growth and remodeling and equations (8.7) and (8.8), thus, apply.

8.2.2.4 Implications of the growth and remodeling algorithm

The applied homogenized constrained mixture algorithm has been
discussed before [148], but it is worth to touch upon some implica-
tions of the considered dissected wall growth and remodeling. The
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Duration Location

—— Permanent
- = Transient

Inflammation (a.u.)

Time (a.u.)

Figure 8.2: Schematic overview of the (a) duration, i.e. permanent or
transient, and (b) location, i.e. full or local, of the inflammation patterns.
For the (b) location, the area of inflammation is indicated in red.

modeled stress-mediated growth and remodeling depends on the dif-
ference between the current and the homeostatic collagen fiber stress,
0% (s) and ai’f respectively, where collagen production is triggered
in case of increased fiber stress. This is expected to happen in the re-
maining wall of the dissected aorta, as a thinner wall has to withstand
the same pressure. Conversely, the production of fibers decreases if
their stress level is below the homeostatic state, which is the case in
the acute dissected membrane, where the delamination corresponds
to the release of the stresses in the tissue and, consequently, in the
collagen fibers.

Besides, note that the combination of stress- and inflammation-
mediated remodeling implies that the collagen fibers remodel, even
though their stress state equals the homeostatic one. In this case,
the remodeling is triggered by the difference in inflammation-related
production, kf.,, and degradation, kf_. The concept that a severe
inflammatory response might cause maladaptation and trigger the
arterial wall to deviate from its homeostatic state was introduced by
Latorre and Humphrey, where it was applied in a constrained mixture
model in the framework of hypertension [219)].

8.2.3 Parametric study of growth and remodeling
parameters

8.2.83.1 Input parameters and sampling

As no clear parameter values for the stress- and inflammation-
mediated growth and remodeling parameters (kg, kf, kf_, kp_, &
and (3 for transient inflammation and kg, kf,, kf_, kf_ and ¢ for
permanent inflammation) have been established in the framework
of aortic dissections, previously reported values were used to
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define ranges with potential parameters (table 8.1)
. The resulting parameter space was sampled using a Latin
hypercube with 1,000 samples. Due to the different dimensions of
the transient and permanent inflammation pattern, as a consequence
of a difference in number of parameters, a different Latin hypercube
sampling was required for both cases. The same Latin hypercube
was, however, used for the local and full inflammation pattern.
For all input parameters, a uniform probability distribution was
assumed. For each Latin hypercube sample, a finite element analysis
was performed and the success rate was assessed for the four
inflammation patterns. Moreover, the range of the individual growth
and remodeling parameters that resulted in a converged solution
was determined.

8.2.3.2  Output parameters

In correspondence to the definition of the acute, subacute and chronic
dissection phase of Peterss et al., the thickness of the dissected mem-
brane was considered at 0, 15, 42 and 90 days . Note that the
subacute phase is commonly defined to start after 14 days, but that
day 15 is considered since a time step of 3 days was chosen , .
The thickness was determined by extracting the coordinates of the
circumferentially central nodes at the true and false lumen side of the
dissected membrane, throughout the axial direction, for each of the
considered time points (figure 8.1(b)). Consequently, the thickening
rates corresponding to the three phases were determined in case of
30 converged growth and remodeling time steps in the finite element
analysis. The thickening rates, Rp, of the dissected membrane were

Table 8.1: Overview of the applied parameter ranges for the Latin hyper-
cube sampling of the transient and permanent inflammation pattern, based
on published data on parameters used in the homogenized constrained mix-
ture theory. The minimal (min) and maximal (max) values of the published

ranges are reported [137) [148] [150} [153].

Parameter | Transient inflammation Permanent inflammation
[min; max] [min; max]

kg (<) [0.000; 0.420]

kb, () [1.74; 24.90]

ki_ () [1.41; 20.70]

k& (step™) [0.0000; 0.0707]

§ (day™) [0.015; 0.478] [2.77; 17.00]

B (-) [1.10; 4.64] NA
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calculated as ‘ ;
7
Ry = 1om = Thu, (8.14)
[l

where T%,, and Tg) s represent the thickness of the dissected mem-
brane at day i and j (with ¢ > j), respectively. Moreover, it was
assessed which thickening rates agreed to the ranges as reported in
Peterss et al. . To account for the measurement uncertainty in
the reported thickening measurements, additional uncertainty was
added to the confidence intervals. A CT scan with a pixelsize of 1.00
mm was assumed, which leads to a maximal uncertainty of 2.00 mm
per thickness measurement. As the thickening is the result of two
thickness measurements, a total uncertainty of 4.00 mm was added
to the lower and upper boundary of the reported confidence intervals.
This resulted in an extended clinical range of [-3.50; 6.09] mm/year
in the acute, [-4.13; 5.09] mm/year in the subacute and [-3.99; 4.03]
mm /year in the chronic phase. In this respect, it was assessed which
parameter values of the individual growth and remodeling parameters
resulted in thickening rates within these extended clinical ranges.

The total diameter expansion of the aorta as a consequence of the
dissection was assessed by calculating the cross-sectional distance of
the total intraluminal space at day 0, 15, 42 and 90 (figure 8.1(d)).
Moreover, the false and true lumen size were measured along this
line as the distance between the inner side of the aortic wall and
the middle of the dissected membrane. In this way, the sum of the
true and false lumen sizes is by definition equal to the total dia-
meter. As clinical data of the diameter expansion is often established
based on follow-up data of multiple years, the expansion rate was
estimated by extrapolating the diameter expansion using the growth
rate in the chronic phase up to a duration of 365 days .
The diameter expansion rate is, therefore, calculated as the sum of
the modeled diameter expansion between day 0 and day 90 and the
estimated diameter expansion from day 90 until day 365, by extra-
polating the chronic expansion rate. In this way, the expansion rate,
R}, is represented in mm/year and expressed as

90 42
Dn _Dn

60— (365 —90), (8.15)

R = (D5 — DY) +

with superscript n referring to the respective total lumen (tot), false
lumen (FL) and true lumen (TL) and D!, indicating the correspond-
ing diameter at time ¢, which is indicated in days. The change in

112



8.3. Results

volume of the dissected membrane, i.e. the combined volume of the
elastin and collagen, over time was assessed as well.

In order to consider the change in the dissected membrane micro-
structure, the evolution of the collagen and elastin content, expressed
relative to the initial volume, was analyzed at day 15, 42 and 90, sim-
ilar to the thickening rates. At day 0, the collagen and elastin content
corresponds to the predefined fractions as indicated in section 8.2.1.2.
The collagen and elastin content was determined as the average of
the content of each element of the dissected membrane, weighted by
the corresponding volume.

8.3 RESULTS

8.3.1 Parametric study of growth and remodeling
parameters

For the full and local permanent inflammation patterns, convergence
until the chronic phase (90 days) is reached for only 3 (0.3%) and
1 (0.1%) of the 1,000 samples, respectively. The transient inflam-
mation patterns result in higher success rates of 146 (14.6%) cases
for the full and 88 (8.8%) for the local inflammation. Slightly lower
success rates are, thus, found for the local compared to the full in-
flammation, irrespective of the considered duration. Due to the very
limited convergence of the permanent inflammation patterns, the re-
ported results are focused on the transient inflammation patterns.
Some additional results regarding the permanent inflammation are,
nevertheless, shown in appendix C (section 8.8).

An overview of the individual growth and remodeling parameter
ranges that lead to convergence for growth and remodeling with tran-
sient inflammation over 90 days is given in figure 8.3, for all com-
binations that resulted in a converged solution and the selection of
combinations with thickening rates within the extended clinical range
(section 8.3.3). Overall, a larger reduction in parameter ranges is es-
tablished for the full inflammation, compared to the local one. When
combining the relative reduced individual parameter widths that res-
ult in convergence over 90 days, the total parameter space is reduced
to 75.3% and 75.1% of the initial parameter space for the full and
local transient inflammation pattern, respectively. When further re-
fining the parameter space to those parameter ranges that lead to
thickening rates within the extended clinical ranges, the parameter
space related to the full and local inflammation pattern reduces to
13.2% and 44.9% of the initial space.
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Figure 8.3: Overview of the width of the parameter range of the simu-
lated samples that fulfilled the convergence criteria of the simulation during
90 days of growth and remodeling (converging) and resulted in thickening
rates within the extended clinical range (clinical) for the full and the local
transient inflammation pattern. The width is expressed as percentage of
the initial width of the parameter range.

8.3.2 Example cases

The deformed configurations at day 0, 15, 42 and 90 of four illustrat-
ive transient inflammatory example cases are illustrated in figure 8.4
and in appendix D (section 8.9), while the change of their stresses and
deformations over time is included as animation in the supplement-
ary material of the online version of the paper . For the example
case with transient, local inflammation and thickening rates within
the extended clinical range, figure 8.5 and 8.6, respectively, present
the change in strain and fiber stress and the change in collagen and
elastin content in the dissected wall over time. The corresponding
growth and remodeling parameters of this example are k% = 0.130,
ki, = 5.34, kf_ = 3.67, kf_ = 0.0533 step™!, § = 0.19 day~ ' and
b =1.24.

As a consequence of the dissection, the fiber stress in the re-
maining wall initially increases, to decrease again during the growth
and remodeling process. The opposite effect is seen for the dissected
membrane. The elastin and collagen content only adjusts once the
growth and remodeling process starts. Therefore, figure 8.6 does not
include the pre-dissection configuration. The growth and remodeling
process induces a sudden decrease in the elastin content between day
0 and day 15 in the portion of the media that is subjected to in-
flammation. Afterwards, the elastin content remains, approximately,
constant. The content of collagen initially decreases in the dissected
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membrane, to increase again from day 42 onwards, while an over-
all increase in collagen content is observed, in the adventitia of the
remaining wall.

Full inflammation Local inflammation

Outside extended clinical range

N\ INNINEEVINNN

In extended clinical range

990 90

I I I
Day 0 Day 15 Day 42 Day 90 Day 0 Day 15 Day 42 Day 90

Figure 8.4: Examples of the predicted changes in geometry over time due
to the growth and remodeling for samples with transient inflammation that
is applied (a, ¢) over the full geometry and (b, d) locally around the false
lumen, which result in thickening rates (a, b) outside and (c, d) within the
extended clinical range.

8.3.3 Thickening rates of the dissected membrane

Figure 8.7 shows the dissected membrane thickening over time for the
converged samples of the transient inflammatory cases. A decreas-
ing thickening rate over time is found for the local and full transient
inflammation pattern, where, respectively, 38 (3.8%) and 24 (2.4%)
samples result in rates within the proposed extended clinical ranges
for the acute, subacute and chronic phase. An overview of the cor-
responding growth and remodeling parameters is given in appendix
E (section 8.10). In contrast, the converged samples with perman-
ent inflammation indicate an increasing trend in thickening rate over
time, for the local as well as the full inflammation pattern (appendix
C, section 8.8).

8.3.4 Diameter expansion and volume change

Over the considered 90 days of soft tissue growth and remodeling,
the total diameter increases for all parameter combinations within
the extended clinical thickening range and a median total diameter
expansion rate of 5.09 mm/year and 4.71 mm/year is observed for the
full and local inflammation pattern, respectively (table 8.2). The false
lumen size increases with a median rate of 19.63 mm/year for full and
19.73 mm /year for local inflammation. The true lumen size, however,
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Figure 8.5: Evolution of the (a) fiber stress and (b) circumferential and
(c) radial strain over time for an example sample with local and transient
inflammation. The stress is expressed as the fiber Cauchy stress, while the
circumferential and radial logarithmic strain are indicated to represent the
deformation. The fiber stress is illustrated for one fiber family in the medial
and one in the adventitial layer, which is representative for the second fiber
family too. The radial and circumferential direction is defined according to
the pre-dissected configuration.
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Figure 8.6: Evolution of the (a) elastin and (b) collagen content over time
for an example sample with a local and transient inflammation pattern as
illustrated in (c). The content is expressed as fraction of the initial volume.
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Figure 8.7: Resulting thickening rates, Rp, of the dissected membrane for
the (a) full and (b) local transient inflammation pattern, for the acute (Day
0-15), subacute (Day 15-42) and chronic (Day 42-90) phase. The rates
corresponding to converging simulations are indicated with black circles.
The points corresponding to converged simulations that lead to thickening
rates within the extended clinical range are filled in green. The upper and
lower boundaries of the extended clinical range for the three phases are
shown with a dashed line.

decreases over time at a respective median rate of 14.99 mm/year
and 14.83 mm /year for the full and local inflammation pattern. The
volume of the dissected membrane at 90 days varies from 83.6% to
106% of the initial volume for the full and from 84.3% to 111% for
the local inflammation pattern.

8.3.5 Dissected membrane microstructure

An overview of the elastin and collagen content at day 90 is shown
in figure 8.8 for the parameter combinations resulting in thickening
rates within the extended clinical ranges. For both inflammation

Table 8.2: Expansion rate of the total diameter (R*), the true lumen
(RTL) and the false lumen (RIL), expressed as mm/year, based on extra-
polation of the expansion rate in the chronic phase up to a period of 365
days, for the full and local transient inflammation patterns that resulted in
thickening rates within the extended clinical range. The median as well as
the minimal (min) and maximal (max) expansion rate are indicated.

Expansion rate | Full inflammation Local inflammation
median [min; max] median [min; max]

R (mm /year) 5.09 [2.57; 7.69] 471 [2.59; 7.76]
RTT (mm/year) | -14.99 [-20.76; -13.65]  -14.83 [-21.39; -13.37]
RIE (mm/year) 19.63 [16.74; 26.15] 19.73 [16.33; 26.81]
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patterns, the amount of elastin remains similar or decreases, which
results at day 90 in an elastin content between 28.0% and 45.8% of
the initial volume (elastin content at day 0: 46.0%). The trend in
collagen content is variable. At day 90, the collagen content of the full
inflammation pattern ranges from 42.5 to 63.5% of the initial volume
(collagen content at day 0: 54.0%) and the respective minimal and
maximal collagen content as result of the local inflammation pattern
varies from 39.5% to 76.4% of the initial volume. This indicates that
both decreasing and increasing collagen contents are observed.
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Figure 8.8: Overview of the (a, b) elastin and (c, d) collagen content
of the dissected membrane for the (a, ¢) full and (b, d) local inflammation
pattern, for the parameter combinations that lead to thickening rates within
the extend clinical range. The content is expressed relative to the initial
volume of the dissected membrane.

8.4 DISCUSSION

The current study aims to evaluate whether existing growth and re-
modeling algorithms, fed with parameters from literature, allow the
reproduction of the soft tissue growth and remodeling in aortic dis-
sections, with a particular focus on the thickening and change in
microstructure of the dissected membrane. A slice model of an acute
dissection with an anisotropic hyperelastic material that accounts for
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the deposition stretches was used as starting point and a homogen-
ized constrained mixture model was applied to represent a period of
90 days. The model included collagen production as a consequence
of deviations from the homeostatic stress state as well as collagen
and elastin degradation and/or production triggered by inflamma-
tion. Four inflammatory response patterns were considered, depend-
ing on the location and duration of the inflammation.

The overall success rate is limited to 14.6% for the considered
inflammation patterns, which indicates that only particular growth
and remodeling parameters are compatible. In this respect, the dif-
ference between the inflammation-mediated collagen production and
degradation is hypothesized to be an important factor as only about
55.0-60.0% of the total kf., — kf-_ range is able to reach convergence
for transient inflammation, which further decreases to 1.8% for per-
manent inflammation (table 8.1). Introducing a dependency between
both parameters in the sampling is expected to enhance the success
rate of the model. Furthermore, a clear difference in success rate
between transient and permanent inflammation is observed. Indeed,
the transient inflammation results in success rates of 8.8% to 14.6%,
while a maximal rate of only 0.3% is found for the permanent in-
flammation. Furthermore, the obtained thickening rates for the few
converging samples with permanent inflammation show an increas-
ing trend (appendix C, section 8.8), which would by definition result
in increasingly thicker membranes until non-physiological thicknesses
would be obtained. This persistent thickening is also hypothesized to
be the main reason for the very limited convergence. Consequently,
the permanent inflammation pattern is unrealistic and not able to re-
produce the clinical observations of dissected membrane thickening.
This suggests that transient inflammation, rather than permanent
inflammation, takes place after dissection of the aorta. Although
Peterss et al. reported no significant difference in the presence of in-
flammation between dissections in the acute and chronic phase, the
transient pattern is in line with the findings of Xu and Burke, who
reported that inflammation mainly occurred in the first week after

dissection )

It is important to highlight that this study is not aimed towards
revealing the ground-truth growth and remodeling mechanisms and
corresponding parameters in aortic dissections. Rather, this study
investigates up to which extent the clinical observations of dissection
patients can be reproduced based on the existing soft tissue growth
and remodeling knowledge. As such, the ability to reproduce clin-
ical trends does not necessarily imply that the model captures the
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physiological reality. It only supports the assumptions that transi-
ent inflammation potentially plays an essential role in the soft tissue
growth and remodeling of aortic dissections.

The resulting median total diameter expansion rates are 5.09
mm/year and 4.71 mm/year, respectively, for the full and local tran-
sient inflammation (table 8.2). Experimentally, mean and median
total diameter expansion rates of 2.10 mm/year up to 5.28 mm/year
were established for type B dissections with a patent false lumen [92
. The model, thus, predicts expansion rates that are in the
upper part, but still within the range, of the available experimental
data. The slight increase in predicted expansion rate, compared to
the measurements, might be explained by the limited time frame of
the modeled results. Despite the fact that only the chronic phase was
used to extrapolate the diameter expansion to a duration of one year
(equation (8.15)), experimental expansion rates were calculated over
longer time frames, with mean and median follow-ups ranging from
19.5 to 48.9 months, which is expected to result in a lower average ex-
pansion rate , . Indeed, the largest expansion rates have
been observed in the first days after the dissection, whereas lower
mean expansion rates of 1.2 mm/year to 1.5 mm/year are reported
in the chronic phase . Moreover, slight differences in the
methodology to obtain the total diameter, e.g. considering the short-
axis diameter, might lead to a discrepancy between the experimental
and the modeled results too . Taking this into account, the
model predictions reasonably approach the existing measurements.

Only few data are available on the evolution of the true and false
lumen size, but an increase of the false lumen size over time, both
in absolute and relative terms, has been observed, in line with the
simulated data . The extent to which the false lumen size
increases, however, differs. While the current results show a median
expansion rate of 19.63-19.73 mm/year in absolute terms, which cor-
responds to a relative increase from 24.9% to about 49.0% of the
corresponding total diameter, a mean false lumen growth rate of 6.52
mm/year and a relative increase up to 12% of the total diameter was
found , . Even lower growth rates were established when con-
sidering growth from the chronic phase on . Regarding the true
lumen, a slight increase in absolute size was reported, with growth
rates of 0.8 mm/year to 1.0 mm/year, both for measurements start-
ing at the acute and chronic phase . A strong decrease, with
median rates up to -14.99 mm /year, is, on the contrary, found in the
current study. It is hypothesized that the distinction between the res-
ulting and reported true and false lumen growth rates is related to the
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use of a slice model, where the connection of the dissected membrane
to the healthy aortic wall is limited and the movement of the dis-
sected membrane, thus, less restricted compared to a patient-specific
dissected aorta (figure 8.1). Moreover, the large circumferential size
of the false lumen included in the model might play a role. Indeed,
a false lumen angle of 245°, obtained based on a patient-specific CT
scan, is at the higher range of the physiological values . Next
to a strong decrease in true lumen diameter, a flattening of the true
lumen was observed. To the authors’ knowledge, experimental data
which could confirm or contradict this observed trend is currently
lacking and results are to be interpreted keeping in mind the explor-
ative computational character of the study.

In this respect, it is noteworthy that the implemented material
model assumes that the collagen fibers do not contribute to load bear-
ing in compression. Doubts have, however, been raised regarding this
assumption [227]. If collagen fibers would provide resistance against
deformation in compression, decreased displacements of the dissec-
ted membrane and changes in true and false lumen size are expected
over time. This might have some impact on the resulting thicken-
ing rates, the stress-mediated (decrease in) collagen production and,
consequently, the collagen content of the dissected membrane. While
determining the effect of this assumption on the dissected membrane
would be of interest, no major effect on the total diameter expansion
rate is expected. The assumption is, therefore, expected to affect the
selection of material parameters that lead to thickening rates within
the clinical extended range, rather than the pathophysiological relev-
ance of the presented model.

The evolution of the false lumen, true lumen and total diameter
was found to be similar for the full and local transient inflammation
pattern (table 8.2). On the one hand, the change in true and false
lumen diameter is generally dictated by the deformation of the dis-
sected membrane. The total diameter, on the other hand, is mainly
impacted by the deformation of the remaining wall as a consequence
of the increased load due to the dissection. As the medial collagen
fibers are more circumferentially oriented compared to the adventi-
tial ones, the medial tissue strength provides the highest resistance
against the deformation, which takes place in the circumferential dir-
ection as the axial stretch is fixed. The medial layer that surrounds
the false lumen, thus, largely determines the overall change in geo-
metry, while the adventitial layer and the media of the true lumen
wall play a limited role. As this tissue portion is not differently af-
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fected by the local and full inflammation pattern, no major effects in
the overall range of diameters are observed.

Interestingly, the overall modeled changes in microstructure cor-
respond to the experimental observations. Indeed, the model in-
dicates a decrease in functional elastin content over time, induced
by the inflammation, which agrees with the presence of fragmented
elastin in the dissected membrane (figure 8.8) [43]. While
fibrosis, indicating an abundant presence of collagen, has been ex-
perimentally observed in the dissected membrane, the collagen con-
tent of the considered samples either increased or decreased , .
In this respect, it is worth noting that no constraints on the rela-
tion between kf:_ and kf._ were applied, which implies that for some
samples a higher inflammation-mediated collagen degradation than
production was imposed. These simulations, naturally, lead to a net
decrease in collagen. No requirements regarding the balance between
the stress- and inflammation-mediated growth and remodeling were
defined either. Indeed, the collagen production is expected to be
purely attributed to the inflammation as the dissected membrane is
in a quasi-stress-free state in the acute phase, which will impose a
negative stress-mediated collagen production that decreases the over-
all collagen production. If kf, was only slightly higher than kf_, a
decrease in collagen content was obtained in case the corresponding
kS was relatively large, in particular when the inflammatory response
was restricted to a limited time frame. This is also illustrated by two
examples shown in appendix F (section 8.11).

A slight difference between the local and full inflammation pattern
was found in this respect. In case of local inflammation, 22 of the 38
samples that lead to a thickening rate within the extended clinical
range resulted in the expected increased collagen content at day 90.
For full inflammation, an increasing collagen content was observed
for only 13 of the 24 samples within the extended clinical thickening
range

Despite the limited differences between the full and local inflam-
mation pattern, the presence of less samples with a decreasing col-
lagen content with local inflammation might imply that the local
inflammation is slightly more appropriate to represent the physiolo-
gical process.

Although an increase in collagen and a decrease in elastin in the
dissected membrane corresponds to the reported data, a quantitative
comparison with published experiments is not straightforward
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. Indeed, the model considers the functional elastin and colla-
gen, while e.g. fragmented elastin might be part of the experimental
staining, and thus the published area fractions. Moreover, the model
only accounts for elastin and collagen, whereas other constituents are
intrinsically included in the total soft tissue area determined in exper-
iments. Thus, the total area or volume obtained from the model and
experiments might differ. Furthermore, it is not always unambigu-
ously indicated whether the results are compared to control samples
in absolute amounts or with respect to the corresponding total soft

tissue area/volume [43].

8.4.1 Limitations

The presented model approaches the soft tissue growth and remod-
eling in aortic dissections in terms of thickening rates, total diameter
expansion rates and changes in elastin and collagen, but it does not
account for the presence of other constituents as smooth muscle cells
or glycosaminoglycans. Glycosaminoglycans are, however, expected
to play a role in the dissection initiation and progression [6] [58].
Next, the model represents an idealized aortic dissection, without
tears or healthy aortic wall, which is strongly simplified compared to
a patient-specific geometry. Moreover, the obtained results are based
on one set of HGO material parameters for the medial and adventitial
layer and, thus, no fiber dispersion was included. The material para-
meters were selected based on a representative PWYV for a healthy
middle-aged human. As differences in the behavior of healthy and
(pre-)dissected wall tissue are expected [38], the considered PWV
and the corresponding material parameters should be considered as
an approximation of the acute dissected wall behavior. However, no
representative information on the PWYV of pre-dissection or acute
dissection patients was available, to the authors’ knowledge.

For the acute material behavior, area fractions were used to de-
termine the relation between the same constituents of the medial and
adventitial layer, on the one hand, and between the elastin and col-
lagen fractions within each material layer, on the other hand. This
option was chosen in order to represent the elastin and collagen con-
tent in a more intuitive manner, i.e. as fraction of a tissue portion of
the considered layer that contains no other constituents than elastin
and collagen. To confirm that the impact is limited to the repres-
entation of the constituent content, the example case shown in figure
8.5 and 8.6 was repeated with the amount of elastin and collagen
provided in absolute terms (data not shown). The maximal element-
wise difference in fiber stress was limited to 1.0% for the dissected
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wall after 90 days of growth and remodeling, when comparing the
applied model to a model where the elastin and collagen content was
expressed in absolute terms. This negligible difference is hypothes-
ized to be the consequence of the rounding during the calculation of
the relative fractions.

For the dissected membrane, no net load was assumed, to reduce
the simulation time as convergence was more easily achieved. How-
ever, this assumption is an approximation as it neglects the difference
in surface of both sides of the dissected membrane on which the pres-
sure is applied. A comparison with and without an explicit pressure
load on both surfaces of the dissected membrane indicated an average
elementwise difference of 1.6% relative to the maximal fiber stress in
the dissected membrane at the start of the growth and remodeling
process (data not shown). This limited effect on the fiber stress of the
dissected membrane, therefore, justifies the assumption that there is
no net loading at the dissected membrane.

Furthermore, the current knowledge on the evolution of the dis-
sected membrane thickness over time is limited. To the best of the
authors’ knowledge, the only reference reporting quantitative thicken-
ing rates of the dissected membrane is Peterss et al., with thicknesses
measured from CT scans, which imposes quite some uncertainty on
the obtained ranges [44]. This uncertainty was accounted for by in-
cluding an additional range of 8.00 mm to the 95% confidence in-
terval. This extended clinical range might, however, overestimate
the true uncertainty of the CT measurement. Despite the potential
overestimation, the predefined range allows the determination of a se-
lection of growth and remodeling parameters that are able to approx-
imate the experimental observations. This selection can be applied
to guide the reduction of the total growth and remodeling parameter
space to a subspace with a higher rate of potentially physiological
parameter combinations, which are usable in computational models.

8.5 CONCLUSION

An idealized model was developed to represent the dissected mem-
brane thickening during the transition from acute to chronic dissec-
tion as a consequence of stress- and inflammation-mediated growth
and remodeling. A parametric study of the growth and remodeling
parameters was performed for multiple inflammation patterns, that
differed based on the applied location and duration. For a subset of
the considered growth and remodeling parameter space, the transi-
ent inflammation was able to reproduce the experimentally observed
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trends of the thickening rates and the total diameter expansion rate.
The changes in elastin and collagen content over time could be rep-
resented by the transient inflammation as well, in particular when
it was locally applied around the false lumen. The developed model
framework is, consequently, able to represent the clinically observed
situation, while it also provides guidance to reduce the growth and
remodeling parameter space.
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8.6 APPENDIX A: VERIFICATION OF SLICE MODEL

The slice model is a simplification of the dissected aortic wall model as
indicated in chapter 7. The applied boundary and loading conditions
are the same and also the material properties are similar. However,
due to the nature of the model implementation, some slight differ-
ences in material behavior are present.

In chapter 7, the material is considered to be purely incompres-
sible. The parameter D, defined as

D=— 8.16

K ’ ( )
with K being the bulk modulus of the soft tissue, can therefore be
considered as 0.

In this chapter, where the soft tissue can grow and remodel, the
material has to be implemented as quasi-incompressible, thus requir-
ing a small non-zero value for D, which was adopted to be 0.001
MPa~!. As the material is still quasi-incompressible, hybrid elements
were still applied, but a slightly different implementation to integrate
the hydrostatic pressure stress was required by Abaqus.

In order to ensure correspondence between both the full and
quasi-incompressible version, the acute geometry at diastolic pressure
is compared in terms of maximal principal Cauchy stress and dis-
placement magnitude. Therefore, the average and maximal element-
and nodewise difference of the respective maximal principal Cauchy
stress and displacement magnitude was considered. An average and
maximal absolute elementwise maximal principal Cauchy stress de-
viation of 0.005 and 0.022 MPa was found, while the average and
maximal nodewise difference in displacement magnitude was limited
to 0.4-10~* mm and 3.2-107% mm. Compared to the maximum max-
imal principal Cauchy stress and displacement of, respectively, 0.480
MPa and 5.17 mm for the fully incompressible model, the maximal
element- and nodewise deviations were 4.7% for the maximal prin-
cipal Cauchy stress and 6.2-1073% for the displacement, and were
thus sufficiently small to consider both methodologies as equivalent.
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8.7 APPENDIX B: STRESS-MEDIATED GROWTH AND REMODELING
OF A HEALTHY AORTIC WALL
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Figure 8.9: Evolution of the collagen fiber and the maximal principal
Cauchy stress during stress-mediated growth and remodeling of a healthy
aortic wall for an example sample, i.e. the same sample as indicated in figure
8.5 with kS = 0.130. Note that the fiber stress is shown for one fiber family
of the medial and adventitial layer, which is representative for the second
family too.
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8.8 APPENDIX C: THICKENING RATES FOR THE PERMANENT
INFLAMMATION PATTERNS
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Figure 8.10: Resulting thickening rates, Rr, of the dissected membrane
for the (a) full and (b) local permanent inflammation pattern, for the acute
(Day 0-15), subacute (Day 15-42) and chronic (Day 42-90) phase. The rates
corresponding to converging simulations are indicated with black circles.
The points corresponding to converged simulations that lead to thickening
rates within the extended clinical range would be filled in green, but are
not present for the permanent inflammation pattern. The upper and lower
boundaries of the extended clinical range for the three phases are shown
with a dashed line.
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inflammation pattern

8.9 APPENDIX D: TIME EVOLUTION OF EXAMPLE CASES WITH A
TRANSIENT INFLAMMATION PATTERN

Full inflammation Local inflammation
Outside extended clinical range

Figure 8.11: Front view of the predicted changes in geometry over time
due to the growth and remodeling for samples with transient inflammation
that is applied (a, c¢) over the full geometry and (b, d) locally at the false
lumen, which result in thickening rates (a, b) outside and (¢, d) within
the extended clinical range. The presented samples correspond to those
illustrated in figure 8.2. The deformed configurations at day 0, 15, 42 and
90 are shown in an increasingly bright shade of red.
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8.10 APPENDIX E: PARAMETER COMBINATIONS WITH
CLINICALLY OBSERVED THICKENING RATES

Table 8.3: Growth and remodeling parameter combinations that result
in thickening rates within the extended clinical range for the transient full
inflammation pattern.

ko () ki () kf_ () kp_ (step™!) d(day ') B ()

0.015 3.57 3.55 0.0403 0.349 3.23
0.074 11.64 10.60 0.0476 0.390 1.82
0.084 3.12 2.16 0.0145 0.253 1.37
0.033 4.30 2.82 0.0165 0.326 3.09
0.052 5.79 5.03 0.0147 0.145 2.97
0.130 5.34 3.67 0.0533 0.198 1.24
0.169 9.90 3.13 0.0135 0.343 1.28
0.075 18.58 16.82 0.0555 0.215 1.16
0.068 4.89 2.50 0.0671 0.454 3.24
0.001 4.46 7.87 0.0384 0.357 1.86
0.034 4.97 6.46 0.0230 0.296 3.86
0.002 5.09 4.58 0.0155 0.301 1.35
0.018 7.47 7.42 0.0462 0.171 1.52
0.099 5.62 6.91 0.0088 0.406 1.87
0.046 7.88 11.33 0.0367 0.460 1.41
0.168 3.83 2.96 0.0076 0.227 2.98
0.055 2.83 1.66 0.0227 0.276 2.41
0.046 2.01 1.46 0.0541 0.119 2.47
0.112 13.46 18.06 0.0197 0.450 1.21
0.045 3.44 2.43 0.0420 0.339 3.93
0.123 5.11 6.97 0.0031 0.356 1.54
0.090 2.32 2.00 0.0429 0.227 2.69
0.113 7.38 6.85 0.0217 0.249 1.11
0.134 16.44 7.16 0.0124 0.436 1.22
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8.10. Appendix E: Parameter combinations with clinically
observed thickening rates

Table 8.4: Growth and remodeling parameter combinations that result in
thickening rates within the extended clinical range for the transient local
inflammation pattern.

ke () Kk () kf_ () kf (step™) O (day™') B ()

0.015 3.57 3.55 0.0403 0.349 3.23
0.344 5.48 4.69 0.0173 0.094 3.17
0.074 11.64 10.60 0.0476 0.390 1.82
0.084 3.12 2.16 0.0145 0.253 1.37
0.033 4.30 2.82 0.0165 0.326 3.09
0.052 5.79 5.03 0.0147 0.145 2.97
0.226 4.79 2.18 0.0643 0.293 4.57
0.130 5.34 3.67 0.0533 0.198 1.24
0.087 6.06 4.80 0.0679 0.388 3.57
0.169 9.90 3.13 0.0135 0.343 1.28
0.075 18.58 16.82 0.0555 0.215 1.16
0.068 4.89 2.50 0.0671 0.454 3.24
0.290 11.88 9.53 0.0470 0.382 2.40
0.154  20.05 14.50 0.0342 0.394 1.18
0.002 5.09 4.58 0.0155 0.301 1.35
0.005 13.19 12.10 0.0628 0.271 4.33
0.018 7.47 7.42 0.0462 0.171 1.52
0.224 16.13 13.40 0.0241 0.356 1.29
0.099 5.62 6.91 0.0088 0.406 1.87
0.046 7.88 11.33 0.0367 0.460 1.41
0.168 3.83 2.96 0.0076 0.227 2.98
0.055 2.83 1.66 0.0227 0.276 2.41
0.035 6.11 5.31 0.0693 0.195 2.77
0.046 2.01 1.46 0.0541 0.119 2.47
0.129 17.26 17.15 0.0670 0.447 1.50
0.389 4.55 3.45 0.0206 0.243 3.49
0.112 13.5 18.06 0.0197 0.450 1.21
0.261 5.16 2.90 0.0691 0.457 4.24
0.163 5.50 3.77 0.0327 0.162 3.70
0.045 3.44 2.43 0.0420 0.339 3.93
0.123 5.11 6.97 0.0031 0.356 1.54
0.090 2.32 2.00 0.0429 0.227 2.69
0.038 13.91 16.09 0.0472 0.393 1.55
0.009 4.00 6.73 0.0074 0.370 3.50
0.113 7.38 6.85 0.0217 0.249 1.11
0.158 7.42 7.17 0.0104 0.447 3.20
0.239 4.81 4.09 0.0034 0.425 2.44
0.134 16.44 7.16 0.0124 0.436 1.22
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8.11 APPENDIX F: EVOLUTION OF ELASTIN AND COLLAGEN
CONTENT OF TWO EXAMPLE SAMPLES

The evolution of the elastin and collagen content is illustrated for
two example samples with local transient inflammation, in particular
differing by the timing and width of the peak of the inflammatory
response (A: peak at day 14, width at 50% of the peak of 24 days;
B: peak at day 1, width at 50% of the peak of 4 days). The para-
meters of both examples are indicated in table 8.5 and the transi-
ent inflammation pattern is illustrated in figure 8.12. Note that the
inflammation-mediated collagen production, kf., is higher than the
degradation, kf_, in both examples. The peak of the inflammation
pattern of example A extends, however, over a larger time frame
compared to example B.

Example A Example B
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" D : c
7 Collagen production kr+ 7 Collagen production kr+
6 ——Collagen degradation k;_ 5 ——Collagen degradation k;_
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Figure 8.12: Overview of the transient inflammation pattern, I';, of (a) ex-
ample A and (b) example B. The pattern is indicated for the inflammation-
mediated collagen production, kf, , and degradation, kf._, in green and red,
respectively.

The resulting evolution in elastin and collagen content of the dis-
sected membrane is shown in figure 8.13, where the content of elastin
decreases for respective examples A and B to 40.6% and 44.8%. For
collagen, the content increases to 63.5% for example A, while a de-
crease to 51.0% was found for example B. The reason for the over-
all decrease in collagen content in case B is attributed to the short
period of inflammation in combination with the rather large decrease
in stress-mediated collagen production.

The discussed examples both have a transient inflammation pat-
tern. Note, however, that the evolution in dissected membrane mi-
crostructure is completely similar for the full inflammation pattern
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8.11. Appendix F: Evolution of elastin and collagen content of two
example samples

Table 8.5: Growth and remodeling parameters of example A and B.

Example kg (-) ki, () kf_ () ki (step™') 0 (day™) B ()

A 0.052 5.79 5.03 0.0147 0.145 2.97
B 0.113 7.38 6.85 0.0217 0.245 1.11
Elastin Collagen
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Figure 8.13: Evolution of the (a) elastin and (b) collagen content of both
example samples. The evolution of example A and B is, respectively, in-
dicated with a full and dashed line. Note that the constituent content was
determined at day 0, 15, 42 and 90. The values in between were obtained
via linear interpolation

as the same elastin and collagen content was obtained after 90 days
of growth and remodeling.
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CHAPTER

Conclusion and outlook

9.1 SUMMARY

Computational biomechanical models are increasingly used to con-
tribute to patient-specific clinical decision making, in particular for
diseases where the current treatment procedure is suboptimal, which
is the case for type B aortic dissections. The availability of medical
imaging techniques, such as computed tomography (CT) or mag-
netic resonance imaging (MRI) scanning, yields the overall geometry
of the patient-specific dissected aorta. However, more detailed geo-
metrical information, such as the thickness of the aortic wall and its
layers, and other functional parameters, such as the material beha-
vior or the microstructural composition of the wall, can currently
not yet be measured non-invasively in clinical practice. The lack of
these data for individual patients introduces uncertainty in the com-
putational models and their results. This dissertation attempts to
estimate the impact of the introduced uncertainty for some aspects
related to the biomechanical modeling of the dissected aortic wall. In
this respect, the major sources of uncertainty are pointed out, thus
providing guidelines for future advancements of models in the frame-
work of aortic dissections. The uncertainty, as a consequence of the
lack of non-invasive data of the wall geometry and material behavior,
was considered at three levels in chapters 6-8.

Indeed, the impact of limited information on the material beha-
vior was assessed in chapter 6 together with the potential of pulse
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wave velocity measurements to reduce the corresponding uncertainty
for non-dissected aortas. Chapter 7 discussed the importance of the
wall thickness and stiffness as sources of uncertainty for the predicted
wall stresses and displacements of an idealized acute dissection. In
chapter 8, the growth and remodeling process of a slice of the ideal-
ized dissected aortic wall was considered, in an attempt to reproduce
the clinically observed membrane thickening and diameter expansion,
despite the large uncertainty in the existing growth and remodeling
parameter ranges.

A strong impact of uncertain material parameters was found. If
no information on the material is available, the assumed behavior is
the most important source of uncertainty in the predicted deforma-
tion of the acute dissection (chapter 7). Clinical pulse wave velocity
measurements might, however, provide guidance in selecting proper
parameter combinations and are, therefore, able to reduce the un-
certainty in terms of pressure-area behavior (chapter 6). Despite the
potential reduction, the assumed material parameters still remain an
important source of uncertainty for compliant arteries if only pulse
wave velocity measurements at diastolic pressure are available, which
can be further reduced with pulse wave velocity measurements at
higher pressures, as dicrotic notch pressure.

While the dimensions of the dissected aortic wall were of lesser
importance for the predicted deformations, an unknown percentage
of dissected membrane thickness imposed a high uncertainty on the
resulting wall stress, which is considered as an indicator for potential
aortic wall rupture and, thus, the need for treatment (chapter 7).

Next to the uncertainty related to parameters of the acute dissec-
tion, the growth and remodeling process is not yet fully elucidated.
Based on stress- and transient inflammation-mediated growth and
remodeling, a selection of parameter combinations was obtained that
resulted in a physiological dissected membrane thickening and dia-
meter expansion (chapter 8). These results might contribute to the
parameter space reduction of the growth and remodeling parameters
and, therefore, reduce the corresponding uncertainty. Note, however,
that the selected parameter combinations reproduce the clinical ob-
servations rather than clarify the underlying mechanobiological mech-
anisms that induce the dissected membrane thickening and diameter
expansion.
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9.2 DISCUSSION

9.2.1 Advancements in dissected aortic wall models

The presented idealized acute dissected aortic wall model advances
the state-of-the-art, due to its combination of geometrical and mater-
ial complexity. Together with the use of a microstructure-informed
constitutive law, the model framework determines the in vivo con-
figuration of an acute dissection starting from the pre-dissected geo-
metry and, thus, as a consequence of the physiological stress release.
Next to avoiding an artificially deformed configuration, as otherwise
required in idealized geometries, this methodology benefits from a
physiological material behavior, while strong simplifications are often
imposed in patient-inspired geometries . Moreover,
the computational cost per simulation remains limited, which implies
that the impact and importance of uncertain thickness and stiffness
parameters on the resulting stresses and deformation of dissected wall
models can be quantified based on a global sensitivity analysis. This
was not investigated before in the framework of aortic dissections.

Furthermore, the growth and remodeling process of the dissected
membrane and its thickening during the transition from the acute to
chronic phase is reproduced for the first time, together with the cor-
responding diameter expansion rate. Moreover, the presented work-
flow, based on a geometrically simplified model, provides a method to
determine potential growth and remodeling parameter combinations
from clinical observations.

9.2.2 Coupling between pulse wave velocity and
constitutive parameters

The potential of non-invasive pulse wave velocity measurements
to reduce the parameter space was assessed by considering the
Gasser-Ogden-Holzapfel material model. While this is one of the
most commonly applied constitutive laws in arterial biomechanics,
the method is easily transferable to other constitutive laws. The
proposed technique mainly provides an innovative pragmatic
perspective on the modeling of arterial tissues. While previous
methodologies, commonly relying on parameter fitting, often aim to
determine one ground-truth parameter combination, this method
considers the global pressure-area behavior of a set of parameter
combinations [172H176]. On the one hand, the selection of multiple
potential parameter combinations enables the determination of the
corresponding uncertainty on the global material behavior and,
thus, the resulting deformation and stresses. On the other hand, it
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avoids the need to assume that the applied parameter combination
corresponds to the underlying ground-truth parameters, which is
often unknown in clinical practice, while the technique still ensures
a material behavior within the physiological range.

Note, however, that the resulting parameter sets are pragmatic,
i.e. they represent the global material behavior, but not necessarily
the true material microstructure. In applications where the repro-
duction of the global material behavior is sufficient, this technique is
applicable, in particular when the uncertainty is accounted for. In
the current dissertation, the link between the material parameters
and the pulse wave velocity measurements was applied to the dis-
sected aortic wall models too (chapter 7 and 8). When considering
the growth and remodeling of the dissection, a lack of information
on the tissue microstructure might affect the reliability of the result.
Indeed, the (homogenized) constrained mixture growth and remodel-
ing processes are intrinsically dependent on the modeled constituents
and their stresses . The difference in behavior between two
parameter combinations with a similar acute behavior might, thus,
enlarge during growth and remodeling. Due to lacking knowledge
on appropriate parameters for the short- and long-term behavior of
the dissected aortic wall, the applied technique is considered accept-
able. However, the impact of the corresponding uncertainty on the
long-term result should be assessed before applying this technique
systematically in the framework of growth and remodeling.

9.2.3 Uncertainty in dissected aortic wall models

While uncertainty was considered in chapters 6-8 of the dissertation,
the analysis was performed in different ways. For the idealized acute
dissected aortic wall model, the uncertainty was rigorously assessed
based on a global sensitivity analysis, where the wall stiffness and
relative dissected membrane thickness were found to be the most
influential sources of uncertainty. This indicates that these paramet-
ers need to be systematically integrated in the uncertainty analysis
as long as they cannot be determined more accurately from clinical
data. The uncertainty in the relation between the constitutive model
parameters and the pulse wave velocity measurements was considered
based on the global material behavior, which is a tangible represent-
ation of the combined material parameters. Besides, the number of
parameter combinations resulting in the clinically observed range, to-
gether with the corresponding (reduced) parameter space, represents
the uncertainty in a more implicit way. This option was applied to
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both the constitutive material and the growth and remodeling para-
meters. This parameter space reduction does not indicate the major
sources of uncertainty, but narrows down the total search field of
potentially useful parameter combinations for future computational
(dissected) aortic wall models.

Despite the fact that the impact of uncertainty was assessed in
each of the considered models, the combined uncertainty was not
determined. This does not counteract the value of the presented
results, but rather indicates that they should be considered as a lower
boundary for the total uncertainty in dissected aortic wall models.

9.3 LIMITATIONS AND FUTURE PERSPECTIVES

9.3.1 Model assumptions and validation

While the presented dissected aortic wall models advance the state-of-
the-art, they are based on some assumptions regarding the modeled
geometry and material behavior.

The implemented material models accounted for the anisotropic
hyperelastic behavior of a constrained mixture composed of elastin
and collagen together with their deposition stretches and reproduced
the aortic wall behavior of the media and adventitia on the short-
and long-term. Other constituents as smooth muscle cells and glyc-
osaminoglycans were, however, not included in the model. Moreover,
the applied material behavior and pre-stresses were assumed to be
constant throughout the circumferential and axial direction within
the healthy and acute dissected aortic wall models. Only in the case
of growth and remodeling with a local inflammation pattern, the soft
tissue behavior could be heterogeneous in the circumferential direc-
tion as the tissue grew and/or remodeled. Furthermore, the aortic
wall behavior relies on parameters obtained for the healthy thoracic
aorta, due to a lack of data on material parameters of the dissected
aortic wall. As indicated in section 2.2.2, the tissue of the dissected
wall is, however, expected to differ on a microstructural level from
the healthy aorta. While large ranges were considered for each of the
material parameters, which strengthens the hypothesis that the res-
ults are representative for the dissected wall tissue, this emphasizes
the need for experimental data of aortic dissection tissue to confirm
this hypothesis. Irrespective of the applied material parameters, it
is noteworthy that the Gasser-Ogden-Holzapfel constitutive model
and homogenized constrained mixture theory are phenomenological
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approaches, rather than directly reflecting the underlying biological
processes 134).

Moreover, the current conclusions are drawn based on one geo-
metry for the idealized healthy and dissected aortic wall. This implies
that no variations in lumen diameter, axial and circumferential false
lumen size, location and size of the tears and curvature of the aorta
were assessed. As these parameters might be estimated from clinical
CT or MRI scans, their uncertainty is assumed to be limited to the
measurement errors. It is, therefore, not expected that this addi-
tional uncertainty will strongly affect the reported global uncertainty
estimations. Nevertheless, accounting for these measurement errors
is encouraged in further studies, to expand the knowledge of their im-
pact on the uncertainty on the predicted deformations and stresses.
Besides, the geometry was idealized and increasing the geometrical
complexity, and the axial (dissection) length in particular, is expected
to affect the absolute values of the resulting wall deformation. How-
ever, the fact that the idealized models lead to deformations within
the same order of magnitude as the clinical observations supports
the future applicability of idealized, and thus less computationally
expensive models, in assisting surgeons in the prediction of dissec-
tion progression in response to an optimal medical or endovascular
treatment.

To confirm the obtained results, despite the limitations regarding
the implemented material behavior and idealized geometry, valida-
tion of the current models is inevitable before considering the clinical
applicability. The required validation is two-fold. First, the wall de-
formation and stress of the idealized models need to be compared to
more complex, patient-inspired and -specific, aortic dissection geo-
metries. Second, the predicted deformations should be validated
against clinical in vivo observations, from the acute behavior as well
as the growth and remodeling process from the acute to chronic phase.
Validation of the in vivo stress predictions is, up to now, not yet pos-
sible in a clinical context. For both types of validation, attention has
to be paid to the absolute values as well as the corresponding uncer-
tainty. Indeed, the main goal of this dissertation and the presented
models is to consider the importance of uncertain thickness and ma-
terial parameters on the resulting deformations and stresses rather
than reproducing the exact results.

9.3.2 Towards predictive dissection models

After validation of the short- and long-term dissected aortic wall mod-
els, the next steps are the inclusion of aspects such as the axial dissec-
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tion propagation, interaction with the blood flow and treatment ef-
fect. As normotensive blood pressures were considered in the applied
models, the modeled situation is comparable to the optimal medical
treatment where, amongst others, drugs are provided to lower the
hypertensive blood pressure to a normotensive one . In order
to assess the effect of an endovascular treatment, the deployment of
a stent-graft has to be included. This step is particularly useful when
considering a patient-inspired or -specific geometry. In this respect,
a thrombus formation model should be combined with the blood flow
and dissected wall model to evaluate the patient-specific clinical out-
come a priori. Indeed, the presence or absence of thrombus formation
in the false lumen is one of the main clinical factors to assess whether
the desired result of the treatment is achieved . While models
of the stent-graft deployment and thrombus formation have been de-
veloped in the framework of aortic dissections [142] 169, [228] [229], a
combination of those models with an advanced dissected aortic wall
model is yet to be developed.

9.3.3 Reducing the model input uncertainty

As the aortic wall behavior and the relative dissected membrane
thickness were found to largely contribute to the output uncertainty,
the development and integration of non-invasive techniques to ac-
curately determine those parameters in the clinical environment is
encouraged to enhance the reliability of the dissected aortic wall mod-
els. In this respect, improved reconstruction algorithms and ultra-
high-resolution CT scans have, among others, been developed to in-
crease the image quality and resolution, respectively [230232]. Their
applications are, however, mainly oriented towards smaller arteries,
such as the coronary and hepatic arteries. When extrapolating these
techniques towards the aorta, these CT scans might improve the in
vivo estimation of the relative dissected membrane thickness. Al-
though the spatial resolution of MRI scanning is increasing as well, it
currently remains lower compared to that of CT scanning .

A non-invasive manner to determine the aortic wall behavior has
been the subject of multiple studies during the past decades. In-
verse finite element models exist to iteratively determine the mater-
ial properties of the aorta based on the observed deformation
. Similarly as for parameter fittings based on experimental data,
this technique leads to a single parameter combination without es-
timation of the corresponding uncertainty. Moreover, inverse finite
element models are often computationally very expensive as each it-
eration requires to perform a finite element analysis. Rather than
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attempting to directly extract the parameter combination from in
vivo information, the uncertainty might be further reduced more im-
plicitly. For example, Vappou et al. coupled the average pulse wave
velocity over a cardiac cycle to an average Young’s modulus by us-
ing the Moens-Korteweg equation . Requiring that the average
stress-strain relation of proper parameter combinations approximates
this observed average Young’s modulus within the in vivo pressure
range could, then, further restrict the number of potential parameter
combinations.

Note that, even with a reduced input uncertainty of the wall beha-
vior and thickness, it is recommended to integrate uncertainty quan-
tification in the workflow when developing computational models,
rather than aiming towards deterministic models. Indeed, measure-
ment errors are unavoidable, which emphasizes the importance to
quantify the expected variability on the output of interest. This does
not necessarily require hundreds of model evaluations per case, which
would limit the clinical applicability, but testing some extreme situ-
ations might already illustrate the expected variation in the output
of interest. Determining which parameter values will result in these
extreme situations is not straightforward in a multi-dimensional in-
put parameter space. Here, extensive parametric studies, such as
global sensitivity analyses, might contribute to appointing the most
influential input parameters.

9.3.4 The contribution of surrogate models

The use of a surrogate for the finite element dissected wall model is
an attractive idea for uncertainty quantification and global sensitiv-
ity analyses, where many data points of the parameter space need
to be evaluated, and for clinical applications, where simulation time
is a critical factor when aiming towards (quasi-)real-time computa-
tional models . The training of these biomechanical surrogate
models implies, however, some challenges. First of all, many model
simulations are required to obtain a reliable surrogate. This was also
illustrated by the surrogate model of the idealized acute dissected aor-
tic wall, which did not consistently lead to errors below the pixel size
of clinical CT scans (chapter 7). One of the expected main causes is
the incompatibility of a large portion of the parameter combinations,
which leads to non-physiological results. Although these results con-
tribute to the uncertainty reduction, as discussed in chapter 6, they
counteract the development of a surrogate model. The material para-
meters are, therefore, inappropriate as continuous and independent
input parameters, which indicates a second challenge. To circumvent

144



9.3. Limitations and future perspectives

the occurrence of many non-physiological parameter combinations,
pulse wave velocity was used as material representation. Due to this
coupling between the pulse wave velocity and the material paramet-
ers, no regular sampling of the material parameter space can be guar-
anteed, which might lead to untrained subspaces and, thus, a limited
accuracy for model evaluations in this region. Similar to a random
sampling, many samples might be required before covering the full
physiological part of the material parameter space, which makes the
use of surrogate modeling not straightforward.

In the framework of uncertainty quantification, Gaussian process
regression might counteract this drawback by accounting for the addi-
tional model uncertainty in these untrained subspace . Moreover,
model simplifications might be implemented in the finite element ana-
lysis to limit the computational cost of the surrogate model training,
despite the need for large amounts of model evaluations. This further
supports the potential of artificial intelligence, and Gaussian process
regression in particular, for uncertainty quantification purposes in
dissected aortic wall models similar to the application presented in
chapter 7.

Although the real-time prediction of the recommended patient-
specific treatment for type B aortic dissections sounds very prom-
ising, the application of surrogate models in clinical practice in the
near future is debatable. In this case, the surrogate model should be
able to reproduce the results of patient-specific finite element ana-
lyses with a high accuracy. The corresponding model complexity and
the expected increase in required sample size will result in a high
computational cost to train surrogate models, in particular when ac-
counting for the inter- and intra-patient variability in geometry and
material behavior of the dissected aortic wall. Therefore, the avail-
ability of techniques to determine material parameters non-invasively
and guidelines for the required complexity of patient-specific mod-
els, based on sensitivity analyses, is a prerequisite before surrogate
models, and thus artificial intelligence, are expected to advance the
clinical treatment practice of aortic dissections.

Rather than directly aiming at treatment prediction, a first step
in the integration of surrogate models in clinical practice, could be
the application of an improved version of the surrogate model presen-
ted in chapter 7 to non-invasively estimate potential patient-specific
material parameter combinations for dissected aortic walls based on
geometrical imaging information and an inverse Bayesian inference
analysis.
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9.4 TAKE HOME MESSAGE

Although patient-specific modeling might have the long-term poten-
tial to contribute to clinical decision making for aortic dissections,
this dissertation emphasizes the strong impact of the current lack of
non-invasive data on the predictive value of these models. While the
uncertainty regarding the material behavior, on the short- as well as
the long-term, affects the wall deformation, an unknown dissected
membrane thickness results in uncertain wall stresses. This points
out that those measures, which are considered to be potentially de-
cisive for the treatment strategy of aortic dissections, cannot yet be
reliably predicted based on the clinically available data. Rather than
developing complex patient-specific models with deterministic pre-
dictions, probabilistic dissected aortic wall models should be aimed
for as their inclusion of uncertainty provides more informative model
results. Nevertheless, idealized dissected aortic wall models and clin-
ical measurements can be utilized to reduce the uncertainty predicted
by these probabilistic models.
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