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Based on a large literature study, in this contribution, 20 mechanical and geometri-
cal parameters (e.g. SG drag force and SG fixation force) are defined to evaluate the
quality of the in silico EVAR outcome. For a cohort of n=146 realizations of param-
eterized vessel and SG geometries the in silico EVAR results are studied with respect
to these mechanical and geometrical parameters. All degrees of SG oversizing in
the range between 5% and 40% are investigated continuously by a computationally
efficient parameter continuation approach.

The in silico investigations have shown that the mechanical and geometrical param-
eters are able to indicate candidates at high risk of postinterventional complications.
Hence, this study provides the basis for the development of a simulation based metric

to assess the potential success of EVAR based on engineering parameters.
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1 | INTRODUCTION

Endovascular aneurysm repair (EVAR) requires stent-graft (SG) devices that interact perfectly with the vessel such that the
aneurysm sac is permanently excluded from the main blood flow and the abdominal aortic aneurysm (AAA) is prevented from
rupture. Especially in case of unfavorable vessel morphologies, EVAR might fail or lead to possible secondary interventions. In
contrast, EVAR is considered to be successful if the aneurysm stays excluded and has no expansion for several years after the
intervention. Reasons for immediate or long-term failure of EVAR are difficult to identify, but both wrong SG sizing 82104286
and inappropriate vessel morphologies 82322 are frequent explanations in literature. Device manufacturers formulate the lim-
its of applicability of EVAR in their instructions for use (IFU)”%°8 which state for instance that the aortic neck should not
exceed a certain angle and that the neck requires a certain minimum length. From an engineering perspective, the IFU should
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not be formulated in terms of geometrical preinterventional parameters (e.g. neck angle) but rather in terms of mechanical and
geometrical postinterventional parameters which predict the quality of the EVAR outcome and hence predict the success of
the EVAR procedure. In silico EVAR methodologies are able to make predictions of the deployed state under realistic condi-
tions2245 However, the major question of how to evaluate the in silico results with respect to the quality of the EVAR outcome
still is largely unsolved. This aspect raises the claim for the definition of a set of mechanical and geometrical parameters (e.g.
SG drag force402459 SG fixation force 2>, tissue stresses?=2=340 and the quality of seal®'#) to assess the quality of the in
silico EVAR outcome and their validation of being able to indicate EVAR related complications (e.g. endoleaks?8!2, SG migra-
8918612 stress induced aortic neck dilatation*" and SG fracture**®). This bridging of the gap between predictive in silico
EVAR methodologies and interpretation of the potential success of EVAR is the next step towards the usage of in silico EVAR
approaches in clinical practice. In clinical practice, a simulation needs to be easily understandable for the clinician and reliable
to predict the complication likelihoods of EVAR for patient-specific cases.

The objective of this study is to investigate the influence of the vessel morphology and the SG geometry on EVAR outcomes
from a mechanical and engineering perspective. The definition of parameterized vessels and SGs enables large cohort statistical

tion

investigations. For the assessment of the quality of the in silico EVAR outcome, suitable mechanical and geometrical param-
eters are defined based on a comprehensive literature study. These parameters are denoted as EVAR quality parameters in the
following. Furthermore, the impacts of specific parameters, such as the influence of the degree of SG oversizing, the influence
of patient-specific vessel uncertainties, the influence of aortic neck calcification and the influence of the aortic blood pressure
state on the quality of the in silico EVAR outcome is investigated in this study.

A large parameter study of parameterized vessels and SGs might help to give answers to open question such as the best
value for SG oversizing®'1? depending on the morphology of the vessel. Further, it might provide clarification on specific
questions such as whether excessive SG oversizing can compensate the drawbacks of EVAR in unfavorable aortic morphologies.
This hypothesis is presumed by Van Keulen et al.®8 whereas Canaud et al.1? report adverse effects of excessive SG oversizing
especially in unfavorable aortic morphologies such as large neck angles.

In silico EVAR is a challenging and highly complex problem including numerically difficult contact interactions between
SG and vessel as well as strong buckling of the membranous graft. These aspects make in silico EVAR approaches computa-
tionally very expensive. Hence, a large parameter study requires numerical techniques to increase the efficiency and to reduce
computational costs. Vessel morphologies and SG shapes can be very diverse and complex. Finding a parameterization of these
objects which is able to reproduce a wide range of realistic vessel and SG geometries and whose parameters can be related to
the parameters in the IFU is challenging.

In this study, we propose a full parameterization of an AAA by 16 parameters. Further, a full parameterization of a SG by 7
parameters is used. The deployed state of the elastically deformable SG in a hyperelastic, anisotropic vessel with consideration
of intraluminal thrombus (ILT) and calcifications is approximated by the in silico EVAR methodology proposed by our group==.
We apply sophisticated models of SG and vessel which consider stent predeformation27 and vessel prestressing“Z. In total, we
perform 146 in silico EVAR simulations of 146 different realizations of the parameters of the vessel and the SG. The degree of
SG oversizing is investigated continuously in the range between 5% to 40% in a computationally efficient way. To demonstrate
the clinical relevance and to prove the applicability of the presented methods to patient-specific data, we evaluate the EVAR
quality parameters for 4 patient-specific cases and compare the results of the EVAR quality parameters to the ones obtained
from the parameter study with the synthetic vessel geometry.

Some studies have already been conducted to evaluate the influence of vessel and SG parameters on EVAR outcomes based on
in silico approaches (e.g. 18163283170166167) ‘Most of these studies used only a very limited number of EVAR quality parameters and
a very limited number of variations of the vessel and SG geometry. Polanczyk et al.©®®/ used a parameterization of bifurcated
SGs to assess the postinterventional hemodynamics and simulate thrombus formation in the SG by application of computational
fluid dynamic simulations. De Bock et al.'8 varied the neck angle, the SG position and the degree of SG oversizing in a full
factorial analysis of in total 72 simulations in an angulated tube-shaped vessel with linear elastic material properties and without
consideration of ILT and calcifications. To asses the quality of the EVAR outcome, they defined 4 EVAR quality parameters.
Perrin et al.® used finite element analysis to simulate the expansion of five marketed SGs in an idealized aneurysm and to
evaluate quantitatively their mechanical performances. Altnji et al.%> performed a small parameter study in a patient-specific
thoracic aneurysm geometry with respect to stent design parameters and their impact on SG migration. However, rather strong
simplifications were used, such as neglecting the graft.

This paper is structured as follows: in Section [2] we state the basic modeling approaches, define a full parameterization of
vessel and SG, give a large summary of EVAR quality parameters to estimate the quality of the in silico EVAR outcome and
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describe the framework of the proposed parameter study. In Section[3] we evaluate the results of the parameter study statistically,
quantitatively and qualitatively. The discussion of these findings is done in Section[4] Finally, limitations and conclusions of this
study are provided in Section [5|and[6] respectively.

2 | MATERIALS AND METHODS

2.1 | Computational Modeling

We apply the in silico EVAR methodology presented in4 to approximate the deployed configuration of the elastic SG in the elas-
tically deformable vessel under physiologically meaningful but static conditions. Mortar based mesh tying®® is used to model
the attachment between stent and graft. Mortar based frictional contact® with a friction coefficient of u = 0.4%* and a penalty
regularization of the contact constraints is applied between SG outer surface and the luminal vessel surface. A modified updated
Lagrangian formulation®” is used to prestress the vessel to the diastolic pressure of p%®' = 80 mmHg. The hyperelastic consti-
tutive models and material parameters of vessel wall, ILT, calcifications, stent and graft are taken from 32 and are summarized
in Appendix A1l. Constitutive SG parameters are chosen to be in the range of marketed SGs with ePTFE graft and stainless steel
stent*2), Spring boundary conditions with a spring stiffness of 2.0 kPa/mm®" on the abluminal vessel wall boundary are used
to model the surrounding tissue of the abdominal aorta.

As the constitutive model of the vessel wall has a distinct influence on the definition of some EVAR quality parameters that
will be introduced in section we briefly repeat the definition of this kind of strain energy function (SEF) taken from2. The
SEF of the vessel wall

Pyl — (1 — A(d))PA2 + A(d)PANMA €))

incorporates a smooth blend between “healthy" (A = 0) and “aneurysmatic" (4 = 1) aortic wall where the blend parameter
Md) € [0;1] is a function of the local vessel diameter d, ¥ is the anisotropic SEF of the “healthy" aortic wall according
0> and WAAA is the isotropic SEF of the “aneurysmatic" aortic wall according to”?. Consequently, in regions of A = 0 the
constitutive behavior of the vessel wall is fully governed by the “healthy" SEF WA4, in regions of A = 1 the constitutive behavior
of the vessel wall is fully governed by the “aneurysmatic" SEF PAAA and in-between, i.e. A = (0; 1), a transition zone exists.
In this transition zone, the constitutive behavior of the vessel wall is interpolated between the “healthy" SEF WA and the
“aneurysmatic" SEF PAAA,

The vessel geometries are discretized using a conforming and hexahedron-dominated mesh with F-bar-based element tech-
nology'?. The stent is discretized by linear, hexahedral elements with enhanced assumed strain (EAS) technology whereas the
graft is meshed by hexahedral solid-shell elements®! with EAS and assumed natural strain (ANS) technology similar to the dis-
cretization techniques described in“Z. The proposed discretizations of vessel and SG result on average in approximately 400.000
degrees of freedom. A mesh convergence study is provided in Appendix A2. All simulations are performed using an in-house
nonlinear finite element code.

2.2 | Vessel parameterization

Although most EVAR related complications are associated with inappropriate conditions at the aortic neck, we use a realistic
representation of the total AAA due to two main reasons. First, some EVAR quality parameters, such as the SG drag force
and the mean diametric graft compliance, require the consideration of the total aorta covered by the SG and not only the neck
region. Second, all methods proposed in this study shall be applicable to real, patient-specific cases. Nevertheless, to reduce the
complexity of the vessel and SG parameterizations we restrict this study to an AAA and a SG without bifurcation to the iliac
arteries. Both, the vessel and the SG model are generated in Trelis 15.1 (Csimsoft, Utah) in a fully automatic manner using its
Python interface.

We use a parameterized vessel that is rotationally symmetric around the plane and smooth curve C(s) C R?, which is a higher
order spline (Trelis 15.1, Csimsoft, Utah) in the global XY -plane through the five points E,, S, O, Sy, E, according to Figure .
The locations of the five points are defined by the seven parameters: proximal neck angle a;,, distal neck angle a4, proximal neck
length /,,, distal neck length /,, proximal eccentricity e, distal eccentricity e; and aneurysm length /4, ,. Further, the three-
dimensional representation of the vessel is defined by the six parameters: proximal neck diameters d,,, distal neck diameter d,

AAA diameter d 5, proximal shoulder length [, distal shoulder length /i, vessel wall thickness 7, and maximal thickness #;; 1
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FIGURE 1 Deﬁnit}on of the curve C(s) through the five points E,. Sp, O, S, and E; (I). Definition of the curve ¢(3) through the
five points E;,, S, O, S and E4 and 3D geometry of the parameterized vessel (II) (renal arteries are not part of the computational
model). Geometry of the parameterized SG and visualization of the proximal and distal landing zones (blue) of length L,
and L, respectively (III). Placed SG with proximal position below the bifurcation to the renal arteries and visualization of the
blending parameter A to smoothly blend between “healthy" and "aneurysmatic" aortic wall (IV). Definition of domains in the
reference configuration € and in the current configuration Q.

of the ILT. The proximal shoulder length [, and the distal shoulder length /4 define the length of the transition zone between
the diameter of the "aneurysmatic" vessel and the “healthy" vessel in the neck and the distal part, respectively.

The luminal region is rotationally symmetric around the plane curve C(8) ¢ R2 through the five points E,. S, 0, Sq» B4
according to FigureI where the point O is shifted by the eccentricity e; with respect to the point O (Figure. The eccentricity e,
of the luminal centerline is implicitly given by

e = Iyan (520 (a,)K, — sgn (ay)Ky) Q)

where sgn(e) is the sign function and k, = ||(:Tf(s =S|l as well as k, = ||dz—f(s = Sy)|| are the curvatures of the curve C at
the points S, and S, respectively. The heuristic definition of e, in equation (2) is motivated by the fact, that the ILT thickness
generally is larger at the flow averted side than at the flow faced side.

Spots of calcified tissue are considered in the domain of the vessel Qg" according to?Z. To assess the degree of calcification,
we introduce the percentage circumferential proximal neck calcification c‘}’}r((’)x which is the ratio of the luminal surface in the
proximal landing zone of the vessel covered by calcifications and the total luminal vessel surface of the proximal landing zone.

Vessel uncertainties” (e.g. the vessel wall thickness t,, and the vessel wall stiffness) are quantities of the vessel model that
are usually not easy to obtain and which are mostly incorporated in terms of population-averaged quantities. To investigate the

impact of the vessel wall stiffness in a strongly simplified manner, we define the scaled SEF of the vessel wall
@wall — J/\Pwall (3)

where y is a scalar valued scaling parameter. y is spatially constant for any X € an”, i.e. intrapatient variability of y is not
considered.

In total, we define the set GA° = [ap, ay, lp, lys €ps €qs Iaans dp, dy, dppns lsp, Legs o tiirs 53‘(’“, y] which uniquely describes the
vessel model with an AAA by 16 parameters g° € GA° as visualized in Figure [[J[+1I.
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2.3 | Stent-graft parameterization

In clinical practice, the length of a SG generally is chosen as long as possible to obtain relatively long landing zones at the
proximal and distal ends where the maximum length in the given problem is limited by the renal arteries at the proximal end.
For simplicity, we consider an AAA without bifurcation to the iliac arteries. Further, the renal arteries are not part of the
computational model. However, the points E, and E define the locations of the renal arteries and the bifurcation of the iliac
arteries, respectively (Figure E][I+IV). Therefore, in the model the location of the two points E; and E; define the maximal
possible coverage length of the SG (Figure E][V). The aorta proximal of the point E; and distal of the point E; must not be
covered by the SG as this would occlude the renal arteries and parts of the iliac arteries, respectively. Under the assumption that
the maximal possible coverage length of the SG is used, the length L5C of the SG is implicitly given by the length of the luminal
vessel centerline C between the two points E, and E; (Figure I):

Ey YEd >
SG R dXe
L> = ds = 1+ F dYC‘. 4)
Ep ¢

YEp

X¢ and Y, are the coordinates of the curve C in the XY -plane.
We define the nominal degree of SG oversizing as the ratio between the nominal diameter DS of the SG and the inner vessel
wall diameter d;, in the aortic neck:

SG
o= _ )
dy
Consequently, for a given degree of SG oversizing, the nominal diameter of the SG is implicitly given by
D%¢ = (0 + 1)d,,. (6)

Most marketed SGs are manufactured with a stent diameter DS larger than the associated graft diameter. During the assembling
process of stent and graft, the stent rings are radially compressed resulting in an assembled SG with residual strains and stresses.
This effect, known as stent predeformation23, has to be considered in an in silico EVAR simulation. The degree of stent
predeformation  is defined by the ratio of the stress-free diameter DS of the stent, i.e. the diameter of the stent before the
assembly of stent and graft, and the nominal diameter DSC of the SG:

DS
w= D6 1. (N
The shape of each stent limb is defined by
cos(e)
x5 = Lsing) | ¢ el0;27], ®)

£ sin(p®)
where hS is the height of the stent limb and p® is the number of sinusoidal periods per stent limb. All #S stent limbs are equally
distributed along the graft length. Graft thickness of t = 0.05 mm and thickness of 5 = 0.33 mm of the stent wires with
quadratic cross section are chosen to be in the range of marketed SGs? and are not modified in this study.
In total, we define the set G3C = [hS, pS, 1S, w, tC, 3] which uniquely (uniquely with exception of its diameter DSC) describes
the geometry of the SG in the preinterventional configuration Q56 = QF U QF by 6 parameters g¢ € ¢59 (Figure E][H). In
contrast to the discrete parameters g € G = GA°UGSY, the degree of SG oversizing o(D59), which implicitly defines the nominal

diameter of the SG (equation (6)), is treated as continuous parameter by a SG parameter continuation approach described in
Section 2,31

2.4 | Definition of EVAR quality parameters and their impact on EVAR related complications

In this section, we define mechanical and geometrical parameters to estimate the quality of the EVAR outcome. These parameters
will be denoted as EVAR quality parameters ¢ € Q. We do not evaluate medical, biological or other parameters that also
might have an influence on the quality of the EVAR outcome. The EVAR quality parameters have to satisfy the following basic
demands:
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TABLE 1 Summary of all EVAR quality parameters ¢ € Q and their potential influence on the EVAR outcome.

EVAR quality Reference .Symbf)l E.qua- .Potentlalb Associated complica-
[dimension] tion influence .
parameter tions
wall
Max. vessel stress ST 0g  [kPa] - l
2 Max. vessel overstress c_rgg'n [kPa] 13 |
2 . — A,wall
g Max. vessel relief* ) |67 | [kPa] 14 ) Aortic neck dilatation
3 Max.  aneurysmatic 6;5‘”3" [kPa] 14 l
72}
s overstress? T
g Max. normal contact 2339 th90 [kPa] 15 !
= traction o
Max. stent stress 23140 oy, [GPa] - ! SG fatigue
w . . A
; § Proximal fixation force (AT Fpmx [N] 17 1
% iﬂ Distal fixation force Fyiy [N] 17 ) SG migration
B
£ & | Lateral drag force S —— Fyragx [N] 16 l
Axial drag force Fyragy IN] 16 l
Proximal fixation area 3180 a;iglx [mm?] 18 1
S
S i GA
° Proximal ' max. s [mm] B | Endoleak type I
= graft-vessel distance 7418
S — ,
5, § Proximal - max. >4 [mm] ﬂ) l
stent-vessel distance
o Effective SG oversiz- [89]c 5E£f)x [%] (1& - Endoleak type I, SG
= ing migration
g Min. stent expansion [BIII8Hd e [%] 4 !
&n . .
% Max. stent assymetry I8 ¥ 7 1 SG fatigue, SG kinking
Max. conical stent (2253 e.d s - 29 i)
shape T
Max. graft movement? G-pul 31
o E & - Upax_[mm] ! SG fatigue
= 2 | Max. stent movement? uy ™ [mm] 32 !
= g Mean diametric graft 4013616119423 C [%/100mmHg] | (34 - Aortic  compliance
A = compliance I missmatch

*newly introduced EVAR quality parameter; no other publications about this or a closely related parameter is available (to the
best of the authors knowledge)
b expected or reported influence of the parameter on the quality of EVAR; 1: high value has positive influence on quality of
EVAR; |: high value has negative influence on quality of EVAR; —: no unambiguous influence reported

¢ only qualitative assessment/discussion of the EVAR quality parameters but no quantitative considerations of the parameters
consideration of closely related parameters

d

e Ability to provide indications of potential EVAR related complications

e Quantifiable from in silico EVAR outcomes

e Applicability to patient-specific cases

The following EVAR related complications are considered in this study:
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e Endoleak type [281281176 e SG fatigue”>©
e SG migration1®> e SG kinking14>2
e Aortic neck dilatation! 7826212117741 e Aortic compliance missmatch 833010118723

The in silico EVAR results, i.e. the deployed state of SG and vessel, are postprocessed according to the EVAR quality param-
eters ¢ € Q. We focus on scalar-valued parameters to guarantee simple quantitative and statistical investigations. The EVAR
quality parameters ¢ € Q assess the complication likelihood and hence estimate the potential success of the EVAR outcome.
EVAR is considered to be successful if the patient is free of EVAR related complications for several years after the interven-
tion. Nevertheless, all EVAR quality parameters ¢ € Q are quantities measured directly after the in silico SG deployment, i.e.
they are postinterventional quantities. No growth and remodeling of the aortic tissue is considered which could be used to trace
the change of the EVAR quality parameters over time. It is assumed that the EVAR quality parameters as postinterventional
quantities already can give hints on potential complications that will occur after several years.

In total, we define 20 EVAR quality parameters. We distinguish between vessel and stent-graft stresses and tractions
(Section [2.4.1), fixation and drag forces (Section [2.4.2)), parameters to evaluate the quality of seal (Section[2.4.3), geometrical
parameters of the deployed SG (Section [2.4.4) and parameters depending on the pulsatile blood pressure (Section[2.4.3).

In Table[T} all 20 EVAR quality parameters g € Q are summarized, their potential impact on the quality of the EVAR outcome
is indicated and their related complications are named. In practice, single EVAR complications cannot clearly be separated, of
course. For instance, SG migration goes mostly hand in hand with a type I endoleak. However, in Table([T]the intention is to state
the relation of the EVAR quality parameter to the EVAR complication it has initiated.

The length of the proximal and distal landing zones of the parameterized vessel and SG of Section [2.2] and [2.3] in the
preinterventional configuration are given by (Figure|T))

Sp Eq4
Lprox = /d§ ~ lp, Ldisl = /d§ ~ ld' (9)
E, Sq

Further, the area of the proximal and distal landing zones of the SG in the preinterventional configuration are given by

A =zD5OL

prox prox» Agist = xD%¢ Lgig (10)
The area of the proximal landing zone of the SG in the current configuration QSG ie.in the deployed state, can be calculated

by Nanson’s formula:

Aprox = / ||nG||daprox = / ||JG(FG)_TNG||dAprox’ (11)
IS

G
ch,pmx ex,prox

where nC is the unit outward surface normal on the differential area element da
configuration, N G is the unit outward surface normal on the differential area element dA

of the outer graft surface in the current
prox Of the outer graft surface in the
reference configuration, F G is the deformation gradient and JC = det(F G) is the determinant of the deformation gradient.

G and I'S are the outer graft surfaces of the proximal landing zone in the current and in the reference configuration,

Yex,prox ex,prox
respectively (Figure[I). Same holds for the area of the distal landing zone of the SG in the current configuration

Agise = / [|7O(F9) TN |d Ay, (12)
G

prox

ex,dist

where the subscript (e)y; indicates the distal landing zone.

2.4.1 | Vessel and stent-graft stresses and tractions

We apply the Cauchy von Mises equivalent stress measure denoted by o which is frequently used to asses the stress state in

vessels®H07 and SGs#U5%, where o describes the stress state after the SG deployment. Instead of considering maximum values

of stresses, we use stress percentiles which had been proven to be more suitable in the evaluation of vessel stresses #4220,

Accordingly, o™ denotes the 99-percentile Cauchy von Mises vessel wall stress which is the stress such that in 99% of the
gly, 0y p y
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domain an“ the Cauchy von Mises stress is smaller than a;g““. A precise mathematical definition of the proposed quantiles is
given in Appendix A3.

Aortic neck dilatation is a severe problem after EVAR which is a associated with an enlargement of the vessel in the proximal
landing zone and subsequent SG migration or endoleak type Ia. Among other reasons, the additional vessel stress induced by

17162

the oversized SG is often named as source of aortic neck dilatation . Hence, we introduce the vessel wall overstress "2!! by

"N(X) = 0(X) — 0, (X), VX € Q) (13)

Opre
to measure the additional vessel stress induced by the oversized SG, where o, (X) are the von Mises Cauchy stresses before
EVAR and ¢(X) are the von Mises Cauchy stresses after EVAR (Figure E][). Here, O'pre(X ) and o(X) both are Cauchy stress
measures of the current configuration evaluated at the same material point X &€ ann. Accordingly, is the 99-percentile
vessel wall overstress.

A second possible explanation of aortic neck dilatation is the continuation of the aneurysm disease process“'”?. Actually the
SG should protect the diseased vessel by removing the pulsatile blood pressure from the vessel and stopping the disease process.
However, if the SG fixation zone is in a partly diseased region, i.e. in a region with partly “aneurysmatic" vessel material, the
diseased vessel might not be properly protected. On the contrary, the additional vessel stress induced by the oversized SG might
even increase the progression of the disease process in this region since besides biochemical processes vessel stress is considered

as one of the triggers of aneurysm growth®°°, Hence, we explicitly measure the aneurysmatic vessel wall overstress 542!l by

FM(X) = Ad(X)) (0(X) = 0, (X)) = Ad(X) 5U(X), VX € Qi a4

—wall
Og9

where A(d(X)) € [0; 1] is the blend parameter to distinguish between “healthy" (4 = 0) and “aneurysmatic" (4 = 1) vessel mate-
rial as defined in equation . Accordingly, 6;;”3“ denotes the 99-percentile aneurysmatic vessel wall overstress and describes
the maximum additional stress in the “aneurysmatic” vessel wall material compared to the preinterventional vessel wall stresses.
Major goal of EVAR is the reduction of vessel wall stresses in the aneurysm sac. Hence, we also quantify the maximum relief
|6'f’wau| of the stresses in the “aneurysmatic” vessel wall material where 6f’wa“ denotes the 1-percentile aneurysmatic vessel wall
overstress. We clearly want to point out that the definition of the “aneurysmatic" region by A(d(X)) is purely heuristic according
to the preinterventional local vessel diameter d(X). Hence, the stress measure 6**¥(X) is affected by this heuristic decision
that vessel wall material with an abnormal large vessel diameter is considered to be in an “aneurysmatic" state.

The 99-percentile stent stresses agg of the stent in the deployed state are considered to estimate the tendency of SG fatigue.
The permanent interaction of vessel and SG with high contact pressures might induce local remodeling of the surrounding tissue
or even might lead to erosion of the vessel wall often associated with the emergence of aortoenteric fistula®!2?, Hence, the

magnitude of the normal contact traction
() = ([, Vx € Y5, (15)

between SG and vessel after the deployment and its 99-percentile value 7, o9 are considered in this study. In , t, are the
normal contact tractions between SG and vessel and yg( is the outer graft surface in the current configuration.

Although the 99-percentile and 1-percentile are used for stresses and tractions in this study, we will speak of maximum and
minimum stresses and tractions in the following for simplicity.

2.4.2 | Drag and fixation forces

In the deployed state of the SG, the SG has to sustain the permanent and pulsatile load of the blood flow and pressure. We neglect
inertial effects and shear tractions acting on the luminal graft surface since their contribution to the SG drag force is assumed to
be negligibly small compared to the hydrostatic blood pressure#40%/4436 Hence, we approximate the SG drag force by

Fyp = /fG daS » —p/nG daS (16)

r e

G . . . . . .
where ¢ is the nonlinear traction load of the blood on the luminal graft surface ylG . nY is the unit outward surface normal on the
differential area element daIG of the luminal graft surface in the current configuration and p is the hydrostatic blood pressure.
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In order to resist the SG drag force F,,, and prevent the SG from migrating, SGs generally are designed with an oversize
with respect to the vessel diameter (equation (3)). The SG oversizing results in a passive fixation force

Fprox = / ||tn|| daprox’ Fdist = / ||tn|| dadist (17)
G

G
yex,prox Yex.disl

in the proximal and in the distal landing zone, respectively (Figure [2II). In (I7), ¢, is the normal contact traction at the contact
interface between SG and luminal surface of the vessel.

2.4.3 | Quality of seal

To obtain an optimal seal between SG and vessel in the proximal and distal landing zone, the fixation areas in the landing zones
of the SG should be as large as possible. Here, we exemplarily consider the fixation area in the proximal landing zone, also
denoted as endograft apposition surface®, which is given by

av = / (1 — sgn(g,))day. (18)
Vo prox

In (T8), g, is the gap function between the potential contact surfaces in the current configuration and sgn(s) is the sign function.
According to the Karush-Kuhn-Tucker conditions of unilateral contact®?, the gap function is g, > 0 and consequently for points
being in contact, sgn(g,) is zero and for points not being in contact sgn(g,) is one. In contrast to the area a,,, of the proximal
landing zone (equation ), the fixation area a;‘;ﬁ)lx is only the portion of a .., that is in contact with the vessel (Figure II).
From a mechanical perspective, a;filx should be as large as possible, such that SG fixation forces are distributed over a larger
area and hence the fixation is more uniform and stable against SG migration.

Type I endoleaks occur when a gap between SG and vessel in the landing zones allows blood to flow into the aneurysm sac.
Hence, to further assess the quality of seal, we determine the closest point distance s of each point x© € QSOX of the graft
as well as the closest point distance s5* of each point x5 € ngx of the stent on the luminal vessel surface with x° € y/** and
evaluate their maximum values by

prox

s = max s%(x% = max (@0 (x9 - x49)) (19)
max  GeQG GeQG
‘prox ‘prox
and
$SA = max s(x%) = max (n*°E%)- (x5 - %)), (20)
max xS Eggrox xS 'Qrs)rox

respectively. QSOX and ngx are the current configurations of the proximal landing zone of the graft and the stent, respectively
(Figure . n”° is the outward surface normal on yi’*" in the current configuration (Figure II, detail Z). In 1i , JVcAO’G(xG) is the
point on the luminal vessel surface yf*‘) that is closest to the point xC € QF, i.e.
#4°6(x0) = argmin||x® — x*°|]. (21)
xhogyf
Analogously, in li %#2*5(x5) is determined by
#A°5(x%) = argmin||x5 — x°|]. (22)

Ao Ao
xhoey,

. SA GA . . .
In the following, we denote s>2 and s as the maximum stent-vessel gap and the maximum graft-vessel gap, respectively.

2.4.4 | Geometrical parameters of the deployed stent-graft

Given the centerline Cp, of the SG in the deployed state which is parametrized by its arc length sp,, € [0; LEC], in slices y3%(sp,)
orthogonal to the centerline Cp,, the average radius ?S(sDe), the minimal radius ri}in(sDe) and the maximum radius ri 2 (Spe) of
the stent are evaluated (Figure [2IV). The calculation of the centerline Cp, of the SG in the deployed state is not discussed in
this contribution. The interested reader can find detailed information on this topic in33. We only evaluate the geometrical shape
of the stent since the geometrical shape of the graft is dominated by its buckling pattern and does not represent the effects that
shall be investigated in this section.
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The degree of stent expansion (Figure 2[V) is defined by

d5(spe) _ 275 (5pe)
DSG — DSG

where DSS is the nominal diameter of the SG and d5(sp,) is the average diameter of the stent in the slice y5%(sp,). The minimum

stent expansion

eS(Spe) = . Vspe € [0; LYY, (23)

S _ : S

min =, Sottzer® (0 ey

expresses the degree of compression of the stent rings and hence might have an influence on the fatigue behavior of the SG.

i ., of the stent expansion are primarily be found in the landing zones where the full expansion of the stent is

restricted by the surrounding vessel.
Furthermore, the effective degree of SG oversizing at a specific location sp,, can be calculated by

__D* __ 1 . 15G

et (Spe) = o) 1= Sm0) 1, Vspe € [0; LY. ].

In contrast to the nominal degree of SG oversizing o (equation[5), the effective degree of SG oversizing o, expresses the degree

of SG oversizing in the deployed state of the SG. Since the vessel is elastically deformable, the insertion of a SG generally

leads to an enlargement of the vessel diameter in the landing zones. Hence, if the SG is perfectly aligned to the luminal vessel

surface the effective degree of SG oversizing o, is generally smaller than the nominal value of SG oversizing o in an elastically

deformable vessel. For a rigid vessel, nominal and effective degree of SG oversizing would be identical in this case. The mean
value of the effective degree of SG oversizing in the proximal landing zone is denoted by

L

prox

—eff 1
it = [ ourspsn. 26)

prox

Minimum values e

(25)

The best seal between SG and vessel and the most uniform fixation of the SG in cylindrically shaped landing zones can be
assumed for a perfectly cylindrical shape of the SG in the deployed state. Any asymmetric shape of the SG in the deployed state
might have negative effects on the seal and the fixation®*® but also on the fatigue behavior of the SG since asymmetric stent
shapes go hand in hand with nonuniform loading of the SG with local stress hot spots. The stent asymmetry y® and its maximum
value are defined by

5pe€l0;L30] spe€l0:L \ 7S (Spe)

75 ax(Spe)
o= max_y(sp)= max (M—l : 27

This means that y5(sp,) is a measure of the ovalization of the stent which is 0 in the case of a perfectly circular shape and
¥3(spe) > O for any elliptic shape of the stent (Figure V).
If the SG is forced in a conical shape, this can also lead to negative effects on the fixation and the fatigue behavior of the

SG>322, The conical shape of a stent limb i € [1; %] is defined as
=S
o )
¢ = W -1, (28)
ongs, e

where 7° is the number of stent limbs of the SG and S, is the interval of the arc length sp, of the centerline Cp, that corresponds to
the position of stent limb i. For a perfectly cylindrical stent limb cis = 0 and for a stent limb of conical shape cis > 0 (Figure V).
The stent limb with the maximum conical shape is denoted as

¢S = max ¢S 29)

max-—erns] !

Furthermore, strongly asymmetric and conical stent shapes might be an indicator of local SG kinking.

2.4.5 | Parameters depending on the pulsatile blood pressure
The SG is subjected to the permanent pulsatile nature of blood flow with the relative displacement

uP(X) = u(X) —u™(X), VX € Q5F. (30)
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FIGURE 2 Qualitative visualization of the EVAR quality parameters g € Q: Vessel and stent-graft stresses and tractions (I),
fixation and drag forces (II), quality of seal (III), geometrical parameters of the deployed SG (IV) and parameters depending on
the pulsatile blood pressure (V).

where u*¥$(X) is the displacement of material point X at the systolic pressure state and u%®(X) is the displacement of the same
material point X at the diastolic pressure state.

We quantitatively determine the maximal movement of the stent up! Grpul

max and the graft u >~ during one heart beat by

G,pul — pul
2 = ma ™ O @31
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and

i = max | [u™ O, (32)

max XEQO

respectively (Figure[2]V). Obviously, large permanent movements of a material point X together with high strains and stresses
at this point might increase the risk of SG fatigue dramatically.

Arterial compliance is defined as the ratio of change in arterial blood volume to change in arterial blood pressure?°13, It is
well known that the insertion of a SG reduces the compliance in this region generally denoted as aortic compliance mismatch.
This might have negative effects such as increased pressure wave reflection, decreased distal perfusion and increased pulsatile
stresses and vessel distension of the vessel at the interface between the native, compliant vessel and the SG with reduced com-
pliance®238236 The Jatter effect of increased pulsatile vessel stresses and vessel distension is mentioned as main initiator of
aortic neck dilatation by some studies®423, Instead of measuring the volume change mostly the change in diameter or the change
in cross section is used to determine arterial compliance®23V45461136 " Apa]ogously, we calculate the compliance of the graft in
the deployed state by

( d‘sys.G(SDe)_d'diasl.G (Sl)e) )

d'diasl,G ( b )
2 De

C(5pe) = TR Vsp, € [0; L], (33)
where pdiat is the diastolic blood pressure, p** is the systolic blood pressure and sp, € [0; L]S)(;’] is the arc length of the SG

centerline in the deployed state. 4G (sp,,) and d*¥*9(sp,, ) are the average graft diameters in orthogonal slices y5%(sp,) at the
diastolic and the systolic blood pressure state, respectively. We only consider average diameters of the graft d%*tS(sp,,) and
d¥*S(sp,) (not the average diameters of the stent) since the domain of the lumen is fully described by the graft. Obviously, in
the landing zones the compliance C(sp,) is smaller than in the aneurysm sac, since in the landing zones the compliance is a
superposition of the compliance of the SG and the surrounding vessel. In the aneurysm sac, where generally there is only partial
contact between SG and vessel, the compliance C(sp,.) is dominated solely by the compliance of the SG. Hence, depending
on the position sp, € [0; L]SDS], the compliance C(sp,) is either a superposition of the compliance of SG and vessel or the
compliance of the SG only (Figure ). Quantitatively, we only consider the mean diametric compliance C given by
Ly
C L / C(spe)ds. 34)

- 156
De 0

2.5 | Framework of the parameter study

Using the 22 geometrical parameters g € G = G*° U G5C and the nominal degree of SG oversizing o, the vessel and the SG are
uniquely defined in their preinterventional configuration Qg" and QgG, respectively (Figure . In the following, variations of
vessel parameters g”° € GA° and SG parameters g0 € G5O around the basic vessel and SG with the parameters g (Table are
considered and their influence on the EVAR quality parameters ¢ € Q is investigated. Since a full factorial analysis for the given
number of parameters g € G and the number of parameter variations is not achievable, we use a basic vessel and SG geometry
from which single parameters g € G are modified while all others are kept constant. For each realization of the parameters
g € G, the deployed SG configuration is evaluated at the hydrostatic, diastolic blood pressure level of pYi*' = 80 mmHg and
at the hydrostatic, systolic blood pressure level of p** = 130 mmHg since some EVAR quality parameters might be critical in
the diastolic state, others in the systolic state. We consider 73 different realizations of the parameters g € G (Table@ which
together with the two considered blood pressure states results in n = 73 -2 = 146 required simulations. n*° = 120 and n5% = 26
different realizations of the vessel parameters and the SG parameters are used.

Figure [3| provides an overview of the proposed framework to assess relations between the vessel as well as SG parameters
g € G and the EVAR quality parameters ¢ € Q. For each realization of the parameters g € G we use the in silico EVAR
methodology proposed in#2 to deploy the SG with a nominal degree of oversizing of 0, = 5%. Subsequently, we investigate the
degrees of SG oversizing in the range between o, = 5% to 0, = 40% in a computationally efficient way by using SG parameter

continuation®4, Using parameter continuation, it is possible to model all degrees of SG oversizing in the range o € [0;,0,] =
DSG DSG
[ 1

- - 1, dL — 1] within one in silico EVAR simulation. Starting from the results of an in silico EVAR simulation, i.e. the
P P
deployed state of SG and vessel, with a SG of diameter DfG the stress-free reference configuration of the SG is continuously
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TABLE 2 Overview of vessel and SG parameters: basic paramters § that describe the basic vessel and SG configuration,
range [ in; &max] and number of variations #g; of the parameters used in the parameter study. Parameters highlighted in gray
are varied in the parameter study.

Vessel parameters g° € GA°

a | oy s Iy d? e® Iaan | dana lsg’d Iy 1y, tor 4 c"’)‘r‘(’)xe

1 | [°] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [-] [%]
g 50 | O 25 15 24 5 60 45 20 20 1.5 10 1 0
Emin| -80 | O 5 15 16 0 40 45 10 20 0.68 0 0.125 0
gmax| 80 | O 30 15 32 12 100 45 40 20 2.6 28 8 70
#g, | 13 1 6 1 5 6 4 1 8 1 7 6 7 7

SG parameters g6 € 56 ¢ same vessel diameters d = d,, = d, are used in the proximal and distal neck
hS pS | @ S s ® same neck eccentricities e = e, = e, are used

[mm] | [-] [-] [%] | [mm] | [mm] | © use of shortened neck length [, =5mmto increase potential influence of I,
g 16 10 5 5 0.33 0.05 | ¢4 variations of I, at a, = 0° and 4 variations of [, at a, = 50°
Emin 8 4 | (5)f 0 0.33 0.05 | © variation of percentage circumferential proximal neck calcification E}’;‘(’)X and
8max| 28 14| 35 | 25 0.33 0.05 location of the calcification spots
#g, 6 4 | (DF| 6 1 1 1S adapted to SG length L5C (equ. ); gap between stent limbs is kept constant

changed to the larger diameter DgG which corresponds to the nominal degree of SG oversizing of o, (Figure H). The stress-
free reference configurations of stent and graft are modified such that the degree of stent predeformation @ remains constant
during SG parameter continuation.

Such a study would be computationally extremely expensive if SG parameter continuation is not used since for each considered
degree of SG oversize, a separate in silico EVAR simulation would be required. Assuming that the degree of SG oversizing
should be investigated in increments of 5% in the range from 5% to 40%, such a study would require eight in silico EVAR
simulations per considered parameter realization. Together with the large amount of considered realizations of the parameters
g € G in this study, this would result in 8 - 146 = 1168 required in silico EVAR simulations which is not achievable with a
reasonable amount of computational power. Further, SG parameter continuation not only provides results of discrete nominal
degrees of SG oversizing but provides the results continuously over different nominal degrees of SG oversizing within the
provided range o € [0, 0,].

Each deployed SG configuration with o € [0}, 0,] is postprocessed according to the EVAR quality parameters ¢ € Q to
assess the quality of the EVAR outcome with respect to EVAR complication likelihoods (Figure B[V). Hence, as a result of the

proposed parameter study, we obtain the EVAR quality parameters g(g°, g5¢, 0) as a function of g*°, g0 and o where g”° and
SG

g°" are discrete function parameters and o is a continuously given function parameter.
For the purpose of a statistical analysis, we consider the coefficient of variation
6,(0)
CVqlo)= —, Vg€ (35)
Hq(0)
where
#g(0) = mean g,(0), Vq€Q (36)
is the mean value and
o, 0)= sid g0, VgeQ, (37)

is the the standard deviation. g; is the value of EVAR quality parameter ¢ € Q for the specific realization i = 1,2, ..., n that is
described by the vessel and SG parameters g;. Coefficients of variation CVg(0), mean values o,(0) and standard deviations o,(0)
are continuously given for all considered degrees of SG oversizing o € [5%; 40%] since the EVAR quality parameters g;(o) are
evaluated continuously in this range of SG oversizing.

Further, in order to investigate correlations, the degree of SG oversizing is not considered as continuous but also as discrete
design variable. This leads to i = n - n, = 146n, realizations at which the EVAR quality parameters ¢ € Q are given by
discrete values g; where n, is the number of discrete evaluations of the continuously given nominal degree of SG oversizing o.
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FIGURE 3 Framework of the parameter study: vessel and SG parameter selection (I), vessel and SG model generation with
an initial degree of SG oversizing of o; = 5% (II), parameter continuation to continuously change the degree of SG oversizing
from o; = 5% to 0, = 40% without having to perform an in silico SG deployment again (III), evaluation of the EVAR quality
parameters g € Q for the deployed SG configurations of all SGs with o € [0,; 0,] (IV).

The Pearson product-moment correlation coefficient between the EVAR quality parameter ¢ € Q and the nominal degree of SG
oversizing o is given by

;%—@@—@

> Vq € Q’ (S [0]702]7 (38)

Foo = = =
\/;(qi - q)? -_Zl(oi - 0)?

where g and 6 = 22.5% are the mean values over all 7i realizations of the EVAR quality parameter ¢ € Q and the degree of SG
oversizing o, respectively. The correlation between two EVAR quality parameters § € Q and ¢ € Q is given by

DGR CA)
- = . V4.4€Q (39)

R i i
\/;(éz - 5)2\/21(‘}1 - qc)z

where § and ¢ are the mean values of the EVAR quality parameter § € Q and the EVAR quality parameter § € Q, respectively.
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FIGURE 4 Correlation coefficients r,, between EVAR quality parameters ¢ € Q and the degree of SG oversizing o (I)
and correlation coefficients r, ; between EVAR quality parameters 4 and ¢ (II) as defined in equation @ and equation @),
respectively.

3 | RESULTS

Due to the large amount of data, we only show the most interesting findings in this section. The interested reader is referred
to Appendix A4 for a more detailed summary of the simulation results. This section is organized as follows: first, statistical
studies on the total cohort of n = 146 realizations are performed with respect to the influence of vessel and SG parameters as
well as the degree of SG oversizing on the EVAR quality parameters (Section [3.1)). Afterwards more specific quantitative and
qualitative results are presented for variations of the degree of SG oversizing (Section [3.2), variations of the vessel (Section
[3:3), variations of the SG (Section [3.4) and variations of the arterial blood pressure state (Section [3.5). Finally, the presented
methods are applied to four patient-specific cases (Section [3.6).

3.1 | Correlation results and the overall impact of vessel and stent-graft parameters

Strong positive correlation with correlation coefficients r,, > 0.75 is given between the degree of SG oversizing o and the
~wall —\,wall

following EVAR quality parameters (Figure H): maximum vessel overstress ¢, maximum aneurysmatic overstress 6,
maximum normal contact traction #; o9, maximal stent stress 039 and the effective degree of SG oversizing 6;££X. No correlation
is given between the nominal degree of SG oversizing o and the SG drag force F,, (r,, = —0.05) as well as between the
nominal degree of SG oversizing o and the proximal fixation area a;‘fgx (r,, = 0.04). The last point indicates that a larger area
Aprox that results from a larger SG diameter D56 (equation ) does not necessarily lead to a larger proximal fixation area a

since buckling of the graft reduces the graft-vessel attachment in case of larger degrees of SG oversizing o.

Figure ]I shows the correlation between the single EVAR quality parameters g € Q. Strong correlation between maximum
aneurysmatic overstress 6'3’9“11 and the maximum normal contact traction 7, o (r; ; = 0.81), between the maximum aneurysmatic

overstress 5" and the maximum stent stresses ag‘g (rz5 = 0.76) as well as between the normal contact traction 7, o9 and

99
the maximum stent stresses 0959 (rz = 0.75) is given. Further, the effective degree of SG oversizing o°ff strongly correlates
’ _wall s

with the maximum aneurysmatic overstress Gy (rM = 0.76), the maximum normal contact traction #; g9 (rM = 0.78) and
the maximum stent stresses 0'959 (rz4 = 0.75). Strong, but less surprising correlations are given between the maximum vessel
~ wall

stress oy and the maximum vessel overstress 63" (r;; = 0.94), the maximum vessel overstress ogo™! and the maximum

seal
prox
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FIGURE 5 Coefficient of variation CVq (equation ) over all n%%t realizations with different vessel geometries (blue bars)
as well as over all n5G-4i8¢ realizations with different SG geometries (yellow bars) for a nominal degree of SG oversizing of
0 = 15% at the diastolic pressure level of p¥i** = 80 mmHg.

aneurysmatic overstress 6;"9‘”311
movement i (rzq =0.89).

In Figure [3] the coefficient of variation CVq (equation (33)) is considered for all EVAR quality parameters ¢ € Q at the
nominal degree of SG oversizing of 0 = 15%. In Appendix A4, the coefficient of variation CVg(o) is continuously given over all
degrees of SG oversizing in the range o € [5%,40%). The coefficients of variation CVq over all nA%diast
over all n8G:43t = 13 realizations are considered separately. #2418t = 61 are all variations of the vessel parameters g° € GA°
and #5641t — 13 are all variations of the SG parameters g5¢ € G5C at the diastolic blood pressure state pdi* = 80 mmHg.
Hence, the coefficient of variation CVgq over all n2%4i3t = 6] realizations (blue bars in Figure |5) indicates by how much the
EVAR quality parameters ¢ € Q are influenced by the vessel parameters g*° € GA° and the coefficient of variation CVgq over all
nSGdiast — 13 realizations (yellow bars in Figure indicates by how much the EVAR quality parameters ¢ € Q are influenced
by the SG parameters g5¢ € G5¢.

According to Figure[5] the following EVAR quality parameters are strongly influenced by the vessel parameters g° € GA°

with coefficients of variation CVg > 0.35 (blue bars in Figure : the maximum vessel relief |6'?’W&lll |, the SG drag force magni-

(rz45 = 0.85) as well as between the maximum graft movement uﬁﬂll and the maximum stent

= 61 realizations and

tude || F g, ||, the maximum stent-vessel gap sﬁgx and the maximum stent movement uﬁ;gg‘l. Further, the following EVAR quality

parameters are strongly influenced by the SG parameters g5¢ € G5 with coefficients of variation CVq > 0.35 (yellow bars

in Figure : the maximum normal contact traction 7, o9, the maximum stent-vessel gap srsn‘:x, the maximum conical stent shape
S,pul

. Gpul .
¢S, the maximum graft movement um‘& and the maximum stent movement u, ;.
max

3.2 | Influence of the degree of stent-graft oversizing

In Figure [6], we qualitatively and quantitatively highlight the clear impact of the degree of SG oversizing o on the vessel
overstress 6!, Furthermore, increased radial buckling associated with large local graft movements u%P"! can be identified for
large degrees of SG oversizing (Figure [0, black arrow).
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FIGURE 6 Visualization of the vessel overstress 5% (I), the magnitude of the graft movement ||uS?"|| (II) for different
nominal degrees of SG oversizing o at the systolic pressure level of p** = 130 mmHg.
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FIGURE 7 Influence of the proximal neck angle a, (I) and the proximal neck length /; (II) and the proximal neck diameter d,,
(IIT) on selected EVAR quality parameters ¢ € Q for different degrees of SG oversizing o as well as different blood pressure
states pdiet = 80 mmHg and p** = 130 mmHg.

3.3 | Influence of vessel parameters

In Figurem, some EVAR quality parameters are exemplarily shown for the variation of the proximal neck angle «,, (Figure IZI[),
the variation of the proximal neck length /, (Figure |Z|[I) and the proximal neck diameter d,, (Figure |’Z|[II)

Larger neck angles «, lead both to a larger asymmetry y . of the stent rings in the curved region of the vessel and to a
substantially increase in the SG drag force magnitude F ., (Flgure EI[). Qualitative investigations of those two findings are
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FIGURE 8 Visualization of the stent asymmetry yS (I) and the SG drag force F drag (ID) for different proximal neck angles a;,
with a nominal SG oversizing of o = 15% at the systolic pressure level of p*® = 130 mmHg.
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FIGURE 9 Qualitative comparison of the quality of seal and the aneurysmatic vessel overstress (I) as well as quantitative
comparison of the proximal SG fixation force Fprox and the aneurysmatic vessel overstress a;"gwan of a SG oversized by 0 = 5%
and a SG oversized by 0 = 35% in a vessel with short proximal neck length /, = 5 mm at the diastolic blood pressure state

plist = 80 mmHg.

provided in Figure@for proximal neck angles in the range «, = [0°; 80°]. Additionally, in Figure EF, stent collapse is visible for
the deployed SG in vessels with a neck angle of a, > 70°.
A short neck length /) causes a small fixation area a;i‘(‘)lx (Figure I) associated with a relatively poor quality of seal as well

A

as small fixation forces F, (Figure EI) Increasing the degree of SG oversizing o might be one potential way of improving
the quality of seal and the fixation forces in a vessel with short neck length /,. The downside of this approach is visualized in
Figure[9] by comparing the results of a SG oversized by o = 5% and a SG oversized by o = 35% in the vessel with short neck
length /, = 5 mm. A larger degree of SG oversizing improves the quality of seal and the fixation forces of the SG. However
at the expense of increased aneurysmatic vessel overstresses in the AAA shoulder region which might trigger negative effects
such as ongoing AAA growth in this region. Hence, at the expense of the potential long term durability.

The magnitude of SG drag forces || F 4,,|| increases approximately linearly with increasing neck diameter d,, since the luminal

area on which the blood pressure acts increases approximately linearly with increasing neck diameter d, (Figure |ZFII). Although
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FIGURE 10 Investigation of vessel uncertainties at p** = 130 mmHg: influence of the vessel wall thickness 7, (I) and the vessel

wall stiffness y (II) on the effective degree of SG oversizing 6§fgx for different nominal degrees of SG oversizing o. Dashed line
indicates reference of 0 = G°( .
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FIGURE 11 Influence of vessel calcifications in the proximal landing zone: visualization of the calcification spots of the vessel
with two calcified spots (Ia) and the vessel with four calcification spots (Ila). Visualization of the vessel von Mises Euler-Almansi
strains for a vessel with two calcification spots (Ib) and a vessel with four calcification spots (IIb); in grey: visualization of the
deformed vessel without calcifications (Ib, IIb). Average proximal stent expansion diameter d' Srox plotted over the percentage
circumferential proximal neck calcification c‘;‘r‘(’)x for different degrees of SG oversizing and different blood pressure states (III).
Effective degree of SG oversizing o, for different degrees of percentage circumferential proximal neck calcification c';‘;‘(’)x and

different nominal degrees of SG oversizing o at p** = 130 mmHg (IV).

the sealing area between SG and vessel increases as well with increasing neck diameter d,,, the fixation force ﬁprox does not
substantially increase with increasing d,, since simultaneously the normal contact tractions between SG and vessel decrease
(Figure |Z|[H). Hence, vessels with a larger neck diameter d;, might be rather prone to SG migration since the drag-fixation ratio
of the SG is worse.

The following vessel uncertainties are investigated in this study: the vessel wall thickness ¢, (Figure [I0[) and the vessel wall
stiffness y (Figure I) according to equation H In Figure +II, the effective degree of SG oversizing 5;f(f)x is plotted against
the nominal degree of SG oversizing o for vessel walls of different thickness t,, and vessel walls of different stiffness y. The softer
and the thinner the vessel wall, the larger is the immediate postimplant vessel dilatation and hence the larger is the difference
between nominal and effective degree of SG oversizing. In the case of the very stiff vessel (y = 8, red curve in Figure[TO[I), the
SG induced vessel deformation is very small. Hence the local stent expansion diameter d>(sp,) is approximately equivalent to

the preinterventional vessel diameter d;,. Consequently, the nominal and the effective degree of SG oversizing are approximately
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FIGURE 12 Influence of the stent height 45 (I), the number of periods per stent limb pS(Il) and the degree of stent predefor-
mation w (IIT) on selected EVAR quality parameters ¢ € O for different degrees of SG oversizing o as well as different blood
pressure states p4i®t = 80 mmHg and p*° = 130 mmHg.

the same (cf. equation (3)) and (23)):
SG SG
oue(sp) = —2— —1x 22 12, (40)
d5(spe) dy
In contrast to the stiff vessel, the soft vessel (y = 1/8, cyan curve in Figure[7]V) exhibits enormous immediate postimplant SG
induced vessel dilatation such that the stent almost fully expands and the local stent expansion diameter d>(sp,) is close to the
nominal diameter D3C of the SG. Hence,
SG SG
Octf(Spe) = —d_SD(SDe) -1~ % -1=0. 41
In Figure [TT] the influence of vessel calcifications in the proximal landing zone is investigated. The difference in the stent
expansion diameter aTs of the stent in the proximal landing zone between a non-calcified aortic neck (cpmX = 0 %) and a
highly calcified aortic neck (2° orox = = 70 %) seems to be small (Flgure III) However, considering the effective degree of SG
oversizing oeff this difference mi ght be very essential. Having in mind that in clinical practice a nominal degree of SG oversizing
of o € [10 % 20 %] is aspired, a difference in 3.7 % effective SG oversizing o, between the highly calcified (CA"x =70 %) and
the non-calcified aortic neck (¢4°. = 0 %) is substantial (Flgure lV 0= 15%).

prox

3.4 | Influence of stent-graft parameters

To keep the total SG length LSC and the length of the gap between stent limbs constant over all considered variations of the stent
height 45, we adapted the number of stent limbs n® of the SG. SGs with many short stent limbs are radially stiffer than SGs with
few long stent limbs. Hence, the mean diametric graft compliance C increases with increasing stent height 45 (Figure and
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FIGURE 13 Visualization of the diametric graft compliance C (I) and the deployed stent configuration (II) for different stent
heights 45 for a SG oversized by 0 = 15% at the systolic pressure level of p»® = 130 mmHg. Clearly visible SG kinking in the
case of A5 = 24 mm.

Figure ). Further, SGs with shorter stent limbs, i.e. smaller 45, are more flexible and can better adapt to the curved vessel
geometry. Hence, SGs with stent limbs of large height 45 have an increased tendency to SG kinking with its associated negative
effects in tortuous vessels. However, whether there will be SG kinking or not also strongly depends on the position of the single
stent limbs in the curved regions of the vessel. For the given vessel geometry, a SG with A5 = 24 mm shows considerable SG
kinking whereas a SG with A5 = 28 mm does not show any SG kinking (Figure I). Increased stent asymmetry yISn w isa
side effect of the increased tendency to SG kinking. SG kinking occurs at the gaps between stent limbs. The deformation of the
adjacent stent limbs is large in case of SG kinking leading to an ovalization of the stent limbs, i.e. to large stent asymmetries yfnax
(Figure [12]D).

SGs with stent limbs that have a larger number of periods pS per stent limb behave radially stiffer. Hence, increasing the
number of periods pS per stent limb leads to a reduction of the mean diametric compliance C of the SG (Figure I). Further, a
larger number of periods p® per stent limb causes higher contact tractions t, 99 and fixation forces Fpmx between SG and vessel.
This effect is likewise for all considered degrees of SG oversizing o (Figure [I2]IT).

While positive effects of stent predeformation w on the radial buckling of the graft and the SG fixation were reported for
instance inZ, in Figure II we explicitly show some downsides of stent predeformation. Larger degrees of stent predeforma-
tion w result in higher vessel overstresses 5%, Further, especially in combination with large degrees of SG oversizing o, large

degrees of stent predeformation w lead to very high stent stresses 5.

3.5 | Influence of the arterial blood pressure

In Figure[T4] the relative influence of the blood pressure state on the EVAR quality parameters g € Q is investigated where the
relative change of the EVAR quality parameter Aq is given by

13 (0) = 18 (0)
u ;ﬁast ( 0)

In equation (@), yzys is the mean value of the EVAR quality parameter g at the systolic blood pressure state of p** = 130 mmHg
and p®* is the mean value of the EVAR quality parameter at the diastolic blood pressure state of p*** = 80 mmHg
(equation (36)). This consideration gives some insight whether the diastolic or whether the systolic blood pressure state is more
crucial for the EVAR quality parameter ¢ € Q.

In Figure[T4] the influence of the arterial blood pressure state Aq is plotted for a nominal degree of SG oversizing of 0 = 15%.
In Appendix A4, the influence of the arterial blood pressure state Ag(o) is continuously given over all degrees of SG oversizing

in the range o € [5%,40%). Figure [[4] highlights that some EVAR quality parameters are larger at the systolic blood pressure

Ag(o) = » VqeQ (42)
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state (Ag > 0) while others are larger at the diastolic blood pressure state (Ag < 0). The following EVAR quality parameters
are strongly influenced by the blood pressure state with [Ag| > 50%: the maximum vessel relief |6Y“H| and the magnitude of
the SG drag forces || F g5

®
S
T
!

FIGURE 14 Influence of the arterial blood pressure state Ag according to equation @b on EVAR quality parameter ¢ at a
nominal degree of SG oversizing of 0 = 15%. A value of Ag > 0 indicates that the EVAR quality parameter ¢ is larger in the
systolic blood pressure state p*¥* = 130 mmHg whereas a value of Ag < 0 indicates that the EVAR quality parameter g is larger
in the diastolic blood pressure state p9ia* = 80 mmHg.

Having a closer look on the results visualized in Figure [T4] several interesting impacts of the blood pressure state can be
observed. It is plausible that the vessel relief |61’V“" |, which describes the reduction of the vessel wall stresses in the “diseased”
region of the aneurysm sac, is much larger in the systolic than in the diastolic blood pressure state. This is because the preinterven-
tional vessel stresses in the aneurysm sac are larger in systolic pressure state. Hence, the difference between the preinterventional
vessel stresses and the postinterventional vessel stresses in the aneurysm sac are larger (cf. equation (T4)) having in mind that
the postinterventional vessel stresses in the aneurysm sac are close to zero for most of the considered n = 146 realizations
independent of the blood pressure state. Both, SG fixation forces Fprox and Ej;, as well as the magnitude of the SG drag forces
|| F 4q0 || are larger at the systolic blood pressure state (Ag > 0). Since the influence of the blood pressure on the drag force
F 4, 1s much larger than on the fixation forces Fy,, and Fy, the risk of SG migration might be higher at the systolic pressure
state. Furthermore, maximum stent stresses 0959 are around 10% larger in the diastolic than in the systolic blood pressure state
(Ag = —10%) since the SG in the deployed state in the landing zones, i.e. in the regions where mostly the largest stent stresses
occur, is under compression. Hence, an increase of arterial blood pressure relaxes the SG in the landing zones. The proximal
fixation area a;fx is larger at the systolic blood pressure state (Ag > 0) whereas the maximum graft-vessel gap Siﬁx and the
maximum stent-vessel gap ernAaX in the proximal landing zone are larger in the diastolic blood pressure state (Ag < 0). The main
reason for this finding is that the larger the blood pressure, the more the SG is pressed against the vessel. Hence, the fixation
area af;f)'x increases whereas the graft-vessel gap sg’a\x and the stent-vessel gap sﬁlAaX decrease with increasing blood pressure. As

a consequence, the risk of leakage might be higher at the diastolic blood pressure state.
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FIGURE 15 Visualization of the magnitude of the graft movement |[uS°"|| of four patient-specific cases. Patient P1-P3 were
treated by Cook Zenith Flex/Spiral-Z® SGs. Patient P4 was treated by a Medtronic Endurant™ II SG. Circles with dashed lines
indicate detail on the backside of the SG.

3.6 | Application to patient-specifc cases

In this section we show the applicability of the use of the EVAR quality parameters ¢ € Q to patient-specific cases and compare
the obtained values to the ones of the parameterized, synthetic vessels and SGs. We consider three patient-specific cases treated
by Cook Zenith Flex/Spiral-Z® SGs and one patient treated by a Medtronic Endurant™ II SG (Figure . Material models
and model parameters of the patient-specific SGs and vessels are taken from™2. The objective of this section is rather to show
the applicability than providing a full investigation of the four patient-specific cases. Hence, the interested reader is referred to
the original publication for information on the geometrical parameters of the patient-specific vessels and SGs. Further, only
selected EVAR quality parameters g € Q are investigated in Figure[I5]and Table 3]

In Figure the magnitude of graft movement ||u®P"!|| during one heart beat is shown exemplarily for the four patients.
Maximum values of ||uSP"|| occur at local folds in all four patient-specific cases. However, the location of the local folds with
maximum movement ugl’f;l is different for each patient-specific case.

In Table 3] a comparison between the parameterized, synthetic vessels and SGs and the four patient-specific cases is given
for selected EVAR quality parameters ¢ € Q. Values with yellow background in Tablef.'_?lare within p,(0 = 15%) + 6,(0 = 15%)
of the parameterized, synthetic vessels and SGs at a reasonable degree of SG oversizing of 0 = 15%. u, and o, are the mean
and the standard deviation over all n®¥* = 73 considered realizations of the synthetic vessel at p*¥® = 130 mmHg according to
equation @ and , respectively. Values with green background are smaller than y (0 = 15%) — 6 (0 = 15%) and values
with red background are larger than p (0 = 15%) + o,(0= 15%). The maximum vessel wall overstresses 6';”9“” of three of the
four patients are larger than the values of the parameterized, synthetic vessels and SGs at a nominal degree of SG oversizing
of 0 = 15%. The main reason is that the nominal degree of SG oversizing o of all four patient-specific cases is larger than 15%
which is used for comparison in Table |3| This is also visible in the effective degree of SG oversizing ogfgx of all four patient-
specific cases which is larger than the effective degree of SG oversizing of the reference of the parameterized, synthetic vessels
and SGs. A larger degree of SG oversizing results in higher vessel stresses as shown in Section 3.2} The aneurysmatic vessel

wall overstresses 62" strongly depend on the location of the landing zone of the SG. If the SG landing zone is partly in an

“aneurysmatic" palrgt9 of the vessel (patients P1 and P4), the aneurysmatic vessel wall overstresses 6';éwan can be very high. In
contrast, if the SG landing zone is fully in the “healthy" part of the vessel (patients P2 and P3), the aneurysmatic vessel wall
overstresses 6;;”3" are close to zero. The maximum vessel relief |6f’wa"| of the patient-specific cases P2-P4 are in the range of
the reference of the parameterized, synthetic vessels and SGs. In case of the patient-specific case P1, the luminal diameter in the
aneurysm sac is small due to a relatively thick ILT layer. As a consequence, the SG is almost fully in contact with the ILT in the

aneurysm sac which prevents the reduction of the vessel stresses in the aneurysm sac after the insertion of the SG. Hence, the
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TABLE 3 Quantitative evaluation of the deployed SG configurations of the four patient specific cases with respect to selected
EVAR quality parameters at the systolic pressure state of p*¥* = 130 mmHg. Colors indicate amount of the value of the EVAR
quality parameter ¢ € Q in relation to the values of the parameterized, synthetic vessels and SGs at 0 = 15% SG oversizing.

— w2 — A,wall _ A,wall G,pul ~
ge Q O_Wd]] & wal |61 wa | seal eff pu c

99 99 aprox Oprox max

dim [kPa] | [kPa] [kPa] [mm?] | [%] | [mm] [L]

100 mmHg

P1 467 84.8 13.8 521 345 264 4.98

P2 238 4.7 132 786 16.3 | 2.07 3.17

P3 303 20.2 85.9 632 | 23.0 @ 1.85 3.68

P4 370 559 114 474 145 1.84 3.13

q q

b = u (o = 15%); 6% = 6,(0 = 15%) (equation (36) and )

15 _ 15. 15 _ 15 15 15. 15 15
q<yq o U o, 5q5/4q +aq,q>uq +0'q

maximum vessel relief |6f’wa“| is smaller for this patient. The proximal fixation area a;if)lx is smaller for all four patient-specific
cases than the mean value of the parameterized, synthetic vessels and SGs. One possible explanation for this observation are the
nonuniform vessel shapes of the patient-specific vessels and the associated reduced attachment to the vessel at certain locations
in the proximal landing zone. In contrast, the synthetic vessels have perfectly circular vessel cross sections that perfectly fit to
the cylindrical shape of the SG. The maximum graft movement uﬁ;&”l of all four patient-specific cases is in the range of the
values of the parameterized, synthetic vessels and SGs at a nominal degree of SG oversizing of 0 = 15%. The mean diametric
graft compliance C is smaller for most of the bifurcated SGs of the patient-specific cases compared to the reference of the
parameterized, synthetic vessels and SGs. In contrast to the parameterized SG as presented in Section [2.3] the bifurcated SGs
of the patient-specific cases have two long iliac SG components. These iliac SG components have a much smaller diameter and

are radially stiffer than the parameterized SG. Hence, the mean diametric graft compliance C of the bifurcated SGs is smaller.

4 | SUMMARY OF THE RESULTS AND DISCUSSION

In the present work, a fully parameterized AAA and SG geometry was developed. A parameter study was performed on in
total n = 146 different realizations of the vessel and SG parameters by using an in silico EVAR approach®2, In the parameter
study, the degree of SG oversizing was treated as continuous variable between 5% and 40% oversizing by using a SG parameter
continuation approach2, 20 EVAR quality parameters were defined to assess the outcome of the in silico EVAR approach with
respect to complication likelihoods such as SG migration, endoleaks or aortic neck dilatation.

The following impacts of SG oversizing could be identified:

e Vessel and stent stresses increase with increasing degree of SG oversizing.

e SG fixation forces and maximum normal contact tractions between SG and vessel increase with increasing degree of SG
oversizing.

e SG drag force not substantially affected by the degree of SG oversizing.

e For large degrees of SG oversizing the effective SG oversizing is clearly smaller than the nominal SG oversizing since the
SG induced immediate postimplant vessel dilatation'’” reduces the effective degree of SG oversizing.

e Increased SG oversizing leads to increased radial buckling of the SG. Locally large relative movements of the resulting
folds are possible every heart beat which could have negative effects on the fatigue behavior of the graft.

Substantially increased vessel stresses when using high degrees of SG oversizing might have negative effects on the longevity
of EVAR. Both, high vessel overstresses as well as high aneurysmatic vessel overstresses might induce growth and remodeling
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of the vessel after EVAR and lead to aortic neck dilatation. But the way of how the two quantities might trigger growth and
remodeling is different. Aneurysmatic vessel overstresses might strengthen ongoing aneurysm growth of the already diseased
“aneurysmatic* vessel material and hence change the sealing zone”/”?. In contrast to that, vessel overstresses might trigger
growth and remodeling of “healthy* vessel material in the sealing zones and hence also lead to aortic neck dilatation and
associated reduced longevity of EVARZ, Both, phenomena are widely discussed in literature but without full agreement of the
major source of aortic neck dilatation®21758,

There are numerous different stent designs of marketed SGs. In this study, we showed the impact of stent design parameters
on the EVAR outcome which led to the following findings:

e A large number of periods per stent limb, i.e. a large number of loops of the sinusoidally shaped stent limb, leads to
radially stiffer SGs with reduced SG compliacnce.

e SGs with shorter stent limbs are more flexible and lead to a better SG-vessel attachment with reduced risk of SG kinking.

e Excessive stent predeformation can result in high stent stresses. Especially, if used in combination with a large degree of
SG oversizing.

e None of the investigated SG designs showed significant aortic compliance mismatch. The mean diametric graft compliance
was largely in the range of reported values of healthy abdominal aortas (3.7 — 6.8 %/100 mmHg)*~.

Variations of vessel parameters showed the following major impacts of the vessel geometry on the EVAR outcome:

e Vessel uncertainties’Z, such as the vessel wall thickness and vessel wall stiffness, have a substantial impact on the effective
degree of SG oversizing.

e The local stiffening of the vessel by calcifications leads to reduced SG expansion and a higher degree of effective SG
oversizing.

o The neck angle has a very large impact on the SG drag force as often stated in literature40'22,

o Short neck length has the most negative impact on SG fixation as also stated for instance by®22,

o The magnitude of SG drag forces increases almost linearly with increasing neck diameter since the luminal area on which
the blood pressure acts increases approximately linearly with increasing neck diameter.

The last point is in accordance with several studies that mention an increase in SG drag forces and an increased risk of SG
migration for patients with large vessel diameters 3426059 T contrast to the SG drag force, the SG fixation force is little affected
by the neck diameter. This observation however is limited by the fact that in the current parameter study, the number of periods
per stent limb was kept constant when increasing the SG diameter. However, SGs with larger diameter might require a larger
number of periods per stent limb which would increase the radial stiffness of the SG.

The problematic nature of hostile necks®!7 such as high angulation and short neck length, could clearly be shown in the
parameter study. Higher degrees of SG oversizing in the case of hostile necks showed to be a possibility to counteract small
fixation areas and small SG fixation forces as suggested in some medical and experimental studies38810,

Even if the diameter of the deployed SG is little affected by the blood pressure state”?, investigations of the EVAR outcome
at the diastolic blood pressure state of 80 mmHg and at the systolic pressure state of 130 mmHg have shown that it is important
to consider both blood pressure states to assess the quality of the EVAR outcome. Some EVAR quality parameters are critical in
the diastolic state while others are critical in the systolic state. The most non-intuitive findings of the consideration of different
blood pressure states are:

e Maximum vessel overstresses, i.e. the difference in vessel stresses before and after EVAR, are larger in the diastolic blood
pressure state.

e Maximum stent stresses are around 10% larger in the diastolic than in the systolic pressure state since a larger blood
pressure reduces the compression of the stent in the landing zone and hence relaxes the stent.

o In the diastolic blood pressure state, the gap between SG and vessel is larger which increases the risk of leakage.
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e The SG drag force is approximately 80% larger in the systolic blood pressure state which is in accordance with the
frequently stated increased risk of SG migration in case of hypertension000>0,

Furthermore, the increase of the SG drag force magnitude of approximately 80% is larger than the assumed systolic-diastolic
pressure ratio of % — 1 = 62.5% which indicates nonlinear effects on the evaluation of SG drag forces. Assuming rigid
SGs and rigid vessels, as done in many studies investigating the SG drag force®#°92% would lead to 62.5% larger drag forces
in the systolic state than in the diastolic state as long as shear tractions are neglected in the computation of the SG drag force.
This is because in case of a rigid SG and rigid vessel the integration area of the luminal graft surface does not change between
diastolic and systolic pressure state. Hence, the SG drag force is only scaled by the internal pressure state p (equation (T6)).
Considering an elastic SG and vessel, as in this study, a pressure increase leads also to an increase of the the integration area
of the luminal graft surface ylG . Hence, the SG drag force increase is larger than the assumed systolic-diastolic pressure ratio of
62.5%. Consequently, such an rigidity assumption potentially underestimates the SG drag force.

Finally, it was shown that all presented methods are applicable to patient-specific cases.

S | LIMITATIONS

In the present study, we used an in silico EVAR approach to approximate the deployed state of SG and vessel which is a strongly
simplified process compared to the real-world medical intervention. The in vivo deployed SG configuration might depend on
many interventionalist-specific factors that are not considered in the in silico approach such as the speed of SG deployment and
the application of a molding angioplasty to further unfold the SG.

Although the definition of a successful EVAR intervention was defined as being complication-free for several years after the
intervention, we did not consider any growth and remodeling which would be required to consider the development of the EVAR
quality parameters over several years. In the present study, all EVAR quality parameters are quantities taken directly after the
SG deployment.

Furthermore, we used an extremely simplified approach to investigate patient-specific uncertainties which did not consider
intrapatient variability of vessel wall thickness and vessel wall stiffness but used spatially constant parameters. The major
intention was to show the potential impact of these patient-specific uncertainties on the EVAR outcome.

To get a full understanding of the influence of the geometrical vessel and SG parameters and their potential interplay on the
EVAR outcome a full factorial parameter study would be necessary. However, a full factorial analysis for the given number of
parameters and number of parameter variations is computationally not achievable. Therefore, we used a basic vessel and SG
geometry from which single parameters were modified while all others were kept constant. Choosing a different basic vessel
and SG geometry might slightly change the outcome.

In the present study, the focus was put on quantitative evaluation of the EVAR outcome. However, a pure quantitative assess-
ment might lead to misinterpretations in certain cases. For instance, a high value of the proximal fixation area does not necessarily
mean that this is a leak-proof seal. Instead, the SG could be well attached just on one side, but an endoleak occurs on the averted
side.

The parameter study of the synthetic vessel and SG as well as the consideration of four patient-specific cases revealed mean
values, standard deviations and expectable ranges of the single EVAR quality parameters that can be used for comparisons.
However, no statement about ranges in which the parameters are acceptable or not could be made. To determine these ranges of
the EVAR quality parameters in which the EVAR outcome is acceptable, i.e. the EVAR outcome is free of complications, a much
larger cohort of patient-specific cases has to be evaluated and statistically investigated with respect to EVAR complications.

Having achieved such a clear link between EVAR complications and EVAR quality parameters with ranges of acceptable
values for the EVAR quality parameters, the IFU could be formulated in terms of mechanical and geometrical parameters that
are based on the predicted deployed SG configuration such as the presented EVAR quality parameters. Such IFU based on
mechanical and geometrical parameters of the predicted deployed SG configuration should outline the limits of the applicability
of EVAR much better than the current IFU that are based on the preinterventional vessel geometry.
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6 | CONCLUSIONS

This study confirmed the hypothesis that the outcome of EVAR is strongly dependent on vessel and SG parameters. Candidates
with high risk of postinterventional complications are in particular patients with a large neck angle, a large vessel diameter, a
short neck length as wells as soft and thin vessel walls. It was shown that the degree of SG oversizing has a decisive role on the
EVAR outcome and hence might have a big impact on the likelihood of postinterventional complications.

The complexity of decision making whether a patient is a promising candidate for EVAR demands a new definition of the IFU.
IFU that are not only based on geometrical parameters of the preinterventional vessel geometry but mainly use mechanical and
geometrical parameters of the predicted deployed SG configuration to assess the EVAR complication likelihood should outline
the limits of the applicability of EVAR much better.

In this study, the EVAR outcome was evaluated with respect to 20 parameters that quantify the mechanical state and the
geometrical shape of SG and vessel after the in silico SG deployment. A comparison of the EVAR outcome at the diastolic
and the systolic blood pressure state showed the importance of considering both blood pressure states to assess the quality and
complication likelihood of the EVAR outcome. While some parameters, such as the maximum stent stresses, are larger at the
diastolic blood pressure state other parameters, such as the SG drag force, are crucial at the systolic blood pressure state.

The definition of these mechanical and geometrical parameters and their extensive investigation established the basis for the
development of a predictive tool to assess the potential success of EVAR in a clinical setting. The next step is the construction of a
simulation based metric which incorporates these mechanical and geometrical parameters to predict the complication likelihood
of EVAR and which is easily interpretable by a clinician.
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APPENDIX Al: CONSTITUTIVE MODELING

In Table E], the constitutive models and material parameters of vessel wall, ILT, calcifications and SG are summarized.

APPENDIX A2: MESH CONVERGENCE STUDY

The mesh convergence is proven for the SG and vessel described by the basic parameters § € G provided in Table[2] In Figure[T6]
the mean stent limb diameters dS of the five stent limbs in the deployed state are investigated for different discretizations of
vessel and SG. The mean stent limb diameter d* is given by

5|

= 1
ds = = d5(5pe)dspes (43)
De 50
where hls)e is the stent limb height in the deployed state, s, describes the location of the most proximal point of the stent limb,
s, is the location of the most distal point of the stent limb and d®(sp,) is the average stent diameter in an orthogonal slice at the

location sy, as described in section[2.4.4]
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APPENDIX A3: COMPUTATION OF PERCENTILES

The g-percentile of a continuously given function f(X) in the domain with X € Q.(/)‘ is defined by

fg (I<f<x>—f;>>0) dv

0 a
A= =1-—— (44)
a Jo / dv 100
where I ;(x)- £250 is the indicator function defined by
I . 1’ (.) > 0? (45)
o @=o”

APPENDIX A4: DETAILED OVERVIEW OF THE PARAMETER STUDY

In the Figures[I7} [I8] [T9] 20} 21 and 22]a detailed overview of the parameter study is given.
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TABLE 4 Overview of constitutive models and material parameters of vessel wall, ILT, calcifications and SG. Regarding the
notation the reader is referred to the original paper=2.

Vessel wall: 3212251173
pall = (] — J)PAA 4 JPAAA | peale
PAA = AT —3) 4 2% Zi:4’6(ek2[tcf1+(1—3K)fl__1]2 LA

vol
WAM = (T} = 3) + b(I, — 3)> + PAM()

cAA [kPa]: 100.9 k, [kPa]: 4070  k, [-]: 165.6  k[-]: 0.16 6, [°]: +48.4
a [kPa]: 174.0 b [kPa]: 1881
Intraluminal thrombus:3226 Calcifications: 3248
WILT — cILT(I_l2 -2I,-3)+ ‘P%)IT(J) + peale peale = ceale(J - — 3) 4 ‘Pf/?)‘lc(J)
cIT [kPa]: [1.73; 2.62] c¥¢ [kPa]: [0.0; 8929]
Stent:3240 Graft:3240
CS — CG —
W= S 2 1)+ ¢S, - 3) YO =S 2° — 1)+ O, - 3)
¢S [MPa]: 40385 pS [-1: 0.75 cY [MPa]: 9.452 g6 [-1: 5.75

4 reduction of the bending stiffness as described in
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FIGURE 16 Mesh convergence study: mean stent limb diameters d S of the five stent limbs in the deployed state for different
discretizations with the total number of degrees of freedom ;.
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FIGURE 17 Mean+std of all EVAR quality parameters g € Q according to equation and depending on the degree
of SG oversizing o. The EVAR quality parameters ¢ € Q are sorted as they had beed introduced in Section 2.4} vessel and SG
stresses and tractions (I), fixation and drag forces (II), quality of seal (III), geometrical parameters of the deployed SG (IV) and
parameters depending on the pulsatile blood pressure (V).
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9

¥ use of different scale

n99> SG drag force magnitude || F g, |, prox-
imal fixation area asiilx, effective degree of SG oversizing 661;2)( and mean diametric graft compliance C plotted over variations
of the proximal neck angle a;, (I), the proximal neck length [, (II), the proximal neck diameter d, (III) and the proximal AAA
shoulder length [y, (IV) for different degrees of SG oversizing o as well as different blood pressure states pliast = 80 mmHg and
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imal fixation area a;f;f}x, effective degree of SG oversizing égff)x and mean diametric graft compliance C plotted over variations of
the aneurysm eccentricity e, = ¢4 (D), the ILT thickness #}; 1 (II), the vessel wall thickness #,, (III) and the vessel wall stiffness y

(IV) for different degrees of SG oversizing o as well as different blood pressure states p%i@ = 80 mmHg and p*¥* = 130 mmHg.
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FIGURE 21 Coefficient of variation CVgq (equation ) over all nA°4i8%t realizations with different vessel geometries (I) as
well as over all n30:4at realizations with different SG geometries (II) at the diastolic pressure level of pYi*t = 80 mmHg as a
function of the degree of SG oversizing 0. CVgq is the coefficient of variation of EVAR quality parameter ¢ € Q. For instance,

CVc)';Vgall is the coefficient of variation of the maximum vessel wall stress 0';”95‘”.
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FIGURE 22 Influence of the arterial blood pressure state Ag according to equation on EVAR quality parameters g as a
function of the degree of SG oversizing o. Ag describes the relative change of the EVAR quality parameter ¢ € Q by a change
of the arterial blood pressure from the diastolic state p¥*' = 80 mmHg to the systolic state p° = 130 mmHg. For instance,

Aoy is the relative change of the maximum vessel wall stress o3 induced by the blood pressure change.
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