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Abstract Non-negligible postinterventional complica-
tion rates after endovascular aneurysm repair
(EVAR) leave room for further improvements. Since the
potential success of EVAR depends on various patient-
specific factors, such as the complexity of the vessel ge-
ometry and the physiological state of the vessel, in silico
models can be a valuable tool in the preinterventional
planning phase. A suitable in silico EVAR methodol-
ogy applied to patient-specific cases can be used to pre-
dict stent-graft (SG) related complications, such as SG
migration, endoleaks or tissue remodeling-induced aor-
tic neck dilatation, and to improve the selection and
sizing process of SGs. In this contribution, we apply
an in silico EVAR methodology that predicts the fi-
nal state of the deployed SG after intervention to three
clinical cases. A novel qualitative and quantitative vali-
dation methodology, that is based on a comparison be-
tween in silico results and postinterventional CT data,
is presented. The validation methodology compares av-
erage stent diameters pseudo-continuously along the to-
tal length of the deployed SG. The validation of the in
silico results shows very good agreement proving the po-
tential of using in silico approaches in the preinterven-
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tional planning of EVAR. We consider models of bifur-
cated, marketed SGs as well as sophisticated models of
patient-specific vessels that include intraluminal throm-
bus, calcifications and an anisotropic model for the ves-
sel wall. We exemplarily show the additional benefit
and applicability of in silico EVAR approaches to clin-
ical cases by evaluating mechanical quantities with the
potential to assess the quality of SG fixation and seal-
ing such as contact tractions between SG and vessel as
well as SG-induced tissue overstresses.

Keywords abdominal aortic aneurysm - endovascular
repair - stent-graft - patient-specific modeling - finite
element method

1 Introduction

An abdominal aortic aneurysm (AAA) is a local en-
largement of the abdominal aorta which is exposed to
the immanent risk of rupture with high mortality rates
[44]. In the intervention of an endovascular aneurysm
repair (EVAR), a stent-graft (SG) is deployed inside the
AAA to exclude the aneurysm sac from the main blood
flow, remove the load of the pulsatile blood pressure
from the aneurysm wall, prevent the aneurysm from on-
going aneurysm growth and consequently prevent the
aneurysm from rupture. Most marketed SGs are a com-
bination of a wire mesh (stent) that is attached on a
polymeric fabric (graft). Compared to open AAA re-
pair, EVAR is less invasive and has a reduced 30-day
mortality rate [25]. However, EVAR is not applicable
to all patients and might not have the same longevity
as open AAA repair. The complexity of the vessel ge-
ometry, especially extensive tortuosity and the lack of
a sufficient sealing zone, might preclude the proper use
of EVAR. Most frequent complications after EVAR are
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endoleaks [26,9,59,58], SG migration [2,64,53,69], SG
fatigue [33,5,32], aortic neck dilatation [66,8,57,34,61]
and SG kinking associated with the occlusion of blood
vessels [12,38]. Since the potential success of EVAR,
i.e. the EVAR treatment free of short-term and long-
term complications, depends on various factors, compu-
tational vascular mechanics models can be a valuable
tool in the preinterventional planning.

The objective of this work is the application of the in
silico EVAR methodology that was recently published
by our group [28] to patient-specific cases with bifur-
cated, marketed SGs. This involves the development
of a continuous process chain which includes the fol-
lowing steps: (1) medical imaging of preinterventional
CT data, (2) automated model generation of patient-
specific vessels and SGs, (3) application of the in silico
EVAR methodology as well as (4) postprocessing and
mechanical interpretation of simulation results. Postin-
terventional CT data of patients treated by marketed,
bifurcated SGs are used to qualitatively and quantita-
tively validate the in silico EVAR, approach.

As the only patient-specific information for assess-
ment of the applicability of EVAR, the SG selection and
the SG sizing is the data obtained from medical imag-
ing, this assessment is a great challenge, requires a lot
of experience and is the subjective choice of the inter-
ventionalist. Hence, in silico EVAR applied to patient-
specific cases can be used as predictive tool in four re-
spects:

e Risk assessment of the EVAR intervention to num-
ber the potential likelihood of SG related complica-
tions.

e Improvement of the device selection process. The
risk of SG related complications is affected by the
device choice [48,62] as not all marketed SGs fit to
a specific vessel geometry to the same extent.

e Improvement of the SG sizing process. The optimal
degree of SG oversizing is difficult to estimate as it
depends on various factors such as the morphology
and condition of the vessel [68,64].

e Objectivity of preinterventional planing process and
tool for education.

In this study, the in silico EVAR methodology based
on finite element methods (FEM) that was proposed in
[28] is applied to three patient-specific cases treated by
Cook Zenith Flex® and Cook Zenith Spiral-Z® SGs.
Model and model parameter uncertainties inherent to
patient-specific modeling as well as the variety of vessel
geometries and complex shapes of marketed SGs are
further challenges compared to the application of the
in silico EVAR methodology to synthetic AAAs in [28].
The in silico EVAR methodology aims at finding the
final deployed SG configuration in the vessel geometry

rather than reproducing the intrainterventional steps of
EVAR. The methodology considers in vivo non-stress-
free vessel geometries extracted from in vivo CT images
by the prestressing methodology proposed in [23]. A
stent predeformation methodology [28] is applied to ac-
count for residual strains and stresses that exist in most
marketed SGs. Attention is payed to detailed model-
ing of all vessel and aneurysm constituents as they can
have a distinct impact on the outcome of EVAR [68,
58,67]. This means the vessel model considers both a
“healthy” vessel wall by an anisotropic and hyperelastic
constitutive law and an “aneurysmatic” vessel wall by
an isotropic and hyperelastic constitutive law. Further-
more, intraluminal thrombus (ILT) and calcifications
are considered in the vessel model. The deployed SG
configuration is considered at static, but physiologically
meaningful blood pressure states at the diastolic and at
the systolic level.

The presented validation methodology of the in sil-
ico EVAR results is based on a qualitative and quantita-
tive comparison between in silico EVAR results and the
stent configuration extracted from postinterventional
CT data. The average stent diameters in slices orthogo-
nal to the SG centerline are compared pseudo-
continuously along the total length of the deployed SG.
The methodology has to cope with distracting artifacts
that frequently occur when imaging metallic objects
such as SGs by computed tomography [7,36,52]. Ad-
ditionally, the variety of different shapes of marketed
SGs makes it difficult to find a generally valid valida-
tion methodology for all types of SGs.

Several studies have already been conducted in the
field of in silico EVAR approaches in idealized vessel
geometries (e.g. [51,14,15,48,28]). Some studies have
been published on the virtual deployment of stents in
patient-specific vessels (e.g. [41,31,3,30]) which is closely
related to in silico EVAR simulations. However, only
few patient-specific in silico EVAR studies exist [4,55,
46,47]. Auricchio et al. [4,55] first published the in sil-
ico deployment of a SG in a patient-specific ascending
aortic aneurysm. This pioneering achievement of Au-
ricchio et al. however suffered from the assumption of
a rigid vessel. More elaborated in silico SG deployment
simulations applied to AAA were performed by Perrin
et al. [46,47]. Perrin et al. [46,47] performed patient-
specific in silico EVAR simulations of patients treated
by bifurcated, marketed SGs. Both studies [46,47] con-
sidered elastically deformable vessel and SG models,
however were limited to linearized vessel constitutive
models and did not consider ILT and calcifications of
the vessel.

The in silico results mostly are validated by qualita-
tive or quantitative comparison to in vivo imaging data
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[46,47,4,31,41] or in vitro experiments [31,15]. Auric-
chio et al. [4] used the mean stent diameter in three
distinct slices orthogonal to the postinterventional ves-
sel centerline to compare in silico EVAR results with
in vivo data of one patient. Perrin et al. [46,47] mea-
sured one mean diameter for each stent limb for quan-
titative comparison between in silico EVAR results of
patient-specific cases with postinterventional CT data.
In addition to the diameter comparison, Perrin et al.
compared the position of each stent limb quantitatively
between in silico EVAR results and the stent extracted
from postinterventional CT data.

The outline of this paper is organized as follows: in
section 2 we present the models of SG and vessel, give
an overview of the in silico EVAR methodology with
regard to patient-specific cases and present the valida-
tion methodology based on a comparison between in
silico results and postinterventional CT data. In sec-
tion 3, the results of the in silico EVAR approach are
presented for three patient-specific cases and are vali-
dated using the proposed validation methodology. Also,
we show some potential applications of in silico EVAR
such as the prediction of wall stresses as well as con-
tact tractions between SG and vessel. The results of
section 3 are discussed in section 4. Finally, limitations
and conclusions of this study are drawn in section 5
and 6, respectively.

2 Materials and methods
2.1 Clinical summary

Three clinical cases are considered in this study with
patient characteristics provided in Table 1 and visu-
alized in Figure 1. All three patients were treated by
SGs from Cook Medical (Bloomington, Indiana, USA)
which consist of a main body of type Cook Zenith Flex®
(CZ-Flex) and two iliac components of type Cook Zenith
Spiral-Z® (CZ-Spiral). The lengths of prosthesis over-
laps between the main SG component and the iliac SG
components are chosen such that the distal ends of the
SG do not cover the bifurcation of the common iliac
arteries to the external and internal iliac arteries. The
prosthesis overlaps between the main SG component
and the iliac components used in the EVAR interven-
tions of the three patient-specific cases are provided in
Table 1. For each patient, pre- and postinterventional
CT data are available. Based on the preinterventional
vessel diameters DA° and the nominal diameter D of
the SG, the degree of SG oversizing is given by
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> 676,506 > 712,908 > 671,946

Fig. 1 Patient-specific vessel models (I) and corresponding
pre-assembled SG models (II) of the three clinical cases; vi-
sualization of vessel wall in dark red, ILT in light pink and
calcifications in white.

and is provided in Table 1 for the proximal and distal
landing zones of all three patients. SG landing zones are
regions where the SG is directly attached to the luminal
vessel surface and which are responsible for the seal
between SG and vessel. The proximal landing zone is
defined by the region from the most inferior renal artery
to the beginning of the vessel dilatation of the AAA. In
the three patient-specific cases the distal landing zones
are in the common iliac arteries.

2.2 Model assumptions

We incorporate the following basic assumptions in the
patient-specific in silico EVAR approach:

e The intrainterventional steps of the EVAR interven-
tion are strongly simplified. No medical tools, other
than the SG itself are considered.
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Table 1 Clinical summary of the three patients treated by EVAR.

SG prosthesis [-]
Main body
Left iliac

TFFB-30-96-ZT
ZSLE-16-90-ZT
ZSLE-16-39-ZT

Patient 1 Patient 2 Patient 3

Thrombus max. thickness [mm] 27.0 28.0 13.6
Calcification [-] severe moderate moderate
Mean vessel diameters® (preinterventional) [mm]

AAA sac 49.3 59.2 45.1

Proximal 25.3 25.6 25.1

Left iliac 14.5 19.8 14.3

Right iliac 14.0 16.6 13.1

TFFB-30-96-ZT
ZSLE-24-74-ZT
ZSLE-20-56-ZT

TFFB-30-82-ZT
ZSLE-16-74-ZT
ZSLE-16-74-ZT

Right iliac
Prosthesis oversizing [%)]

Proximal 18.6

Left iliac 10.3

Right iliac 14.3
Prosthesis overlap [mm)]

Main body - left iliac 31

Main body - right iliac 26

Time period between EVAR intervention and

postinterventional CT scan [d] 2

17.2 19.5
21.2 11.9
20.5 22.1
35 30
47 29
5 2

a diameter measured outer wall to outer wall as recommended in the indications for use of Cook Zenith® devices

e Treatment as 3D nonlinear elastostatic problem in-
cluding frictional contact as given in detail in [28].
Fluid dynamics of the blood flow is neglected. A
quasi-static pressure state is considered.

e Friction between SG and vessel is modeled assuming
Coulomb’s law. Lubrication is neglected.

e Inter- and intrapatient variability in vessel mate-
rial properties is neglected. Instead, population av-
eraged mean values are used.

e Constant vessel wall thickness of 1.5 mm is assumed.

e The geometry of the marketed SGs is approximated
based on measurements given in literature [17,18,
13].

e Modeling of the three SG components (main compo-
nent and two iliac extensions) as one pre-assembled

SG.

2.3 Vessel modeling

The patient-specific vessel geometries including ILT are
segmented from preinterventional CT data in a semi-
automatic fashion using the segmentation software Mim-
ics 12.1 (Materialise, Leuven, Belgium). The vessel ge-
ometries are cut approximately 20 mm above the branch-
ing of the renal arteries and distally approximately
20 mm below the branching of the common iliac arter-
ies into the internal and external iliac arteries. Renal
arteries, internal and external iliac arteries are not part

of the model. A uniform vessel wall thickness of 1.5 mm
is assumed [54].

Constitutive models and discretization techniques of
the vessel are taken from [28]. A summary of the ves-
sel constitutive models and model parameters is given
in Table 3 where ¥ denotes the strain energy function
(SEF) of the hyperelastic constitutive models, the su-
perscript (e)"#! stands for the total vessel wall, the
superscript (8)44 for the “healthy” vessel wall, the su-
perscript (8)AAA for the “aneurysmatic” vessel wall,
the superscript ()T for the intraluminal thrombus
and the superscript ()¢ for calcifications. I; as well
as I are modified invariants of the right Cauchy-Green
strain tensor. I, as well as I are the squares of the
stretches in mean fiber direction of the anisotropic two-
fiber model with transversely isotropic fiber dispersion
of the “healthy” vessel wall as defined in [22]. The mean
fiber direction of the two fibers i = {4,6} in the lo-
cal radial, axial and circumferential coordinate system
of the vessel are defined by M; = [0,sin(é;), cos(6;)]T.
J is the determinant of the deformation gradient and
Uyo is an Ogden volumetric SEF [19,45] whose volu-
metric bulk modulus is chosen sufficiently large to sus-
tain almost incompressibility of the vessel constituents.

The material model of the vessel differentiates be-
tween the “healthy” and the “aneurysmatic” vessel wall
as substantial differences between the two conditions
of the vessel wall can be identified [43]. The blend be-
tween the “healthy” and the “aneurysmatic” vessel wall
is regulated by the blend parameter A(d) € [0; 1] which
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Fig. 3 Image of a CZ-Flex SG (I), a CZ-Spiral SG (II) and the pre-assembled, meshed SG model (III); illustration of the
model generation of a ring-shaped stent limb (IV) and a spiral-shaped stent limb (V); stent cross section (VI) and meshing of
a CZ-Flex stent limb (VII). Permission for use of image I4+II granted by Cook Medical, Bloomington, Indiana.
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Fig. 2 Cut view of the vessel model of patient 1 (I) and
visualization of the different vessel constituents: “healthy”
vessel wall, “aneurysmatic” vessel wall, ILT and calcifications;
transversal CT image (II) with contour lines of blood lumen
(blue), abluminal ILT surface (red) and calcifications (green);
detail view of the vessl mesh (III).

is a function of the local diameter d of the vessel (Fig-
ure 2I). Consequently, at locations of A = 0 the vessel
material behavior is fully described by the SEF w44
of a “healthy” vessel and at locations of A = 1 by the
SEF WAAA of an “aneurysmatic” vessel (Table 3). In-
between a smooth transition zone of partly “healthy”
and partly “aneurysmatic” material exists as defined in
[28].

The hyperelastic constitutive model of the ILT with
the SEF ¥ resolves three different ILT layers with
decreasing stiffness c!'T according to [21]: luminal ¢}y,
medial ¢peq and abluminal ¢,y,). Calcifications are mod-
eled implicitly within the domains of ILT and aortic
wall by adding a hyperelastic SEF ¥<al¢ contribution
to the SEF of the vessel wall and the ILT at loca-
tions of high Hounsfield values in the patient-specific
preinterventional CT data (Figure 2I41I). The vessel is
embedded in spring boundary conditions with a spring
stiffness of 2.0 kPa/mm to mimic the surrounding tissue
of the abdominal aorta [39].

The vessel geometry is discretized by a conforming
mesh with linear, tetrahedral and pyramid elements in
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Table 2 Geometric SG parameters.

CZ-Flex CZ-Spiral
Stent:
Wire diameter [mm] 0.28 0.40
Graft:
Thickness [mm] 0.08 0.08

the domain of the ILT and linear, hexahedral elements
with F-bar-based element technology [16] in the domain
of the vessel wall (Figure 2IIT).

2.4 Stent-graft modeling

The considered SG devices from Cook Medical con-
sist of three separate components: a main body of type
CZ-Flex (Figure 3I) and two iliac components of type
CZ-Spiral (Figure 3II). Both, CZ-Flex SGs as well as
CZ-Spiral SGs are composed of stent limbs that are
sewn on the polymeric fabric graft. All stent limbs are
ring-shaped with exception of the intermediate stent
limbs of the CZ-Spiral SGs which are spiral-shaped. The
following SG specific simplifications are used:

e The geometry of the marketed SGs is approximated
based on measurements in [17,18] and information
given in the Cook Zenith® manual [13].

e The three SG components are modeled as one pre-
assembled SG with fixed overlap distances between
the main component and the left iliac component
and the right iliac component, respectively (Fig-
ure 3III).

e The uncovered proximal stents with barbs (Figure 3I)
are not modeled explicitly in a geometrical sense. In
order to account for the axial fixation of the SG by
the proximal barbs, we apply mortar based frictional
contact in pure stick (no tangential sliding) between
SG and luminal vessel surface in the most proximal
region of the SG of 5 mm length.

e Mortar based mesh tying is applied to model the
suture between stent and graft.

e (CZ-Flex and CZ-Spiral SGs consist of interior and
exterior stent limbs. Interior stent limbs are sewn on
the inner surface of the graft whereas exterior stent
limbs are sewn on the outer surface of the graft. In
our SG model, all stent limbs are modeled as interior
stent limbs with respect to the graft.

e Circularly shaped cross sections of the stent struts
are modeled as quadratic cross sections with equiva-
lent bending stiffness to ensure hexahedral meshing
of the stent and to provide proper surfaces for the
mortar based mesh tying between stent and graft.

The single stent limbs are sinusoidally shaped [17].
Hence, the generation of one ring-shaped stent limb is

based on

Dg

Bein(o
h—"‘zsin( ) 7
2 <)OpR)
which defines the position vectors X g of the centers
of the stent cross sections. Dg is the diameter, hr is
the height and pgr is the number of periods of the stent
limb (Figure 3IV). The most distal stent limb of the
CZ-Flex SG before the bifurcation is slightly elliptical
which is approximated by a maximum to minimum di-
ameter ratio of 1.2. The spiral-shaped geometry of the
intermediate stent limb of the CZ-Spiral SGs is defined
by

Xy = @ € [0;2n] (2)

Dsp

2 cos(yp)
Xgp = S2sin(p) ,

he .
% Sln(‘)opSp) + lSp%

¢ € [0; 2mngp)

3)
where Dgp, is the diameter, hg, is the height, pg, is
the number of periods of the stent limb. Ig;, is the lead
of the stent limb and ng, is the number of turns per
CZ-Spiral stent limb (Figure 3V). Graft thickness and
stent strut diameters are taken from literature [18] and
are summarized in Table 2. The geometrical parame-
ters Dr, hw, pr, Dsp, hsp, Psp, lsp and ng, depend
on the size of the SG and are extracted from the Cook
Zenith® manual [13].

All ring-shaped stent limbs consist of stainless steel
whereas the spiral-shaped stent limbs of the CZ-Spiral
SGs consist of nitinol. The material behavior of nitinol
is modeled by a purely elastic model as proposed in [47,
42]. Stainless steel stent limbs as well as the graft are
modeled by isotropic and hyperelastic material mod-
els proposed in [28]. The models are stated in Table 3
where the superscript (o) stands for the graft, the su-
perscript (o) for stainless steel stents and the super-
script (o)N for nitinol stents. I; is the first invariant
of the right Cauchy-Green strain tensor and J is the
determinant of the deformation gradient.

Linear, hexahedral elements with enhanced
assumed strain (EAS) technology with adaptive ele-
ment size and mesh refinement in the curved parts of
the stent limbs are used for the discretization of the
stent (Figure 3VI+VII). Hexahedral solid-shell elements
[65] with EAS as well as assumed natural strain (ANS)
technology with an element edge length of 0.4 mm are
used for the graft discretization (Figure 3IV).

2.5 In silico EVAR in patient-specific geometries

This section provides the outline of the in silico EVAR
methodology proposed in [28] plus relevant aspects for
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Table 3 Overview of constitutive models and material parameters of vessel and SG.

Strain energy function Material parameters

l‘pwall — (1 _ )\)WAA + )\g,AAA + lpcalc _
5 = _ _ k1 [kP 4070 ko [- 165.6
N gaa _ k1 (kaleTi+(1=3m)T,=11 _ 1y 1 [KkP] 2t
3 & 2k2 i 76 cAA [kPa] | 100.9 w [-] 0.16
s & + A = 3) + Wi ()
> 0; [°] +48.4

WAAA = q(I; — 3) + b(I1 — 3)2 + WALA(J) a [kPa] 174.0 b [kPa] 1881
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@ decreasing stiffness from luminal (c'"T = 2.62 kPa) to abluminal surface (c!*T = 1.73 kPa) according to [21]

b

patient-specific cases. The in silico EVAR methodol-
ogy aims at finding the final configurations of the de-
ployed SG and the vessel after the intervention under
static conditions rather than reproducing the intrainter-
ventional steps of EVAR. The methodology consists of
four main steps: stent predeformation (Figure 41), vessel
prestressing to the assumed diastolic pressure state of
80 mmHg (Figure 411), SG placement in the interior
of the vessel (Figure 4111) and SG deployment (Fig-
ure 41V). Within the scope of the in silico EVAR method-
ology we clearly distinguish between SG placement and
SG deployment. SG placement defines the process of po-
sitioning the SG within the vessel. SG deployment de-
fines all processes subsequent to the SG placement, i.e.
the processes that let the SG freely deform within the
vessel. For a detailed description of the in silico EVAR
methodology the reader is referred to [28].

Stents of Cook Zenith® SGs are manufactured with
a larger diameter than the associated graft. During the
assembling process of the SGs, stents are radially com-
pressed and are sewn on the graft in this compressed

c®¥¢(hy) is a function of the local Hounsfield value h, taken from preinterventional CT data according to [28]

state resulting in an assembled SG with residual strains
and stresses. This effect called stent predeformation can
have a major impact on the mechanical behavior of the
SG in the deployed state [28,56]. It is modeled by using
the stent predeformation methodology proposed in [28§]
(Figure 4I). Similar degree of stent predeformation of
15% is assumed for all stent limbs.

As the patient-specific geometry s
reconstructed from in medical imaging
(section 2.3), the initial geometric configuration is not
stress-free. In order to initialize the model to this
stressed configuration, we use a wvessel prestressing
methodology based on a modified updated Lagrangian
formulation proposed in [23]. The vessel is prestressed
to an assumed diastolic pressure of pgiast = 80 mmHg
(Figure 411).

The maximum length of the proximal landing zone
is proximally limited by the bifurcations to the renal
arteries which must not be covered by the covered part
of the SG after the deployment. The proximal landing
zone of the SG is assumed to be as long as possible.

vessel
vivo
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II Zl(

Vessel v. Mises
Cauchy stress [kPa]
80.0

SG v. Mises
Euler-Almansi strains [-]

EO,Z

—=60.0
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=005 —20.0
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Fig. 4 Steps of the in silico EVAR methodology applied to patient 1 according to the in silico EVAR methodology proposed
in [28]: stent predeformation (I), vessel prestressing (II), SG placement (IIla-c) and final deployed state under static condi-
tions (IV). Overview of the control curves C of the proximal part (8)F, the left iliac part (o)™ and the right iliac part (e)®
in the initial (e); and the target configuration (e)T (IIIa); colors of the SG indicate affiliation to the proximal control curve
(blue), the left iliac control curve (orange) and the right iliac control curve (green) (IIlc).

Hence, the SG is positioned slightly below the branches
to the renal arteries according to the preinterventional
CT data. The distal landing zones are not a priori de-
termined but evolve from the deployment process.

The deformation of the SG during the in silico SG
placement is based on a morphing algorithm based on
1D control curves C C R? (Appendix A1). Each node
i of the SG is described in local cylindrical coordinate
systems tangentially aligned to the control curve C with

the local cylindrical coordinates 7%, §%, 2* (Figure 5). In
the following we distinguish between the proximal SG
part (blue), the left iliac SG part (orange) and the right
iliac SG part (green) (Figure 411Ic). The in silico EVAR
methodology for bifurcated SGs demands three control
curves: one control curve of the proximal part C¥', one
control curve of the left iliac part C* and one control
curve of the right iliac part C? of the SG. Each of the
three control curves has to be given in the initial CI(H)
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5%

Fig. 5 Illustration of local cylindrical coordinates r?, 6%, 2
and the bounding box B’ (red) around point j of the control
curve Cr; (tnb)? is the local triad tangentially aligned to the
control curve Cr at point j as defined in [28].

and the target configuration C(TH) with IT = {P,L,R}
(Figure 411Ta). The initial configurations of the control
curves CI(H) are the centerlines of the three SG com-
ponents in the undeformed configuration. These three
centerlines are known from the SG generation process
described in section 2.4. The target configurations of
the control curves C(TH) correspond to the centerlines
of the vessel in the preinterventional imaged configu-
ration which are known from the segmentation process
(section 2.3).

The SG placement is a transformation of the SG
from the undeformed SG configuration into the ves-
sel geometry according to the evolution of the control
curves CI(H) from their initial configuration into their
target configuration C(TH) with IT = {P,L,R} (Fig-
ure 4111). During the SG placement step, the deforma-
tion of the SG is completely prescribed by the mor-
phing algorithm based on control curves where each
SG component (proximal part, left iliac part, right il-
iac part) is morphed individually. This means, the de-
formation of the proximal SG part (blue) is fully de-
scribed by the evolution of the control curve C¥ from CP
to CX and independent of the evolution of the control
curves C¥ and CR. Similar independencies are given for
the left iliac SG part and the right iliac SG part, re-
spectively (Figure 4III). To ensure continuity between
the three SG components during the entire SG place-
ment the control curve continuity conditions provided
in Appendix A2 have to be satisfied.

Two different nonlinear traction loads

fi=—p - on (v UAD) (4a)
and
to=—pc-n. onAe (4b)

are applied after the SG placement, where n, is the
outward surface normal on the Neumann boundary of
the luminal vessel surface 'yf}r? not covered by the SG
and the luminal surface of the graft y. n. is the out-
ward surface normal on the luminal vessel surface 'yfco
covered by the SG, i.e. the luminal surface of the ves-
sel between the most proximal SG attachment and the
most distal SG attachment. We consider the final de-
ployed configuration of SG and vessel at the assumed
diastolic blood pressure state of pgiast = 80 mmHg,
i.e. P1 = Pdiast, as well as at the assumed systolic blood
pressure state of psys = 130 mmHg, i.e. pi = peys. In
both cases a zero AAA sac pressure after the insertion
of the SG is assumed, i.e. p. = 0 mmHg.

During the in silico SG placement, the deformation
of the SG is fully prescribed by morphing constraints.
After the placement of the SG in the interior of the
vessel, we gradually remove the morphing constraints
of the SG starting at the proximal end of the SG. Af-
ter the in silico SG deployment, i.e. after the release of
all morphing constraints, the SG can elastically deform
within the elastically deformable vessel. The final state
of SG and vessel after the in silico deployment of pa-
tient 1 at the systolic blood pressure state is visualized
in Figure 4IV.

Frictional contact between SG and vessel as well as
contact between the two iliac components of the SG
is modeled by a penalty contact formulation based on
mortar methods [49,50] with a friction coefficient of 0.4
[63,46].

An implicit, quasi-stationary nonlinear solver with
a semi-smooth Newton approach with consistent lin-
earization [24] is used to solve the 3D nonlinear elas-
tostatic problem including frictional contact. The large
system of linearized equations is solved every Newton
step by a parallel iterative GMRES method precondi-
tioned using algebraic multigrid [29].

2.6 Validation methodology

In this section, the validation methodology of the in
silico EVAR results is described. We qualitatively and
quantitatively compare the final configuration of the
stent after the in silico SG deployment with the config-
uration of the stent extracted from postinterventional
CT data. This comparison requires the assumption that
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Fig. 6 Validation methodology using postinterventional CT data visualized for patient 3: stents from simulation and segmen-
tation of stents from postinterventional CT data (I); rigid registration of stents from simulation and postinterventional CT
data (II); cut of stents into three SG parts (proximal part, left iliac part and right iliac part) (III); exemplary illustration of
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of the proximal stent part (IV); exemplary comparison of the stent diameter d5_ (s¥7) from

sim

simulation and the stent diameter &gomv,f(spvj) from postinterventional CT data at the same arc length s¥+7 (V).

within the time period between the EVAR intervention All nodes with the reference coordinates
and the day of the postinterventional CT scan (Ta- XD ¢ (Qg,(n) N QOG’(H)) of the SG model in its un-
ble 1) no growth and remodeling and other reasons have ~ deformed configuration with ¢ = 1,2, ..., nSG-UD) are

changed the configurations of vessel and SG. Due to the
short time period between the EVAR intervention and
the day of the postinterventional CT scan as well as
relatively slow growth and remodeling rates of vessel
tissue, this assumption seems reliable.

In the quantitative validation, we compare the di-
ameters of the stent from the in silico EVAR approach
with the diameters of the stent from postinterventional
CT data. The single steps of the proposed validation
methodology are discussed in the following and are sum-
marized in Figure 6.

The in silico EVAR simulation is based on the vessel
geometry of preinterventional CT data which in gen-
eral is aligned in a different coordinate system than the
postinterventional CT data. Hence, after the segmen-
tation of the stent from postinterventional CT data, a
rigid registration based on a minimal point distance fil-
ter of the stent from postinterventional CT data onto
the stent from the in silico EVAR simulation is used
to align both stent configurations in the same coordi-
nate system (Figure 6II). Next, the three stent compo-
nents IT = {P,L,R} (proximal part, left iliac part and
right iliac part) are considered separately (Figure 6I11).

grouped into subsets A%H)’j (Appendix Al). Q(S)’(H) C
08 and Q5" ¢ QF are the undeformed configurations
of stent and graft of SG part II. To ease the notation,
we do not write the superscript (¢)() in the following.
Unless specified differently, the variables are valid for
any of the three components of the SG IT = {P,L,R}.

Based on the valid assumption that the relative
deformation of the SG tangentially to its centerline is
small, the centerline Cp, of the deployed SG can be com-
puted. The points of the centerline Cp, are the centers
of gravity of the sets A{ according to

j 1 § 0% At 1 § 0% At
w%,De:W 0'x :% 9$, (5)
iCAl ieA] ieA]
I

Vi=1,2,..,nc,

where nc is the number of points of the centerline
C1 of the SG in the undeformed configuration, x* are
the current coordinates of all nodes i in the set A{
and 6° = 2(6°*! — ¢°~1) is the mean angular distance
between two adjacent nodes in set A{. The nodes ¢ in
the sets A{ are ordered counterclockwise according to
the local angular coordinate #° of the local cylindrical
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coordinate systems tangentially aligned to the center-
line C; (Figure 5). Hence, the nodes i and i + 1 are ad-
jacent nodes. The mean angular distance 6 is used as
weighting to account for irregularly distributed nodes
in the set A{. In case of a regular SG mesh, i.e. the
mean angular distance #° is the same for all nodes 4,
equation (5) reduces to the arithmetic mean as shown
in Appendix A3.

Further, we introduce the arc length parameteriza-
tion

s ="t |lalpe — Thpell, Vi=23,...nc, (6)

st =0,

where a:aDe is the position vector of point j of the
centerline Cp, according to equation (5) and nc is the
total number of points 7 = 1,2, ..., n¢ that describe the
piecewise linear centerline Cp, of the SG in the deployed
state. Consequently, s? are discrete values of the arc
length of the centerline Cp, with

{70 < s/ < L,Vj=1,2,...,nc}, (7)

where L is the total arc length of the centerline Cpe.

Using the local cylindrical coordinates 0183’2 and r]SD’é
(cf. Figure 5), we can determine the average diameter
of each set A{ . In contrast to Figure 5 where the lo-
cal coordinate systems are aligned to the undeformed
centerline Cy, the local coordinates 9183’2 and r%é corre-
spond to the local coordinate systems that are tangen-
tially aligned to the centerline Cp, of the deployed SG
which is given by equation (5). For reasons of compara-
bility with postinterventional CT data, where the graft
is not visible, we only use the nodes of the stent (not
the graft) to calculate the average diameter d>7 of all
nodes in the set AIS’j . This is indicated by the super-
script (e)5. In contrast to A{, AIS’j holds only nodes of
the stent. Hence, the average stent diameter of all nodes
in the set AIS I is given by

. ) 1 e
@9 = d(s) = - 3 200, (8)
ieAdd

Vi=1,2,..

where r%’é is the local radius of node i in set Af”j .
0_%’2 = %(9%’2“ — 0183’271) is the mean angular distance
between two adjacent nodes in the set AIS J according
to the local cylindrical coordinate systems tangentially
aligned to the centerline Cp, of the deployed SG (Fig-
ure 5). At this point, it is important to clearly distin-
guish between rls)’g and d>7. rlsj’é is the local radius of
node 7 in set AIS J according to the local cylindrical
coordinate system that is tangentially aligned to the
centerline Cpe. d>7 is the average diameter of all nodes

belonging to one common set AIS 7. The term average
refers to the average of the diameters 27“%; of a all

nodes 7 in the set AIS’j.

Until this point we only considered the deployed
configuration of the stent from the in silico EVAR ap-
proach. In the following, we will apply the same meth-
ods to evaluate the deployed stent configuration ex-
tracted from postinterventional CT data with a reso-
lution of 0.75 x 0.75 x 1.0 mm? for patient 1, 0.79 x
0.79 x 1.0 mm? for patient 2 and 0.76 x 0.76 x 1.0 mm?>
for patient 3. We use the same centerlines Cp, and the
same methods as for the simulated SG to evaluate the
average diameters d> (equation (8)) of the stent seg-
mented from postinterventional CT data (Figure 7).
To distinguish between variables of the simulation and
variables of the postinterventional CT data, we intro-
duce the subscripts (®)sim and (®),ostrv, respectively.

Measuring the diameter of the stent from postinter-
ventional CT data at distinct locations, i.e. measuring
the average diameter of distinct sets Aigostw, can be
sensitive to small variations of the location due to local
artifacts in the postinterventional CT data. The main
source of these artifacts is given by the well known prob-
lem of imaging metallic objects by computed tomog-
raphy [7,36,52]. Due to these metal-related artifacts,
stent struts appear to be thicker than they are and a
clear segmentation process of the stent is more difficult.
Additionally, calcifications often cannot be separated
clearly from stents.

Perrin et al. [46] used only one average diameter per
stent limb in their quantitative validation methodology.
Calculating only one average diameter for each stent
limb is less susceptible to local artifacts in the postin-
terventional CT data. However, this method is not able
to capture nonuniform stent shapes such as a conical
shape. But particularly in the landing zones of the SG,
nonuniform vessel shapes and consequently nonuniform
stent shapes can have a major impact on the applicabil-
ity and the success of EVAR [40,11]. Hence, a validation
methodology should also be able to assess how well such
nonuniform stent shapes are represented.

In our validation methodology with the objective to
measure the stent diameter pseudo-continuously along
the total SG length, an outlier detection by a moving
average filter is applied to reduce the variance of the
measured average stent diameters from postinterven-
tional CT data due to the presence of local artifacts
(Appendix A4). Filtered data is indicated by the sub-
script (o) in the following. A quality estimation of the
segmented data from postinterventional CT scans, i.e.
an estimation to which extent the stent diameter mea-
surement from postinterventional CT data is influenced
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by the vagueness in the segmentation process, is pro-
vided in Appendix A5.

The quantitative comparison of the simulation re-
sults with the postinterventional CT data is done
by comparing the average stent

Jgim( uz )’J) CZS UDsJ from simulation with the average

stent diameters dpostlv,f(s(n)’j) = J}S)’O(H)’j

StIV £ from post-
interventional CT data (Figure 6V) at same arc length
{sUDd|0 < s < LUD 5 = 1,2,...,n(CH)}. As the
exact blood pressure state of the patients in the postin-
terventional CT data is unknown, we use the simula-
tion results at an assumed diastolic blood pressure state
of pgiast = 80 mmHg as lower bound and the simula-
tion results at an assumed systolic blood pressure state
of pys = 130 mmHg as upper bound for the validation.
Hence, the postinterventional CT data is compared to
the in silico EVAR results at the internal diastolic pres-
sure state and at the internal systolic pressure state.
The relative error e(A)(s(H)’j) of the in silico EVAR
approach at the respective pressure state is

diameters

S(H)’j) - sz)osﬂmf(s(n)’j)

(sD9)

d_gim,(/l)(

(S(H)J) — (9)

€(a) B
postIV,f

with A = {diast, sys}. The mean error e at the discrete
location s out of the error at the diastolic pres-
sure state egiast and the error at the systolic pressure
state egys is given by

1 ) .
5 (ediast (S(H)J) + esys(s(n)d)) .

(s

(10)

In the following section we will consider three pa-

= {1,2,3} for validation. We calculate the

mean error ,u( () =) and standard deviation 0( () for each

SG part IT = {P,L,R} and each patient = = {1,2,3}

tients = =

over all discrete locations sgg)) “according to

() 1 (1),
Fe®) = L > el (11)
C.(&2 >j:1,27...,ng7(>5)
and
om |1 3 (e(s(H)’j)f () )2
(&) 7 | 0D (&) )T He(3)
C,(&) j:1,2,.4.,n(c1y7()5)
(12)
In (11) and (12), sgg))’j are discrete values of
the arc length of the centerline CI(DIZ)(E) with
),j m),j my . big
{s(2)7l0 < s(2)7 < LE)¥j = 1,2,..,n55)}. The
discrete  values of the arc length s(g)’J
describe the discrete locations at which ‘the
average diameters d, (s EIEY)) 7y = Jf u(nH<)5§ as well as
Jf‘)ostw(sgg)) Iy = dpo(SIZI)V’J (=) and consequently the rel-

ative errors S(SE ))J) - eEH))J

the total number of these discrete locations and ng))

(1

are measured. n. /=, is
C,\(&)

is the total arc length of the centerline Cl()lz)(:) of pa-

tient = and SG part IT in the deployed state.

We speak of a pseudo-continuous diameter measure,
since the number of discrete locations s/ at which the
average diameters d>7 = d>(s7) (equation (8)) are mea-
sured is very high. Hence, the average diameters of the
stent d° are given almost continuously along the total
length L of the deployed SG. Therefore, in the follow-
ing we use the abbreviated continuous representation
of (7) given by s € [0; L]. Variables with superscript
(o)’ denote discrete variables and variables without su-
perscript () denote variables that are given pseudo-
continuously along s € [0; L].



Patient-specific in silico endovascular repair of abdominal aortic aneurysms: application and validation 13

3 Results
3.1 Validation using postinterventional CT data

The results of the in silico EVAR approach, i.e. the
configurations of SG and vessel in the deployed state,
for the three patient-specific cases are visualized in Fig-
ure 91. We validate the in silico EVAR methodology by
qualitative and quantitative comparison between the
simulation results and postinterventional CT data.

8.1.1 Qualitative comparison

In Figure 81, the simulated stent configurations of the
three patient-specific cases at an internal pressure state
of 80 mmHg are superimposed to the stent configura-
tion segmented from postinterventional CT data. Quali-
tatively, the simulated and postinterventional stent
shapes are almost identical by visual comparison in
Figure 8I. Even specific SG deformations, such as the
conical stent shape of the most proximal stent limb of
patient 3 or the highly curved SG part of the left il-
iac part of patient 1 are properly predicted as can be
seen in Figure 8I. Only slight mismatches in the relative
position of the right iliac SG parts of all three patients
exist whereas for the proximal and the left iliac SG part
no significant position mismatches are visible.

For each patient four slices are considered qualita-
tively: one slice through the first stent limb of the prox-
imal part (slice S%E)), one slice through the second stent
limb of the proximal part (slice S%E)), one slice through
the last stent limb of the left iliac part (slice S‘Z’E)) and
one slice through the last stent limb of the right iliac
part (slice S(z,), where Z = {1,2,3} denotes the num-
ber of the patient. The slices S%E , S?E) and SE‘E) are
of elevated relevance as they are within the proximal
and the distal landing zones that are involved in several
EVAR related complications such as endoleaks type la
and 1b.

The deployed stent diameters in the slices Si, Si
and S}, which define slices through the proximal landing
zone, are well predicted. Slight discrepancies in slice S}
of patient 2 can be observed where the simulated stent
diameter is slightly larger than the stent diameter ex-
tracted from postinterventional CT data. In the slices S?
and S2 some mismatches in the predicted stent expan-
sion can be identified whereas the prediction of the stent
expansion in slice S2 is almost perfect.

The diameter of the simulated stents and the di-
ameter of the stents from postinterventional CT data
in the slices S3, S3 and S3, which are slices through
the landing zone of the left iliac part, are almost iden-
tical from a qualitative perspective. The slices S}, S3

and S3 through the landing zone of the right iliac part
highlight the previously mentioned relative position er-
ror of the simulated right iliac SG part compared to
the postinterventional CT data. The prediction of the
diameter expansion is relatively good. The largest dis-
crepancies by visual comparison can be identified for
patient 2 (slice S3) where the simulated stent diameter
is too large.

3.1.2 Quantitative comparison

In Table 4, we plot the average stent diameters and
relative errors of the distinct slices that were qualita-
tively discussed in section 3.1.1 and which are visualized
in Figure 8I. We quantitatively evaluate the in silico
EVAR results at the assumed diastolic pressure state
of 80 mmHg and at the assumed systolic pressure state
of 130 mmHg.

In Figure 811, we plot the average stent diameters of

the in silico EVAR approach at 80 mmHg
(d_gim,diast( EH))) and at 130 mmHg (Jgun sys( Eg)))) as

well as the filtered average diameters dpostIV,f( E )) )
of the stent from postinterventional CT data pseudo—
continuously along the arc length SEH)) [0; L( )] for
all three SG parts I = {P,L,R} and all three pa-
tients = = {1, 2, 3}. Each asterisk corresponds to a dis-
crete average diameter d- ll(nﬂ()ﬂﬁ’ JIS) O(SIZI)V’J

(IT),j S,(I1),j
I,sim,(Z) dAI postI]V( =)

(section 2.6). Additionally, the relative error e(ség)) ) be-
tween the in silico EVAR approach and the postinter-
ventional CT data according to equation (10) is visu-
alized in Figure 8II (right scale). At the bifurcations of
the SG, the stent diameters of the postinterventional
CT data could not be measured properly as the prox-
imal part and the iliac parts of the stent are slightly
overlapping. Further, in the range s € [34 mm; 65 mm]
of the left iliac part of patient 2, the quality of the seg-
mented stent from postinterventional CT data is inap-
propriate to be able to measure stent diameters. Those
regions, in which the average stent diameters of the
postinterventional CT data could not be measured, are
highlighted by orange color in the plots of Figure 8II
and are neglected in the calculation of the relative er-
rors e(sgg)) ). Table 5 provides a summary of the mean

ug)_:) and the standard deviation 0(1(71) of the relative

errors e(s E )) ) according to equation (11) and (12) over

all SG parts IT = {P,L,R} for each patient-specific
case E = {1, 2, 3}.

Referring to Figure 811, in the proximal parts of the
three patients, average stent diameters d> dlast(sf_))
of the in silico EVAR approach at 80 mmHg (blue

(=) measured

in a distinct set A respectively
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Fig. 8 Qualitative (I) and quantitative (II) validation of the three clinical cases; comparison of the average diameters of
the stent from the in silico approach and the stent from postinterventional CT data qualitatively at four distinct slices per

(1)

patient (I) and pseudo-continuously along the total arc length 5=y € [0; Lég)) ] of the respective SG part IT = {P,L,R} of

patient = = {1,2,3}.
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Table 4 Measured average diameters d>,

and Jgosuv ¢ as well as relative errors e at the assumed diastolic pressure state

(80 mmHg) and at the assumed systolic pressure state (130 mmHg) according to equation (9) in the exemplary four slices per

patient visualized in Figure 8I.

Patient 1 Patient 2 Patient 3
Slice St S2 S3 S Si S2 S3 S4 Si S2 S3 RF;
In silico (80 mmHg): d5, 4. [mm] | 219 253 104 10.8 | 255 28.6 205 169 | 233 300 109 114
In silico (130 mmHg): d5,, .. [mm] | 22.3 259 108 11.1 | 26.0 287 209 17.1 | 240 304 111 116
Post CT: dS_ .1y ¢ [mm] 21.1 243 107 10.2 | 23.3 289 195 145 | 222 286 119 11.0
Rel. error (80 mmHg): eqiast [%] 3.8 4.1 -2.8 5.9 9.4 -1.0 5.1 16.6 5.0 4.9 -8.4 3.6
Rel. error (130 mmHg): esys [%] 5.7 6.6 0.9 88 | 116 -0.7 72 179 | 8.1 6.3 -6.7 55

curve) and at 130 mmHg (red curve) are very close to
the average stent diameters dj 1y ¢(5(=)) of the postin-
terventional CT data (black curve). Largest discrepan-
cies between in silico EVAR and postinterventional CT
data can be observed in the proximal SG part of pa-
tient 2. The relative error is |e(sf5))| < 12% for any of
the three patients with sFE) € [0; LFE)]. The good pre-
diction of the average stent diameters of the proximal
SG part results in a mean relative error of uf = 6.4%
and a small standard deviation of of = 3.4% (Ta-
ble 5). uf and of denote the mean and standard de-
viation of the error e for the proximal SG part over
all three patients according to equation (11) and (12).
It is also worth mentioning that the in silico approach
is able to reproduce the conical shapes of the stent in
the proximal landing zone (indicated by green color in
Figure 8IT). Whereas the most proximal stent limb of
patient 1 is only slightly conical, the most proximal
stent limbs of patient 2 and 3 are strongly conical with
a smaller average diameter at the proximal end and a
larger average diameter at the distal end. The SGs of
all three patients are strongly compressed in the prox-
imal landing zone, i.e. the measured average stent di-
ameters (blue, red and black curve in Figure 8II) are
significantly smaller than the nominal diameter D(sf’E))
(cyan curve in Figure 8IT) which is the diameter of the
undeformed SG. In the aneurysm sac (SFE) 2 30 mm),
the SG fully expands to its nominal diameter D(st))
with exception of patient 1. Due to a pronounced ILT
layer, patient 1 has a relatively small luminal diameter
in the aneurysm sac of the preinterventional vessel. The
SG cannot fully expand to its nominal diameter in this
region.

Very similar behavior of the left and right iliac SG
parts can be observed in Figure 8II. A relative error in
the left iliac SG parts of |e(s%3))| < 20% and a relative
error in the right iliac SG parts of |e(s?5))\ < 25% is
found for any 3%5) € [O;L%E)] and s{{E) € [O;L{{E)], re-
spectively. The mean error and the standard deviation
of the iliac parts are given by ul + ol = 2.1 £ 9.3%

for the left iliac part and pl + of = 6.6 & 9.8% for
the right iliac part (Table 5). ul and ol denote the
mean and standard deviation of the relative error e
for the left iliac SG part over all three patients. uR
and o is the mean and standard deviation of the rela-
tive error e for the right iliac SG part over all three pa-
tients according to equation (11) and (12). In contrast
to the proximal SG parts, where the simulated average
diameters cEim’ diast are slightly larger than the average
diameters JIS)OSWJ from postinterventional CT data for
the total length of the SG part SFE) € [0; Lf_:)], in the il-
iac SG parts there are regions where the simulated stent
diameters are too large and regions where the simulated
stent diameters are too small. This is the reason for the
relatively small mean relative errors but higher stan-
dard deviations for the iliac SG parts as provided in
Table 5. The prediction of the stent expansion diame-
ters in the landing zones of the iliac SG parts (indicated
by green color in Figure 811) is relatively good with ex-
ception of the landing zone of the right iliac SG part of
patient 2. In the landing zone of the right iliac SG part
of patient 2, the predicted average stent diameters of
the in silico EVAR approach are too large compared to
the the postinterventional CT data with relative errors
up to 25%. The average stent diameters of the deployed
SG (blue, red and black curve) in the iliac SG parts are
close to the nominal diameter (cyan curve) with excep-
tion of the regions of the distal landing zones (indicated
by green color) where the SG is strongly compressed.
In summary, the mean and the standard deviation of
the relative error e are very similar for all
three patients with pe1 £ 0.1 = 6.7 £ 8.7%,
feo2 £ 0e2 =55+74% and pe 3+ oc3 = 5.0 £ 8.2%.
pe,=) and o, (=) are the mean and the standard de-
viation of the relative error e of all three SG parts of
patient = = {1,2,3} according to equation (11) and
(12). The total relative error over all patients and all
SG parts is pe + 0. = 5.6 £ 8.1% (Table 5).
Considering the change of the average stent diame-
ters induced by the blood pressure change, the average
diameters of the stent at 80 mmHg (ng,diast(sgg)) )
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Table 5 Mean and standard deviation of the relative errors e(sgg))

II = {P,L,R} of each patient—speciﬁc case & = {1,2,3}.

) according to equation (11) and (12) over all SG parts

plliL) £oll[L) [%] | Patient 1 (5 =1) Patient 2 (£ = 2) Patient 3 (= = 3) Total
Proximal part (I] = P) 6.0+1.6 5.8 +5.0 72419 6.4+3.4
Left iliac part (IT = L) —344+76 7.6 + 6.0 2.0 +10.2 21493
Right iliac part (I = R) 124479 42493 47499 6.6 +9.8
Total 6.7+£8.7 5.5+7.4 5.0 +8.2 5.6+8.1

(blue curve in Figure 8II) are only slightly smaller than
the average diameters of the stent at 130 mmHg

(A5 sys (s (g)))) (red curve in Figure 8II).

3.2 In silico EVAR application

To demonstrate the motivation of in silico EVAR ap-
proaches as predictive tool applied to patient-specific
cases, we evaluate the mechanical state of SG and ves-
sel in the deployed state. We consider the deployed SG
configurations (Figure 91I), the normal contact tractions
between SG and vessel (Figure 9II), the tissue stresses
of the vessel before EVAR, (Figure 91IT) and the tissue
stresses of the vessel after EVAR (Figure 9IV) at the
systolic pressure state of 130 mmHg. Further, in Fig-
ure 9V, the von Mises tissue overstress

oR — o (13)

OMises — Mises

is visualized, where o}y, are the von Mises Cauchy
stresses in the vessel before EVAR (Figure 9III) and
ob are the von Mises Cauchy stresses after EVAR
(Figure 9IV).

For patient 2 and 3, radial graft buckling only is
apparent in the proximal and distal landing zones and
longitudinal graft buckling in the curved iliac parts. In
contrast, for patient 1 radial graft buckling is apparent
almost across the total SG since the SG is in contact
with the vessel even in the aneurysm sac. Additionally,
patient 1 possesses the highest degree of calcification,
i.e. additional stiffening of the vessel, which might re-
duce the widening of the vessel by the SG and might
lead to increased buckling of the SG (Figure 9I). The
SG almost fully adapts to the vessel geometry in all
three cases, i.e. straightening of the vessel is insignifi-
cantly small even in the strongly angulated iliac arter-
ies.

Maximal normal contact tractions above 100 kPa
occur in the in silico model in the proximal and dis-
tal landing zones but also in the curved iliac parts of
patient 1 (Figure 9II). The SG yields vessel stresses
above 300 kPa in the proximal and distal landing zones
in the model of all three patient-specific cases (Fig-
ure 9IV) as well as in the highly curved iliac parts

of patient 1. The insertion of the SG reduces the wall
stresses in the aneurysm sac in case 2 and 3. In case
of patient 2, the SG is not in contact with the ILT in
the aneurysm sac. Hence, the load on the vessel wall
is fully removed resulting in zero vessel stresses in the
aneurysm sac. In case of patient 1 the luminal diame-
ter in the aneurysm sac is relatively small due to a rela-
tively thick ILT layer. This means the SG is almost fully
in contact with the ILT in the aneurysm sac. Therefore,
the wall stresses in the aneurysm sac do not decrease in
the model. In all three patient-specific cases local tis-
sue overstresses gpises Of up to 100 kPa exist mainly
in the proximal and distal landing zones where passive
fixation by SG oversizing is aspired (Figure 9V).

4 Discussion

It was shown that the in silico EVAR methodology pro-
posed in [28] is applicable to patient-specific geometries
with bifurcated SGs. The qualitative comparison of the
deployed stent configuration of the in silico EVAR ap-
proach and the deployed stent extracted from postin-
terventional CT data showed very good agreement de-
spite that certain model parameters, such as constitu-
tive vessel parameters and the vessel wall thickness, are
uncertain. Instead of fully patient-specific parameters,
cohort averaged and literature based values had to be
used.

Since the exact blood pressure state of the patients
at time of the postinterventional CT scans is unknown,
we computed the average diameters of the deployed
stent from the in silico EVAR approach at the assumed
diastolic blood pressure of 80 mmHg and at the as-
sumed systolic blood pressure of 130 mmHg. The in
silico results at the systolic blood pressure can be seen
as upper bound and the in silico results at the dias-
tolic blood pressure as lower bound when comparing
to postinterventional CT data. However, the difference
of the deployed stent diameters induced by the blood
pressure change of 50 mmHg is rather small
(mean + std = 2.0 + 1.2% at the proximal SG parts
and mean + std = 0.7 + 0.8% at the iliac SG parts).
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Patient 1

Patient 2

Patient 3

normal contact traction [kPal v. Mises Cauchy stress [kPa] v. Mises overstress nises [kPa]
0.0 25.p 50.0 m7‘5‘)‘.(‘3““100.0 0.0 70.\0 140.0 J%I‘P‘.‘(‘]m 300.0 —100.0 —5(})}.‘()‘“”(‘)‘.‘()\”'”?}01.0 100.0

Fig. 9 Results of the in silico EVAR approach for all three clinical cases at 130 mmHg blood pressure: Deployed configuration
of the SG (I), normal contact tractions between SG and vessel (II), vessel von Mises Cauchy stresses before EVAR (III), vessel
von Mises Cauchy stresses after EVAR (IV) and vessel von Mises overstress (V).



18

André Hemmler et al.

The newly developed quantitative validation method-
ology allowed to plot the average diameters of the stents
from the in silico EVAR approach and the stents ex-
tracted from postinterventional CT data pseudo-
continuously along the total length of the SG in the
deployed state. The quantitative comparison of the av-
erage stent diameters of the deployed SG from the in
silico EVAR approach and the average stent diame-
ters from postinterventional CT data showed very good
agreement for the proximal SG parts with the maxi-
mum error smaller than 12% and ! +0f = 6.4 +3.4%
over all three patient-specific cases. The comparison
of the iliac SG components showed good agreement
with pl + ol = 2.1 £ 9.3% for the left iliac parts
and plt + of = 6.6 & 9.8% for the right iliac parts.
In total, the prediction of the stent diameters by the in
silico approach lead to slightly too large diameters com-
pared to the stents extracted from postinterventional
CT data.

In contrast to [46], we only used the comparison
of stent diameters for validation of the in silico EVAR
methodology. We did not compare the position of the
stent since pre- and postinterventional CT data gener-
ally are aligned in different coordinate systems. Hence,
the results of the position comparison strongly depend
on the quality of the registration between pre- and
postinterventional CT data. Further, the results of the
position comparison depend on the exact position of
the patient during CT scanning. As the order of the
position comparison should be in the range of a few
millimeters, these effects would dominate the results.
In contrast to the position comparison, the diameter
comparison is independent of the global position of the
stent.

Although the preinterventional vessel diameters and
the degree of SG oversizing in the proximal landing zone
is in the same range for all three patients (o = 17—20%,
Table 1), the deployed SG configurations of the three
patient-specific cases are very different in the proximal
landing zone. The SG diameter in the deployed state
in the proximal landing zone of patient 1 with a mean
diameter of 22.9 mm is significantly smaller than the
corresponding SG diameters of patient 2 with a mean
diameter of 25.9 mm and patient 3 with a mean diam-
eter of 24.5 mm. Here, the mean diameter corresponds
to the in silico EVAR results in the proximal landing
zones at 130 mmHg blood pressure. This observation of
different stent expansion diameters goes hand in hand
with the highest degree of graft buckling in the proxi-
mal landing zone of patient 1. One possible explanation
is the highest degree of calcification of patient 1 com-
pared to the other two patient-specific vessels. Calcifi-
cations are very stiff vessel constituents which reduce

the widening of the vessel by the oversized SG. Hence,
the deployed SG diameter is smaller and the degree of
graft buckling is higher. These different characteristics
of the deployed SGs in the landing zones of potentially
similar clinical cases (similar with respect to the prein-
terventional proximal vessel diameter and the degree of
SG oversizing) raise the need for patient-specific simu-
lations which consider the patient-specific geometry of
the vessel and which incorporate ILT and calcifications
as additional vessel constituents. However, as in this
study only three clinical cases were considered, these
results do not allow for general conclusions.

Using the in silico EVAR methodology, it was shown
that the insertion of the SG reduced the vessel stresses
in the aneurysm sac and lead to instant shrinkage of
the sac diameter in two of three cases. Shrinkage of the
sac diameter often is considered as evidence of clinical
success [20,60] as this is an indicator that the luminal
pressure is removed from the vessel in the aneurysm
sac. But the SG yields tissue normal contact tractions
between SG and vessel above 100 kPa and local tissue
overstresses of up to 100 kPa in the landing zones of
the SG which can lead to negative effects such as tissue
remodeling and aortic neck dilatation [34,66,61].

In future studies, a metric combining mechanical
and geometrical parameters should be developed to make
in silico EVAR approaches a valuable tool that facili-
tates the preinterventional planning process. These pa-
rameters have to be able to assess the quality of the in
silico EVAR outcome quantitatively. Possible parame-
ters are tissue overstresses, contact tractions, SG fixa-
tion forces and SG drag forces. The metric combining
these mechanical and geometrical parameters should
group the in silico EVAR results in the range between
“high risk of complications” and “no risk of compli-
cations” and hence make the in silico EVAR outcome
easily interpretable by a clinician.

5 Limitations

Apart from the basic model simplifications stated in
section 2.2, this study is affected by the following lim-
itations. First, compared to the real-world medical in-
tervention the in silico EVAR approach is a strongly
simplified process. The final deployed state of SG and
vessel is the only point of interest. Any intrainterven-
tional results cannot be obtained by this in silico EVAR,
methodology.

Second, inter- and intrapatient variability of vessel
wall material parameters and vessel wall thickness [6]
were neglected. Instead, population-averaged mean val-
ues were used. Furthermore, we used the same material
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parameters and the same wall thickness for iliac arteries
and the abdominal aorta.

Third, we did not consider any residual sac pres-
sure after EVAR [10,35]. Instead, we assumed zero sac
pressure after the insertion of the SG in our in silico
approach.

Fourth, the blood pressure at time of imaging had
not been recorded. Hence, the blood pressure corre-
sponding to the stent configuration segmented from
postinterventional CT data is unknown. Instead, dias-
tolic and systolic blood pressures are considered in the
in silico EVAR approach and were used as lower and up-
per bound in the comparison between in silico results
and postinterventional CT data.

Fifth, the quantitative comparison of in silico re-
sults and postinterventional CT data was based on av-
erage diameters only. In future work, the cross-sectional
shape, such as the ovalization of stents, could be com-
pared as well.

Sixth, setting up the computational model is a largely
automated process. Nevertheless, the semi-automated
segmentation process of the patient-specific vessel ge-
ometry required approximately 3h per patient and should
be further automated for clinical applicability. Running
the simulations required approximately 36h per patient
on 112 cores (Intel Haswell nodes). Algorithmic opti-
mizations and model reduction techniques [1] should
be considered in future studies to use in silico EVAR
methods in clinical practice.

Finally, in this study we only considered short-term
results after EVAR. The model did not include any tis-
sue growth and remodeling after EVAR which often is
observed in reality [34,66,61]. However in silico results
were compared to postinterventional CT data shortly
after EVAR treatment such that the influence of tissue
growth and remodeling can be assumed to be negligibly
small. Nevertheless, consideration of tissue growth and
remodeling might be indispensable if long-term results
shall be evaluated.

6 Conclusions

High complexity and non-negligible complication rates
of EVAR raise the need for better preinterventional
planning tools. As first steps towards a patient-specific,
predictive tool we applied the in silico EVAR method-
ology proposed in [28] to three clinical cases with bifur-
cated SGs and sophisticated models of the vessel that
include ILT, calcifications and an anisotropic model for
the vessel wall.

Furthermore, we developed a qualitative and quan-
titative validation methodology that is based on a com-

parison of average stent diameters between in silico re-
sults and postinterventional CT data. The methodology
measures average stent diameters pseudo-continuously
along the total length of the deployed SG and is appli-
cable to any SG type.

The good agreement between in silico results and
postinterventional CT data makes in silico EVAR ap-
proaches very promising for the preinterventional plan-
ning of EVAR.
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Appendix A1l: Definition of control curves and
assignment of stent-graft nodes to the subsets A]

This section provides the definition of control curves
C C R3 associated with the morphing algorithm that
is used for the in silico SG placement. For a detailed
description of the morphing algorithm the reader is re-
ferred to [28].

These control curves are given in the initial configu-
ration C; and in the target configuration Ct. At each
point j = 1,2,...,n¢c of the piecewise linear control
curve Cr in the initial configuration described by ncg
discrete points with the coordinates mél € (i, a semi-
infinite bounding box B’ C R? is used to assign the
nodes ¢ of the SG with the reference coordinates
X" € (25 NnQF) to one point on the control curve C.
Q5 and QF describe the undeformed configurations of
stent and graft, respectively. The semi-infinite bound-
ing box BY C R? is defined by two infinite planes with
a distance of h (Figure 5). All nodes ¢ of the SG with
X' € B/ are assigned to point j of the centerline Cp
and are put into the subset Af C Ar = {1,2,...,n5%}
where ngq is the number of nodes of the SG and where

ng
UA! = A, (14a)
j=1

A NAF =g, (14b)

Vk#4, j=1,2,..,nc, k=1,2,...nc

holds. The deformation of the SG during the in silico
SG placement is fully described by the linear interpo-
lation between two given configurations of the control
curve, the initial configuration C; € R? and the target
configuration Cr € R3.
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Appendix A2: Control curve continuity condi-
tions

To ensure continuity between the three SG components
IT = {P,L,R} during the entire SG placement the fol-

lowing conditions between the initial configurations CI(H)

and the target configurations Cém of the control curves
have to be satisfied (Figure 4IIIb):

e The distal end of the control curve CIP and the prox-
imal ends of the control curves CF and CR have
to be parallel and have to be in one plane. Same
holds for the target configurations of the control
curves CE, C% and CE.

e The longitudinal overlap [, of the three control curves
as well as the transverse distance [;, between the
three control curves has to be the same in the ini-
tial configurations CI(H) and the target configura-

tions C(TH) .

Appendix A3: Center of gravity calculation for
regular stent-graft meshes

For a regular SG mesh, the mean angular distance
6° = 1(6"t1 — 0'1) between two adjacent nodes in the
set A{ is 0" = i—’; for each node ¢ where n/ is the number
of nodes in the set A{ . Hence, the calculation of the cen-
ter of gravity of all nodes 7 in the set A7 (equation (5))
reduces to the arithmetic mean

. 1 . 1 )
J _ Ll 7
T = — E 'z’ = — x
C,De 27T : nJ : ?
i€eA] i€A]

(15)

Vi=1,2,..,nc,

where x* are the current coordinates of all nodes 7 in
the set Af.

Appendix A4: Filtering of postinterventional CT
data

A moving average filter with a span of

AZCT

lspan = anostIV’V X

—F | +1 16
Aspostlv—‘ ( )

is used to limit the impact of obvious artifacts in the
stent diameter measurement from postinterventional CT
data. In equation (16), Azct = 1 mm is the slice thick-
ness of the postinterventional CT data, npestrv = 3 is
a filtering constant that scales the length of the mov-
ing average filter. Aspostlv is the mean edge length of
the piecewise linear curve Cpe, i.e. the mean distance

between the centers of gravity of the sets Aigosﬂv de-
fined by equation (5). The result of the filtering process

is visualized for patient 3 in Figure 10. Each asterisk

denotes the measured average diameter &f);fsﬁv of one
. S,(IT),j
distinct set AI,[EOSZIV of SG part IT = {P,L,R}.

Appendix A5: Quality estimation of segmented
data from postinterventional CT scans

The quality of the postinterventional CT data is cru-
cial for the reliability of a quantitative validation of the
in silico EVAR results but local artifacts have a non-
negligible effect on the segmentation of the stent from
postinterventional CT data. To obtain an estimation
of the measurement inaccuracy due to the vagueness
in the segmentation process of the stent from postin-
terventional CT data, we define the relative difference
between the measured average diameter &Eéfsﬂv and the

average diameter of the filtered data Cifiifguv ¢ by

oy — Aoty s
j ost ostlV, .
=L = P . Vi=1,2,....nc. (17)
postIV,f
Further, the standard deviation
1 ; 2
LAY > (6} —Mf) (18)
i=1,2,...
J=L4,...,nc
is calculated, where
pr=-m S (19)
nc y

Jj=1,2,....,nc

is the mean relative difference. ng is the number of
points describing the piecewise linear curve Cp, which
is equivalent to the number of discrete sets A{’postw.
In Figure 10 we oppose the plain stent diameters from
postinterventional CT data cff”oj;tw, the filtered stent
dianeters Jﬁ;)jsﬂv’f and the standard deviation of for
paient 3.

A large standard deviation oy of the the relative
difference egc is an indicator that the measurements are
strongly affected by local artifacts of the segmented
stent. The standard deviation oy is very small for the
proximal SG parts (of < 2.0%) but more significant for
the iliac SG parts (Table 6) due to two main reasons:

e The segmentation process of the CZ-Spiral SGs from
postinterventional CT data is more difficult as those
stent limbs are less clearly visible.

e oy is the standard deviation of the relative differ-

. 35,7
ence between the measured average diameters dp v

: 75,0
and the filtered average diameters dpo7stw’f. Hence,
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Fig. 10 Difference between measured average stent diameters (Zf,;)jstw from postinterventional CT data and filtered average

stent diameters d?)(’iﬂv,f as well as visualization of the standard deviation o for the proximal SG part (I), the left iliac SG
part (II) and the right iliac SG part (III) of patient 3.

Table 6 Standard deviation o¢ of the relative difference be-

tween the measured average diameter d

-5

oStV and the aver-

age diameter of the filtered data J;S)osuv,f of the postinter-
ventional CT data in [%] according to equation (18) for the
three patient-specific cases and the three SG parts.

or (%] | Patient 1 Patient 2 Patient 3
Main part 0.8 2.0 1.3
Left iliac part 2.7 3.8 5.1
Right iliac part 3.8 4.8 4.2

local artifacts in the postinterventional CT data of
equivalent size would have a larger relative impact
on oy in regions of small stent diameters such as in
iliac SG parts.
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