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Highlights
e Stent-graft samples were mechanically tested and digitised by microtomography scan.
e FE analysis was used to model stent-graft deployment in patient-specific aneurysms.
e The methodology was first evaluated by simulating in silico an in vitro deployment.
e Simulations were then compared to postoperative images for two clinical cases.

e Quantitative comparison validated simulation accuracy in tortuous anatomies.

Abstract

The rate of post-operative complications is the main drawback of endovascular repair, a technique used
to treat abdominal aortic aneurysms. Complex anatomies, featuring short aortic necks and high vessel
tortuosity for instance, have been proved likely prone to these complications. In this context,
practitioners could benefit, at the pre-operative planning stage, from a tool able to predict the post-
operative position of the stent-graft, to validate their stent-graft sizing and anticipate potential
complications. In consequence, the aim of this work is to prove the ability of a numerical simulation
methodology to reproduce accurately the shapes of stent-grafts, with a challenging design, deployed
inside tortuous aortic aneurysms. Stent-graft module samples were scanned by X-ray microtomography
and subjected to mechanical tests to generate finite-element models. One EVAR clinical case was
numerically reproduced by simulating stent-graft models deployment inside the tortuous arterial model
generated from patient pre-operative scan. In the same manner, an in vitro stent-graft deployment in a
rigid polymer phantom, generated by extracting the arterial geometry from the pre-operative scan of a
patient, was simulated to assess the influence of biomechanical environment unknowns in the in vivo
case. Results were validated by comparing stents positions on simulations and post-operative scans. In
both in vivo and in vitro cases, simulation accurately predicted stents deployed locations and shapes
(11.8 and 4.1 mm maximum position error along vessel centerline for stents of the in vivo and in vitro
cases respectively). The good results obtained in the in vitro case validated the ability of the
methodology to simulate stent-graft deployment in very tortuous arteries and led to think proper
modelling of biomechanical environment could reduce the few local discrepancies found in the in vivo
case. In conclusion, this study proved that our methodology can achieve accurate simulation of stent-
graft deployed shape even in tortuous patient specific aortic aneurysms and may be potentially helpful

to help practitioners plan their intervention.



1. Introduction

Abdominal aortic aneurysm (AAA) is an asymptomatic disease which consists in an abnormal
enlargement of the aorta. Some criteria, like aneurysm diameter (Conway et al., 2001) or peak wall stress
(Fillinger et al., 2003), were developed to assess the growth of the aneurysm and its risk of rupture. Once
a criterion is met, two surgical procedures can be undertaken to prevent aneurysm rupture: (i)
conventional open repair where the aneurysm is replaced by a prosthesis or (ii) endovascular repair
(EVAR) where a stent-graft (SG) is deployed inside the aneurysm sac to exclude the AAA from blood flow.
The latter is less invasive for patients; however it involves higher risk of secondary intervention
(Greenhalgh et al., 2010): complications like endoleaks or thrombosis may arise, especially in case of
patients presenting challenging arterial anatomies with tortuous vessels. Aortic neck angulation is a
strong factor of adverse surgery outcomes (Aburahma et al., 2011; Albertini et al., 2006; Sternbergh et
al., 2002). lliac tortuosity has been proven to correlate with occlusion likelihood (Cochennec et al., 2007).
In case of such anatomical difficulties, finite-element (FE) analysis could be used to anticipate
complications, providing a chance for practitioners to prevent them. In addition, EVAR could therefore
become more prevalent by treating patients who would have been excluded from EVAR technique

without information provided by FE analysis.

In order to achieve the prediction of EVAR outcomes, SG deployment must be simulated in patient-
specific AAAs, with good accuracy even in complex anatomies that are more prone to complications.
Research on this topic started more than 5 years ago with the development of the first FE models for SGs
(Demanget et al., 2012b; Kleinstreuer et al., 2008). The mechanical behaviour of bifurcated SGs was first
modelled only 2 years ago (De Bock et al.,, 2013). Afterwards, these models were used to feed FE
simulations of SG deployment. About SG deployment, we can cite limb deployment in idealised vessels
(Perrin et al., 2015b), simulation of in vitro SG main body deployment (De Bock et al., 2012) and patient-
specific aortic endografting (Auricchio et al., 2013). Our group also recently managed to simulate the
deployment of aorto-bi-iliac SGs in patient-specific AAAs (Perrin et al.,, 2015a). However, all the
aforementioned studies only dealt with rather simple arterial geometries: idealised tubular shapes,
idealised fusiform AAA, short patient-specific ascending aorta or rather straight patient-specific AAAs. FE
simulation has not yet been performed on complex clinical cases featuring pronounced tortuosity where
loading and constraints exerted onto the SG are complex and challenging for practitioners to anticipate.
Moreover, only the deployment of SGs with Z-shaped stents was simulated. Frequently in tortuous

anatomies other SGs may be used, with stent designs providing more flexibility. To be able to simulate



numerically such complex procedures, these SG designs had yet to be modelled and the numerical

challenges induced by their flexibility still had to be overcome.
In this study, our objectives were threefold:

1. To develop a computational model able to predict the deployment of highly flexible SGs
(Anaconda™ from the Vascutek company - a Terumo company, Inchinnan, UK) in the aneurysm
of any patient.

2. To estimate the reliability and accuracy of this computational model with respect to a reference
experiment. For this, the aneurysm of a patient was replicated as a rigid polymer phantom and a
real SG was experimentally deployed in it. The position of the deployed SG was digitised using a
high resolution laboratory X-ray microtomograph and compared to the numerical predictions.

3. To make the proof of concept that the computational model can predict accurately the SG
placement in patients during EVAR procedures. For this, the position of the deployed SG in two
patients was measured using images of the post-operative CT scan and compared to the

numerical predictions.

2. Material and methods

2.1. AAA modelling

2.1.1. Clinical review
Three patients were chosen in the clinical database after informed consent and approval from the
Institutional Review Board. They presented anatomic features which were severe enough to require the
deployment of a highly flexible SG. Commonly accepted parameters indicating the complexity of arterial
anatomies are reported for these three cases in Table 1. Low value of angulation (<130°) indicates vessel
tortuosity, which may complicate pre-operative SG sizing and induce poor stent apposition against the
arterial wall or SG kinking. Short aortic neck length (<15mm) is an additional difficulty for surgeons to

manage good SG support and sealing of the proximal SG extremity.



Table 1. Commonly accepted parameters indicating the complexity of arterial anatomies for the three
cases.

For the first patient, only the pre-operative CTA scan was available. It permitted to create a
stereolithography file of his aneurysm’s geometry, which was used to make a polymer phantom by 3D
printing (case 1). This allowed to obtain a well-controlled reference experiment (involving imaging the
deployed SG with a laboratory X-ray microtomograph having a higher spatial resolution than medical

CTA) for verifying the computational model before using it for the prediction of SG deployment in real

Case 1 (in vitro)

Case 2 (in vivo)

Case 3 (in vivo)

Aortic neck :
Length 10 mm 15 mm
Angulation 130° 120°
Other Suprarenal
aneurysm
Right iliac :
Angulation 130° 90° 110°
Other Iliac aneurysm, lliac aneurysm, 40 lliac aneurysm, 23
30 mm mm diameter mm diameter
diameter, with
diameter
reduction down
to 8 mm
Left iliac :
Angulation 110° 110° 100°
Other lliac aneurysm, 20 lliac aneurysm, 25

mm diameter

mm diameter

cases. This patient was selected for the following reasons:

1.

details in Table 2).

was incidentally available for an in vitro experiment.

compliance of the rigid phantom compared to actual iliac arteries.

His vessels were pronouncedly tortuous, which made him be eligible for an Anaconda™ SG (see

For reasons independent to this study, another SG was finally used during his EVAR procedure,

so the Anaconda™ SG that had been specifically sized for this patient by an experienced surgeon

The diameter of his iliac arteries was large enough and still straight enough, permitting the

introduction and deployment of the SG even inside a rigid polymer phantom, despite the lack of




The two other patients considered in this study (cases 2 and 3) were treated using Anaconda™ devices,
the references of which are reported in Table 2. In both cases, the pre-operative and post-operative CTA

scans were available for our study.

Case 1 (in vitro) Case 2 (in vivo) Case 3 (in vivo)

Main body One Lok OLB30 One Lok OLB30 One Lok OLB34
Right iliac limbs Straight limb L12X100 Straight limb L12X120 Straight limb L12X140
Flared limb FL1215X130 Straight limb L12X100 Straight limb L12X80
Flared limb FL1215X130
Left iliac limbs Straight limb L12X140 Straight limb L12X140 Straight limb L12X140
Flared limb FL1223X90 Straight limb L12X60
Table 2. Device summary (SG modules) for the three cases.

2.1.2. Case 1 (invitro)
The pre-operative CTA scan of the first patient was used to manufacture a rigid phantom. The voxel size

of the CTA scan was 0.773 x 0.773 x 1.0 mm®.

The arterial lumen geometry was extracted with surgery oriented Endosize® software (Therenva, France)
as shown in Figure 1A and meshed with triangular shell elements (1.5 mm mean edge length) as
illustrated in Figure 1B, following the methodology detailed in (Perrin et al., 2015a). These elements
were not assigned mechanical properties as they represented the inner surface of the rigid phantom
made of a thermoset polymer, assumed to have negligible deformations induced by the SG. This
phantom (Figure 1C) was manufactured by 3D printing, using ZBuilder printer (3DSYSTEMS, Rock Hill, SC,
USA). SG deployment was performed by an experienced vascular surgeon, as in clinical routine.
Guidewires were inserted through each iliac artery. SG modules, listed in Table 2, were deployed
successively by inserting the delivery system and then removing the sheath, as indicated in Instructions
For Use (IFU). Since the polymer of the phantom was opaque, to be as close as possible to the actual

surgery, the procedure was monitored with standard intraoperative two-dimensional fluoroscopy.
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Figure 1. Vessel geometry of the patient of case 1 (in vitro): pre-operative scan (A), FE mesh of the pre-
operative lumen surface (B) and two connected parts of the rigid polymer phantom manufactured by
3D printing of the FE geometry (C).

Deployed SG shape was digitised by scanning the phantom and the SG inside in an X-ray
microtomograph, at 3SR Lab (Grenoble, France). 3D image resolution was 97 x 97 x 97 pm®. The scan was
rigidly registered to the FE model by matching ten landmarks picked in both of them using iterative
closest point method, implemented in Matlab (The MathWorks, Inc., Natick, MA, USA). Resulting
registration error was 0.8 + 0.3 mm. Stent positions on the microtomography scan were chosen as
references for simulation assessment. They were segmented by standard thresholding operation. Their
neutral axes were then computed by skeletonisation using Bonel (Doube et al., 2010), a plugin of Imagel.
The recorded 3D image was clean enough to properly distinguish each stent, all of them thus included in

the simulation assessment.

2.1.3. Cases 2 and 3 (in vivo)
Pre-operative and post-operative CTA scans of case 2 (resp. case 3) had respective voxel sizes of 0.763 x
0.763 x 0.625 mm? (resp. 0.63 x 0.63 x 0.63 mm?) and 0.828 x 0.828 x 0.7 mm? (resp. 0.96 x 0.96 x 0.7
mm?®) (Figure 2). They were set in the same coordinate system after rigid registration. For this purpose,
ten anatomical landmarks located on patient bones and vertebras (i.e. fixed points) were picked on both
scans. The iterative closest point method was used to find the best transformation to match datasets
and register pre and post-operative scans. Uncertainties due to differences in patient positioning and

point picking led to 1.2 + 0.6 mm (resp. 0.8 + 0.3 mm) mean position error between registered datasets.



The geometry of the arterial lumen was digitised from the pre-operative scan using Endosize® software.
The methodology proposed in (Perrin et al., 2015a) was used to generate the mesh and to model the
mechanical behaviour of arterial walls. More specifically, they were modelled by triangular shell finite-
elements (1.5 mm mean edge length), 1.5 mm or 1 mm thick in aortic or iliac areas. The corresponding
mesh is shown in Figure 2B. Elements were assigned orthotropic linear elastic material properties. The
constitutive parameters, computed by a linearization of the Holzapfel-Gasser-Ogden hyperelastic law

(Gasser et al., 2006) in physiological conditions, as in (Perrin et al., 2015a), are reported in Table 3.

Stent positions on the post-operative CTA scan were chosen as reference positions to verify our
deployment simulation. Stents were segmented on scan images with a region growing algorithm. Their
centrelines were computed by a 3D skeletonisation algorithm in Imagel) (Lee et al., 1994). Note that
some stents could not be properly segmented because of calcifications, stent overlapping and the low

spatial resolution. They were excluded from the simulation assessment.
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Figure 2. Vessel geometries of cases 2 and 3 (in vivo): pre-operative scans (A), FE meshes of the pre-

B

operative lumen surface (B) and post-operative scans (C).

E, (MPa) Longitudinal elastic modulus 3.58
Eq (MPa) Circumferential elastic modulus 1.11

Ve, In-plane minor Poisson ratio 0.44
G, (MPa) In-plane shear modulus 4.0

Table 3. In-plane material parameters of the linearized orthotropic elastic model of the arterial wall.




2.2.Stent-graft modelling
Anaconda™ modules (Figure 3A) are composed of a graft and several stents having a complex design
that required careful analysis. Indeed, stents are made of a thin Nitinol wire wrapped several times (from
4 to 14 times depending on the stent) around the graft (Figure 3B). From an initial circular shape, stents
take a saddle shape when tied onto the graft, thanks to sutures whose positions along the SG axis are

varying as a sinusoid (Figure 3C).

Therefore, to model Anaconda™ SGs, spare samples of each module presented in Table 2 were

experimentally tested for model calibration.

Identical tensile and

bending stiffness 1 wire
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diameter deq

N wire turns
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Figure 3. SG modules (one main body and five iliac limbs) tested for model calibration (A), schematic of
stent saddle shape (B), stress free and pre-stressed geometries of the FE beam model of the stents (C).

2.2.1. X-ray microtomography
All the modules were scanned in the X-ray microtomograph at the 3SR lab. An experimental setup was
used to maintain them vertically. Sliding connection allowed adjusting the distance between module
extremities. Therefore, devices could be scanned in two relevant configurations: (i) stretched, when the
textile did not present any wrinkles between stents (Figure 4A) and (ii) relaxed, without prescribing any
tension (Figure 4B). The first configuration was used to pre-stress the stents and tie them properly onto
the graft, in the saddle shape. The second configuration was used to verify the stent model by comparing
FE predictions of the load-free state with scan images. The 3D image resolution obtained by
microtomography ranged from 48 x 48 x 48 um® to 95 x 95 x 95 um?, depending on device length. As
described for case 1, stents were segmented by thresholding and their neutral axes were extracted by

skeletonisation (Figure 4C).
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Figure 4. Experimental setup inserted in the microtomograph to derive the geometry of SG modules in
stretched (A) and tension-free (B) states. Example of stent neutral axes extracted from
microtomography scan images (C).

2.2.2. Stent modelling
Mechanical properties of Nitinol were first characterised by uniaxial tensile tests on single stent wires
collected from SG samples. To avoid slippage in grips due to the very small thickness of wires, wires were
tied to make a knot. Two jaws were then inserted inside the loop of the knot and kinematically driven by
the tensile machine (Instron, Norwood, MA, USA), equipped with a 50N load cell. Tensile tests were
carried out at low strain rate, i.e. 10* s, to minimise thermomechanical coupling effects (Churchill et al.,
2009). A rather weak scattering was recorded for stress-strain curves. This could be ascribed to the
variability induced by the manufacturing process, as also observed by Henderson et al. (2011). Nitinol
was modelled as a linear elastic material, with a Young’s modulus of 40 GPa according to measured
austenitic modulus and Poisson’s ratio of 0.3. This simplification was undertaken as preliminary results
showed that Nitinol remained in its austenitic phase during SG deployment simulations, since they used

a methodology that did not need to model the full crimping of the SG inside its delivery sheath.



Stents were first assumed as perfect circles, their diameters d; were set equal to the average diameter of
similar stents measured on the microtomography scans in stretched state. They were meshed with linear
beam elements (0.25 mm length) to reduce simulation time without losing accuracy (Hall and Kasper,
2006). To compute their pre-stressed state afterwards, they were deformed in a preliminary FE analysis
to give them a proper saddle shape (Figure 3C). Nodes were assigned proper displacements along SG
axis, to reach stent height h corresponding to the scan in stretched state. As all FE simulations of this
study, this analysis was performed with the explicit solver of Abaqus software (Simulia, Dassault Systems,

Providence, RI, USA).

In the FE model, the several turns of Nitinol wires that constitute a stent were represented by a single
equivalent beam having a circular cross section. To assign the same bending stiffness to the beam as the
several turns of wires, an equivalent radius was derived (Figure 3C). As a consequence, the Young’s
modulus was also adjusted to keep the same tensile stiffness. The values of the tensile stiffness and
bending stiffness depending on the stent and its number of wire are expressed in Table 4, as well as the
parameters of the beam elements representing these different stents. To verify this model, the following
FE analysis was performed: the extremities of SG modules were released to let them free to deform until
their relaxed static mechanical equilibrium was reached (Figure 5C). Shapes and positions of their stents
could then be compared with those acquired with X-ray microtomography, in both stretched and relaxed
configurations (Figure 5D). We found a good agreement between FE models and experiments, which

validated stent modelling.

Stent diameter Turns of Tensile Bending Radius of beam | Young’s modulus
(mm) Nitinol wire | stiffness (kN) stiffness elements (mm) | of beam elements

(N.mm?) (GPa)

34 11 17.65 394 0.30 62.9

30 11 17.65 394 0.30 62.9

28 6 9.63 133 0.24 55.4

25 4 3.22 15 0.14 53.3

23 14 11.26 144 0.23 70.0

15 11 7.57 73 0.20 62.9

12 8 3.62 19 0.14 55.7

Table 4. Radius of the circular cross-section and Young’s modulus of the beam elements to exhibit the
same tensile stiffness and bending stiffness as the actual stents.
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Figure 5. Deformed geometries of an iliac limb before tying the stents to the graft (A), after activating
the tie constraint in stretched (B) and tension-free (C) states. Qualitative validation of the FE models of
two limbs (a straight one and a flared one) by comparing FE predictions (red) to the actual position of
the stents derived from microtomography (black) in stretched and tension-free configurations (D).

Two actual stents, located at the main body stumps, were not circular. Their complex shape added some
difficulty to generate an ideal geometry or to input directly neutral axes from microtomography into the
FE model. Given their marginal impact onto the mechanical behaviour of the SG (relatively thin

diameters), these stents were not modelled.

2.2.3. Graft modelling
The textile parts of the limbs were modelled as circular tubes with diameters equal to the inner
diameters of the stents. Graft geometries were then meshed with 4-node shell elements (0.35 mm mean
edge length). The textile was modelled as a linear elastic orthotropic material. Its constitutive
parameters and thickness (Table 5) were determined after in-house experimental tests, to match

experimental in-plane and bending stiffness reported in (Demanget et al., 2012a).



The geometry of the SG main body was generated using computer assisted design software Inventor
(Autodesk Inc., San Rafael, CA, USA). Above the bifurcation, the graft diameter was defined as equal to
the inner diameter of the stents. Bifurcation and stumps were designed according to the dimensions

reported in the Anaconda™ documentation.

t (mm) Adjusted element thickness 0.02

E, (GPa) Longitudinal elastic modulus 1.125
Eo (GPa) Circumferential elastic modulus 5.0
Ve In-plane minor Poisson ratio 0.2
G, (GPa) In-plane shear modulus 18.0

Table 5. In-plane material parameters of the orthotropic elastic model of the textile.

2.2.4. Modules assembly
Each SG module was assembled by putting together the textiles and the pre-stressed stents (Figure 5A).
The pre-stressed state of each module in its stretched state was then computed by activating the
kinematical constraint (i.e. tie) between the stents and the graft, while maintaining its length constant by

fixing its extremities (Figure 5B).

2.3. Simulation methodology of SG deployment
We have previously developed a specific methodology to simulate SG deployment (Perrin et al., 2015a).

We explain hereafter how the methodology was extended to the Anaconda™ SG.

2.3.1. Crimping and assembly
For all deployment simulations, SG modules were registered in the same configuration as the one of the
actual cases. Since all SG modules are deployed simultaneously in our simulations, they had to be
inserted one inside another as they are at the end of the intervention. This required a preliminary FE
simulation which consisted in crimping the distal modules and in inserting them inside the proximal
modules. Crimping was achieved by surrounding SG modules by inside and outside cylinders having
appropriate diameter. This was achieved in the stretched state to mimic SG axial stretching occurring
when SGs are actually pulled into their deployment sheath. At the end of the crimping simulations,
extremities were released to compute the final equilibrium of the devices in their sheaths. Examples of

this simulation are shown in Figure 6A.

After the crimping stage, SG modules were assembled together by adjusting their respective position to

reproduce actual overlap lengths. The measurement of these actual overlap lengths was based on



distances between radio-opaque markers observed on the microtomography or CTA scans. Resulting SG

assembly is shown in Figure 6B.

2.3.2. SG wrapping
A tubular shell, wrapping the assembled SG, was generated according to the procedure described in
(Perrin et al.,, 2015a). Briefly, vessel centrelines and splines describing patient arterial lumen were
extracted from CTA scans with Endosize® software. A mesh morphing algorithm based on the work of
Grassi et al. (2011) was developed to deform the pre-operative mesh, using centrelines and splines as
driving key-points, until obtaining the desired tubular shape surrounding the assembled SG. Nodal

displacements from one mesh to the other isotopological mesh could then be computed.

2.3.3. SG deployment
The assembled SG was inserted inside the wrapping tubular shell. Its longitudinal position inside the
wrapping tube was adjusted to match the longitudinal position of the proximal stent of the main body in
simulations and post-operative scans (Figure 6C). This was achieved by (i) measuring on the post-
operative scan the distances from the proximal end of the stent-graft to anatomical landmarks placed on
the aorta and (ii) positioning the stent-graft inside the tubular shape so that keeping the same distances

between the proximal end of the stent-graft and these anatomical landmarks.

For optimal proximal sealing during surgery, practitioners rotate the SG main body to put the lowest
parts of the proximal stent right underneath the ostias of renal arteries. To reproduce this procedure,
which is specific to Anaconda™ and the particular saddle shape of its stents, the main body was rigidly
rotated inside the wrapping shell until its orientation matched the post-operative scan. lliac limbs were

constrained by contact to stay inside main body stumps during this process.

Afterwards, proper displacements obtained while generating the wrapping shell were prescribed to the
nodes of the wrapping shell to morph it back to the pre-operative geometry of the lumen. During this
stage, the SG was deformed due to the contact constraint which imposed the SG to fit inside the shell
during the whole process. Thereafter, SG modules were deployed in the pre-operative lumen (Figure
6D). Note that while performing this FE analysis, the mechanical properties of the arterial wall were
ignored: the wrapping shell was kinematically driven and its final geometry at the end of the morphing

stage was stress-free.

For case 1 (in vitro), as the polymer phantom was rigid, pre-operative and post-operative arterial

geometries were considered the same. Therefore, the final result of the simulation was obtained at the



end of the morphing stage. For cases 2 and 3, a supplementary simulation step was performed to
compute the final mechanical equilibrium between the SG and the elastic arterial wall, with its proper
linearized elastic properties (Figure 6E). Motionless boundary conditions were set at the proximal and
distal extremities of the aorta and iliac arteries, respectively. The action of the blood pressure onto the
wall was not modelled during these simulations as it already existed in the initial geometry. However,
the stresses induced by the blood pressure were estimated in order to derive the working point at which

the elastic properties of the vessel had to be linearized (see Perrin et al., 2015a for more details).
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Figure 6. Methodology for numerical SG deployment. Modules crimping (A), SG modules assembly (B),
insertion of assembled SG inside the wrapping shell (C), SG deployed in the pre-operative geometry of
the arterial lumen (D) and computation of the geometry deformed by the SG for cases 2 and 3 (E).

2.4. Simulation assessment
Stent positions in the microtomography scan of the phantom (case 1) or in the post-operative scan

(cases 2 and 3) were chosen as reference data to assess the results of the simulations. A first qualitative



assessment of the results was achieved by superimposing deployed stents geometries of scans and

simulations.

A quantitative assessment was also performed for all stents. The iterative closest point method was used
to register each stent in the simulations onto its counterpart in the post-operative scans. Each obtained
registration matrix was split into a rotation and a translation. The vector defining the position error was
derived for each simulated stent as the translation to be applied to register the predicted stent position

onto its actual position in the post-operative scan.

Inertia axes were computed for all stents from which longitudinal inertia axes were obtained by
detecting the smallest eigenvalue of inertia moments. Position error vector for each pair of
simulated/actual stents was then projected onto the longitudinal axis of actual stent. As a result, two
components of position error were obtained per simulated stent: (i) a longitudinal position error ¢,
along the stent longitudinal axis and (ii) a transverse position error e;, normal to this axis (Figure 7). Stent
diameters could also be obtained as the mean distance of the stent centreline to the stent barycentre, in
the plane normal to the stent longitudinal axis. A relative diameter error e, for each simulated stent was

then computed as the diameter gap between simulations and scans, normalised by the actual stent

diameter.
Longitudinal axis
Post-operative
stent
Transverse
error vector Registered
Longitudinal simulated stent

error vector . .
Registration vector

Simulated stent

Figure 7. Computation of longitudinal and transverse position errors for each simulated stent. The
translation vector, from the simulated stent position to the post-operative stent position, has two
components, respectively parallel and perpendicular to the longitudinal axis of the post-operative
stent.



3. Results

3.1. Qualitative assessment
The comparison of actual and simulated stent positions (Figure 8) shows a very good qualitative

agreement.

For the case 1 (in vitro), there is a very good agreement between the simulated stent positions and the
tomography scan. Nearly perfect agreement can be noticed in the left iliac limb. In the main body, the
orientation of the stents is also very well predicted. The overall SG length, from most proximal to most
distal stents, was correctly simulated. The only noticeable discrepancies are located in the aneurysmal

sac, where the curvature of the right iliac limb is slightly under predicted.

For case 2, the positions and shapes of the stents of the main body are well reproduced by the
simulation. Distal stents of the left iliac extension are deployed at the correct location and have a similar
shape as observed on the post-operative CTA scan. However, their deployed orientation is less accurate.
The right limbs present the largest discrepancies. Stents are shifted backward and the right iliac artery is
not straightened enough by the deployment of the limb compared to the CTA scan. A good agreement
was met for case 3 between the simulation and post-operative CTA scan. The main discrepancies are
located in the iliac arteries as in the case 2. Both iliac arteries are less straight at the end of the

simulation than in the post-operative CTA scan.



In vitro
case 1

In vivo
case 2

In vivo
case 3

Figure 8. Simulation results for the three cases (A), front view (B) and side view (C) of the qualitative
comparison between simulations (red) and scans (grey).



3.2.Quantitative assessment
Stent positions and diameter errors are shown for each individual stent in Figure 9 and globally for all

stents in Table 6, for the three cases.

For case 1 (in vitro), absolute values of e, are less than 2 mm for all the stents of the main body and of
the left iliac limb. The right iliac limb and the extension exhibit higher errors, up to 10.6 mm in the
docking zone but less than 4 mm outside. For all the stents out of overlapping zones, transverse position
error ey is less than 3 mm. Maximum e; values, up to 7.1 mm, are located in the aneurysmal sac and in
the left stump of the main body. Most stents with e, > 5 % are stents deployed inside another module
which may bias the analysis. Accordingly, the largest errors out of docking zones, obtained by excluding

overlapping stents are reported in a separate column of Table 6.

For case 2, absolute values of longitudinal position error e, are under 4 mm, except for stents of the right
iliac limbs where it rises up to 10.1 mm. The observation is similar for the transverse position error er.
Highest values, up to 13.3 mm, are located at the proximal extremity of the right iliac extension whereas
it does not exceed 6 mm everywhere else. Almost all stents have a relative diameter error e, smaller
than 10 %, the only exception being the four distal stents in the right iliac artery where the maximum
error is 16.9 %. Similar trends are observed for case 3: absolute values of e, are less than 5 mm, except
for stents of the right iliac extension (14.0 mm maximum e;). Maximum ervalue (10.6 mm) is also located
in the right iliac extension but a local maximum rising up to 9.8 mm can be observed in the aneurysmal

sac. Most of the stents present e, values lower than 10%, one stent showing a large error of 36.2%.
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Figure 9. Simulation errors (longitudinal position e, (A), transverse position e; (B) and relative diameter
ep (C) errors) for each stent of the three cases. The color of each square represents the error value for
one stent; columns represent SG modules (RE: right limb extension; RL: right limb; MB: main body with
its two stumps; LL: left limb; LE: left limb extension). White squares represent stents which could not
be segmented on the post-operative scan and were therefore excluded of the analysis.



Case 1 (in Case 1 (in vitro) Case 2 (in vivo) Case 3 (in vivo)
vitro) Excluding Excluding Excluding
All stents overlapping stents | overlapping stents | overlapping stents
included
e, (mm):
Mean + standard
deviation -1.0+£3.2 -04+1.7 -0.1+2.1 15+4.2
Maximum -10.6 -4.1 10.1 14.0
er (mm):
Mean + standard
deviation 25123 1.0+£1.1 1.4+£3.0 52126
Maximum 7.1 4.5 13.3 10.6
ey (%):
Mean t standard 7.0£8.2 3.2+49 1.1+3.0 5267
deviation 35.5 20.3 16.9 36.2
Maximum

Table 6. Mean, standard and maximum errors between simulations and scans.

4. Discussion

In this study, we developed computational models of specific SGs, presenting a challenging design. We
simulated their deployment inside three patient-specific models of AAAs that were chosen for their
complex and tortuous geometries. In the first one, the simulation was compared to the actual position of
the SG deployed in vitro in a polymer phantom of the AAA. In the two other cases, the simulations were
compared to the actual position of the SG deployed in the AAA of the patients who had an EVAR
intervention. A similar simulation methodology was already used successfully in another study (Perrin et
al., 2015a), however the present work extends the methodology to a much more challenging SG design
and to more complex clinical cases. It highlights the potential of numerical simulation which could
eventually help practitioners perform the pre-operative planning of patients. It shows that it is feasible
to simulate predictively SG deployment, prior to intervention, even in complex anatomies which are

prone to develop post-operative complications and which make SG sizing harder for practitioners.




As shown by superimposing the simulations and the scans, stents positions are globally well reproduced
by the simulations. In case 1 (in vitro), the only visible mismatch was in the aneurysmal sac, where stents
were free to move and the lack of constraints did not permit to obtain an agreement as good as in all the
other segments of the SG. This observation was confirmed by the quantitative assessment. Apart from
overlapping regions which are difficult to analyse, mean e, and e; values were lower than 1.0 mm and
their maximum values were lower than 4.5 mm. These values are small despite the many sources of
errors: registration error of pre-operative and post-operative images (0.8 mm), spatial resolution of the
pre-operative CT-scan (0.773 x 0.773 x 1.0 mm?), assembly of the two parts of the rigid phantom,
transportation of the SG deployed within the phantom from the operating room to the X-ray
microtomograph... Furthermore, these error values were below the 5 mm accuracy threshold which is
commonly accepted by practitioners if they want to use simulations in their clinical practice. Indeed,
more precision may face two other difficulties: (i) the precision of per-operative SG positioning is still
limited to a few millimetres which represent the maximum accuracy reachable using standard
intraoperative fluoroscopy and (ii) surgeons often adjust manually the SG position before the
deployment by manoeuvring the delivery system and playing with parameters such as the overlap

lengths or SG compliance.

One major interest of case 1 (in vitro SG deployment) was that it partly avoided these difficulties and it
allowed, thanks to the spatial resolution of X-ray microtomography, to segment with a high resolution
the stents in overlapping areas which could not have been obtained otherwise on standard post-
operative CTA scans. It could then be observed that e;, er and e, errors had their maximum values in
overlapping regions. Regarding e, diameter overestimations in the proximal stents of the left iliac limb
may probably be accounted for by the simplification of the main body stumps in the model. Concerning
e, and ey, the main sources for the remaining slight errors are: numerous contact with important
nonlinearities (edge to edge contact between beam and shell elements), impact of the tie constraint
between the textile and the stents, inappropriate friction coefficients which could induce erroneous

slippage between overlapping modules and thus produce high e, values.

Overall, the good results and accuracy of SG deployment found in case 1 showed that the Anaconda™
computational model is able to predict accurately the actual mechanical behaviour of this device, even
when complex loads are imposed by the deployment in tortuous arterial geometries. In addition, the
simulation methodology was proved to be feasible for such complex clinical cases, by simulating the

Anaconda™ deployment on two other clinical cases.



Although producing already significant results for the surgical practice, the simulations could still be
improved. In the left iliac of case 2, stents locations and shapes were correctly simulated whereas stents
seemed to have two possible orientations to achieve equivalent equilibrium states; the simulation did
not lead to the one obtained after surgery. In the right iliac artery of both cases, mismatched positions
were observed. Artery straightening, potentially caused by stiff guidewire insertion during actual surgery,
was not reproduced and might principally explain such difference. Another reason could be that the
position of the patient was not the same during pre-operative and post-operative CTA scans; different
leg positions could have affected iliac arteries shapes. Otherwise, the results for both in vivo cases were
satisfying given that 87% out of all stents had absolute e, values lower than 5 mm, which is a clinically
relevant accuracy given the spatial resolution of the medical images and the per-operative accuracy of
surgeon when deploying SGs. In particular, all the stents of the two main bodies were within this
threshold and exhibited e, values lower than 15%, meaning that the simulation accurately reproduced
the deployment of the proximal SG extremity, which is a critical zone for surgeons. As observed visually,
the remaining 13% of stents out of this threshold were found in the iliac arteries. In these regions, the
high e, values did not reflect that the simulations leaded to inaccurate stent positions relatively to the
arterial wall but rather that they resulted in iliac arteries with an inadequate shapes compared to the
post-operative CTA scans. Therefore, our methodology could benefit from the simulation of guidewires
insertion and induced arterial wall deformations to improve simulation accuracy in iliac arteries (Gindre
et al., 2015). In addition, the influence of a more precise modelling of the arterial wall taking into
account wall thickness variations, presence of calcifications or intra-luminal thrombus, should be

investigated.

The fairly good results gained in this study proved that numerical simulations are able to predict EVAR
procedures in complex anatomies with complex flexible SGs. However, additional clinical cases would be
required to improve the predictability and reproducibility of the methodology, for a potential clinical use.
Among them, it could be interesting to investigate fenestrated SGs, branched SGs or chimney technique,
as practitioners could also benefit from the simulation to help them in designing specific SGs to be used

in these procedures.

Another possible application of these simulations is the prediction of complications. At the moment,
simulation results could be post-processed to estimate luminal areas along the vessel centreline (De
Bock et al., 2012; Demanget et al., 2013) and stents apposition defects (De Bock et al., 2014; Perrin et al.,

2015b). These estimates could point out possible SG kink, gap between SG and arterial wall or collateral



artery coverage, and thus potential risk of thrombosis, endoleak or artery occlusion. Additionally, a
computer fluid dynamics (CFD) simulation (Kandail et al., 2014), or even a fluid structure interaction (FSI)
simulation (Prasad et al., 2013), could be performed after simulating SG deployment to obtain a finer

assessment of these complication risks.

Among the challenges to address, reducing the computational cost of present simulation is of first
importance. Strongly non-linear mechanical phenomena, like textile wrinkles or multi-body contacts,
require highly refined finite element meshes and resolution with an explicit solver. This permits to reach
the remarkable precision obtained in the simulations of this study. The downside is that simulations may
last more than 40 hours on a 12 cores computer (Intel Xeon, 2.7 GHz). Such computation time is not
compatible with clinical routine. Work is currently in progress to reduce the computation time with

model reduction techniques.

5. Conclusion

Pre-operative planning of endovascular surgery can become extremely complicated when patients have
adverse anatomies, for example tortuous vessels. In such complex cases which are more prone to
complications, a predictive tool that could provide information on stent-graft deployment would be
helpful for practitioners to confirm patient eligibility and device choice, besides eventually warning for
potential post-operative complications. In this study, we have applied a finite-element method to
simulate actual deployment of flexible stent-grafts in three patients with tortuous vessels. As proven in
this study with a qualitative and quantitative retrospective comparison based on post-operative scans,
numerical simulations are robust and accurate enough to predict stent-graft deployment in challenging

cases with complex anatomies and highly sophisticated stent-grafts.
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