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ABSTRACT

Aim: The goal is to simulate different stages of the
endovascular procedure in the preoperative phase.
Methods: We have developed a numerical model of
the endovascular treatment of abdominal aortic an-
eurysms (AAA) using finite element analysis (FEA),
we took into account the geometry of the biological
region reconstructed from scans, a local characteriza-
tion of the guidewire/catheter mechanical properties,
a mapping of material properties depending on the
degree of calcification, a real behavior of the vascular
walls, and a projection of the aorta environment. Re-
sults: Our results present the endovascular system
navigation from the femoral artery to the neck of the
aneurysm, predict the deformation of femoral, iliac
and aortic arteries while driving flexible and stiff en-
dovascular devices, and detect stress concentration
due to tortuous and calcified artery zones. A given
group of patients with very angulated and calcified
arteries were validated, based on a tuning between
clinical data and our endovascular simulation. Con-
clusion: Our model allows controlling with accuracy
the delivery system rise during surgery, predicting the
feasibility of the surgery with reliability as well as
choose the best guide for each patient, taking into
account the risk of rupture of calcified areas in the
case of high angulations, and using planning simu-
lated images with deformation of artery walls to pro-
pose stent sizing.

Keywords: AAA; Endovascular Repair; FEA;
Composite; Nonlinearity

1. INTRODUCTION

The Abdominal Aorta Aneurysm (AAA) is a cardiovas-
cular disease that affects 6% - 7% of the Western popula-
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tion and its incidence increases with age [1-3]. At least

90% of AAA is affected by atherosclerosis because of

high cholesterol, inflammation, infection or tobacco [4].

Most of these aneurysms are located near bifurcation [5].

The rupture of the aneurysm is a dangerous and poten-

tially fatal accident whose incidence is increased by arte-

rial hypertension [2].

For over 50 years, open surgery was the only treatment
of AAA. This is a major procedure with considerable risk
of cardiac complications (myocardial infarction), respi-
ratory problems, bleeding, renal difficulties, as well as
infection and colic (risk of ischemic colitis) [2]. However,
since 1991, a new mini-invasive surgical procedure has
been introduced. The endovascular procedure involves
dragging a stent through a release device of the femoral
artery to the level of the aneurysm.

This technique has several advantages such as shorter
hospital stay, smaller incisions, and faster recovery.
However, current clinical results in the long term are not
significantly different when compared to conventional
surgery [6], and have failed to show that these proce-
dures can be performed with lower morbidity and mor-
tality [7].

However, due to complications arising from their im-
plementation, the reliability of these new methods of
treatment remains a subject for discussion [8]. The main
complications that can occur are:

e During the surgery: difficulties of navigation of the
guidewire and catheter, resulting from strong tortuous
form of the arteries and significant calcification of the
arterial walls..., may cause stress concentration and,
consequently, a risk of rupture [9-11].

o After the surgery: the phenomena of migration and
endoleaks [12-16] related to poor design of the stent
are not yet fully mastered [17]. Not taking into ac-
count the deformation of the artery under the action
of the release device may be the cause of poor sizing,
positioning and choice of the stent [18-20].
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Numerous research scientists have attempted to under-
stand the biomechanics of the diagnosis or clinical
treatment [21-23] and to make improvements to this in-
tervention. Let us recall that it is minimally invasive and
can treat complex arterial pathologies (aneurysms, steno-
sis, embolisms, etc.), using an endovascular guidewire,
the catheter containing the stent and a sheath. Despite
major progress in this technology (new devices and tech-
niques), anatomical factors of specific patients make
handling of the catheter very difficult and require con-
siderable technical skill. The more we are confronted
with complex cases, the more ambitious the endovascu-
lar procedure becomes, and mastering of endovascular
skills becomes difficult [24].

For this purpose, we have developed a numerical
simulation tool to assist the surgery. It contributes to the
improvement of therapeutic endovascular procedures in
terms of accuracy and optimizes the intervention strat-
egy.

This tool takes into account: 1) the actual biological
geometry reconstructed from preoperative clinical im-
ages on a specific group of patients with a tortuous artery
surface and calcification, 2) local characterization of
mechanical properties of the endovascular system, 3)
mapping of mechanical properties of soft tissue based on
its degree of calcification (safe, calcified, thrombus), 4)
projection of the real environment of the artery on the
simulated model for each patient, 5) pre-stress, and 6) the
material and geometric non-linearity of the composite
model for the wall artery.

The main objectives of this complete modeling of the
endovascular procedure are:

e Simulation of all treatment steps using patient spe-
cific data.

e Specifying control of the endovascular system navi-
gation and stent deployment during the surgery pro-
cedure.

e Detecting the risks of perforation due to tortuous and
calcified areas while transporting the more rigid en-
dovascular devices.

e Providing augmented reality tools to surgeons for the
3D geometry of deformed artery with calcified and
tortuous walls for pre-operative treatment during sur-
gery.

e Determining deformation of the anatomical structure
under the action of the deployment device (stiff
guidewire and catheter with stent).

e Verifying the presence of endoleaks and migration
using planning images with and without deformation
after stent deployment.

e Study of the biological tissue flexibility by the navi-
gation of various surgical tools (flexible and rigid),
for better choices of guidewire and catheter.

Copyright © 2013 SciRes.

2. MATERIALS AND METHODS

2.1. Nano-Biomechanical Characterization of the
Anatomical Structure

Numerical modeling of endovascular treatment of AAA
requires knowing the biomechanical properties of arterial
vessels throughout the path traveled by guidewire cathe-
ter device from the femoral to the abdominal aorta. Due
to the lack of data on the mechanical properties due to
the degree of calcification [25], we propose to perform
mechanical testing of human arterial tissue that allows
distinguishing calcified walls, pathological or healthy,
and to integrate these mechanical characteristics accord-
ing to the degree of calcification in numerical model.
Femoral, iliac and aortic samples of aged patients were
tested after being stored and dissected Figure 1. The
dissection is performed as a function of parietal quality:
data scanners that contain indications as “grid level” on

Inner layer

Highly calcified Outetjayet

Atheromatous

Outer layer
Healthy

Inner layer
Calcified

Inner layer + media
Atheromatous
Highly greasy

Figure 1. Clinical arterial samples of aged patients, cut ac-
cording to the degree of calcification and immersed in conser-
vation solution.
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the state of arterial tissue were translated in terms of
mechanical properties.

For this purpose, an atomic force microscope (AFM),
a tribometer and rheometer were used to characterize the
mechanical behavior in compression, shearing and fric-
tion of different layers of arteries Figure 2 as function of
the degree of calcification. A large number of samples
(474) were tested in a liquid environment (Phosphate
buffered saline PBS pH 7.4) at room temperature.

Figure 3(a) depicts the number of events as a function
of adhesion force to verify the low bond strength hy-
pothesis in the theory of contact. Thereafter, for each
sample, we measured the indentation force as a function
of depth for different speeds. Compression and decom-
pression paths do not always overlap. This explains the
effect of some visco-plastic arterial walls properties Fig-
ure 3(b). Only the elastic part is retained for the meas-
urement of mechanical properties, using AFM tools, we
measured the normal load as function of the indentation.
However, different theories of elastic contact have been
proposed to improve the description of contact between
two solid bodies: Hertz [26,27] [1889], Sneddon [1965],
Johnson, Kendall and Roberts (JKR) in [1971], Der-
jaguin, Muller and Toporov (DMT) in [1975]. The Hertz
model, in a liquid medium with the assumption of weak
Vander-Waals intermolecular adhesion forces (capil-
larity), was adapted to characterize the tip-sample con-
tact:

Thus, the relationship Equation (1) between force F,
and indentation J for a sphere of radius R is:

_4VRE 3
b 3(1-0?) 0 )

For a cone of half-tip angle ¢, we find Equation (2):
2Etg¢

2

b )’
E: Elastic modulus and v: Poisson coefficient.
An example is shown below of test results on an
internal and external layer of a fatty artery. We find that
the outer layer is more rigid than the inner layer Figure
4(a), and that the viscoelastic effect at the nanoscale is
negligible, because the modulus of elasticity is not strongly

2

Figure 2. Experimental device. Mechanical tests of the arterial
samples on the AFM in the presence of the conservation fluid.

Copyright © 2013 SciRes.
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Figure 3. a) Samples treated as function of adhesion forces; b)
Treatment of characteristic force-distance curves.

affected by the indentation velocity Figure 4(b).

One of the test results concerns measuring tangential
forces and deducing the friction coefficient depending on
the degree of calcification for the internal layer of a
highly calcified artery. This coefficient is the ratio be-
tween the normal force that is imposed by gravity and
the tangential force that is measured. The variation of
this coefficient is recorded with time. Figure 5 repre-
sents the surface topography of the involved sample.
Thus, the friction curve shows positive and negative
parts, each corresponding to an alternating displacement.
The friction coefficient remains stable over time. It is

OPEN ACCESS
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Figure 4. a) The force (nN) as function of displacement (nm)
for the inner and the outer layer of a very fatty artery; b)
Normal force according to the indentation at different speeds.

about 0.5 for very calcified areas.

The assessment of tests on different human arterial
samples has led to a determination of nano-mechanical
properties of different layers as a function of the degree
of calcification. This was done through preoperative im-
ages of the wall artery as shown in Figure 6. We con-
nected each grid point to a mechanical property such as
elastic modulus and friction coefficient.

2.2. Local Mechanical Characterization of the
Guidewire and Catheter

e The guidewire

In this section, our goal is to make a local characteri-
zation of the mechanical properties of the guidewire
catheter device, as input to a numerical endovascular
model predicting the deformation of the anatomical

Copyright © 2013 SciRes.
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Figure 5. a) Coefficient of friction as function of time (s); b)
Roughness of the arterial surface.

Intima _ Media _ Adventice_ Friction
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Figure 6. Mapping elastic modulus and friction coefficient
depending on the degree of calcification.

structure under the action of this device.
e The folding stent: Catheter

This system contains the stent; it has a 0.889 mm in-
ternal diameter, that allows its navigation in interaction
with the guide. It is also composed of several areas: the
tip with variable diameter, the area containing the stent,
the tubular area, and the sheath. It is of variable con-
struction (platinum-iridium, nickel, nitinol, polyester,
etc.).

To create a model and to understand the mechanical
behavior of the guidewire and catheter devices, tests
were conducted for each region, considering the varia-
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tion of mechanical properties according to various medi-
cal tools. The 3D image correlation was found to be the
best tool to follow this variation.

The tests were performed on the tensile machine. A
speckled black on white is applied to the tested sample.
This is then subjected to uniaxial quasi-static tension and
is fixed between the two jaws of the LFPlus machine,
which is connected to an image acquisition system,
lighting and 3D correlation Figure 7.

The results were obtained through a local characteri-
zation (3D correlation and extensometer) and global one.
The curves in Figure 8 show one example of mechanical
tests results on the catheter tip. We measured stress ver-
sus strain to obtain value of Young’s modulus. Figure 9
is an example of a summary of mechanical properties
(elastic modulus and Poisson’s ratio) as a function of

Figure 7. Experimental device: Mechanical testing of en-
dovascular tools (guidewire and catheter) using LFPlus ma-
chine.
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Figure 8. Stress (MPa) as function of strain.
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Figure 9. Summary of mechanical properties: a) Guidewire
(Radiofocus); b) Catheter (Medtronic).

position on the endovascular system (guidewire and
catheter).

We note a very significant stiffness gradient between
the tip and the stiff zone of the guide, which is added
gradually in the transition area. The tips of different
guides used in the clinical setting have a stiffness be-
tween 700 to 2000 MPa. The purpose is to make easier
the navigation of the guidewire in vessels without pain
and improve the contact between the guide head and
blood vessels, while the rigid part is in the range of
11,800 to 19,000 MPa to make the artery straight.

2.3. Finite Element Analysis Model

After creating a functional relation for the mechanical
properties of biological tissues and surgical tools, a
simulation is possible to predict all steps of endovascular
treatment using patient specific data and the behavior of
arterial walls under the action of the guidewire and the
catheter system.

Creating a model of the complete system guidewire/
catheter/aortic/femoral/iliac/aneurysm/environment of the
artery requires the separate modeling of its different
components. The originality of this study is as follows:

Consideration of a realistic geometry of the biological
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system reconstructed from preoperative clinical images
on a specific group of patients with high tortuosity and
calcification.

Accounting for the environment of the artery, the de-
gree of calcification, the reference geometry with preload,
and the nonlinear behavior of materials and geometry.

Considering frictional contact behavior between arte-
rial walls and the surgical tools, and between the tools
themselves.

A composite model for biological tissue including fi-
ber orientation.

The computer code used is Abaqus 6.10-1. We used
Updated Lagrangian description due to large deforma-
tions. The arterial walls were modeled using thin shell
theory with Kirchhoff approach. The delivery system
was modeled using Timoshenko beam elements.

Considering the strong nonlinearity of the problem,
the explicit time integration scheme is a relatively easy
numerical scheme to implement and less expensive in
terms of computation time [28,29]. Thus we adopted the
method -2, which allows the introduction of a numerical
damping coefficient that removes the high frequencies
[30]. The contact between the tools and biological tissues
was managed by unilateral penalty conditions, which
consist of increasing the functional of total energy by a
penalty function [31]. This contact represents the interac-
tion between tools and soft tissues by a spring with a
stiffness depending on the penetration. Femoral, iliac,
and aortic wall thickness models have been introduced,
varying from 1 to 2 mm.

The models were created using preoperative individual
patient data. A three-dimensional scan of the patient is
performed with a contrast injection to reveal the ar-
rangement of blood vessels located around the area of
interest Figure 10.

Initially, a manual step is necessary. It consists of
extracting the vessel centerline, the lumen of the artery
by splines, and the planes orthogonal to the neutral line
depending on the degree of curvature of the artery wall.

[~

Figure 10. Creating splines and the centerline from a scan on a
aged patient.

Copyright © 2013 SciRes.

Then a reconstruction of the aneurysm is done, including
bifurcations. The iliac and tortuous femoral artery is the
final geometry to be used for simulation Figure 11.

This technique has the advantage of generating a ge-
ometry which is very close to the real one.

In order to overcome convergence difficulties due to
the complex geometry, and problems arising from the
contact between the endovascular tools and the arterial
walls; only the aorta, femoral and internal iliac used for
endovascular instruments navigation are included in the
analysis. The external iliac and secondary vessels are
taken into account using appropriate boundary condi-
tions.

- The artery was modeled using composite materials. It
is considered as a matrix material with three layers that
are reinforced by two families of fibers. Therefore its
mechanical properties depend on both directions of the
fibers. The orientation of collagen fibers was observed
by microscopy in the layers of the human aorta, on the
order of 10° on average for the collagen fibers in the

@ (b) ©

reconstructed
and meshed
geometry

(d

Figure 11. a) Geometric reconstruction from preoperative im-
ages; b) Real geometry; c) Projection of the reconstructed ge-
ometry on the real geometry, d) Mesh geometry.
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media, and 40° in the adventitia have been found [32].
These results are in accordance with the histologic
findings of a general human abdominal aortic media.

- Environmental information of the artery was taken
into from the data of the scanner images. We extracted
the list of the nearest points of the spline, the centerline
and secondary branches of the artery. Thus, we have
represented this environment by elastic supports Figure
12(a).

- Information on the condition of the arterial wall was
described in the numerical model. Information related to
the distribution of the degree of calcification, which can
differentiate healthy areas from aneurysmal and calcified
regions was projected in the numerical model Figure
12(b).

Environmental information of the artery was taken
into

- Information on the condition of the arterial wall was
described in the numerical model. Information related to
the distribution of the degree of calcification, which can
differentiate healthy areas from aneurysmal and calcified
regions was projected in the numerical model Figure 12

Healthy and aneurysmal areas were modeled as a hy-
per-elastic material with Mooney-Rivlin constitutive
Equation (3), while calcified areas have been considered

as linear elastic Figure 13:
W =a,(I,-3)+ay(

1, =3)+1/2k(1, 1)
+£(ek2(’41—')2 _1)_'_&(8"4(’42—1)2 _1)

2 4

(€)

where

L, =[a][C][a]and I, =[a,] [C][a,] @

with W is the energy density of Mooney-Rivlin, 11, I, I3
are the strain invariants, /4; and I, describe the square

(a) (b)

Figure 12. a) Projection artery environment of the scan in the
corresponding numerical model; b) Projection parietal quality
of data in the simulated model.

Copyright © 2013 SciRes.
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Figure 13. a) Representation of healthy and aneurysmal areas
by hyper-elastic model, and calcified areas by linear elastic
model; b) representation of layers and collagen fibers of the
artery.

stretching fibers, characterized by the directions a; and
a, (anisotropy terms), ao; and aj, are the constants pa-
rameters of Mooney-Rivlin, [C] Cauchy Green tensor, k;
and k; are material parameters, k, and k; are dimen-
sionless parameters, generated by two families of fibers
and £ is the bulk modulus.

The Mooney-Rivlin anisotropy terms present the en-
ergy stored in the fibers, they are described by exponen-
tial functions.

In their normal physiological condition, the arteries
are in a state of longitudinal elongation and generally
subject to internal pressure. This means that the stress
straint is non-zero when the vascular smooth muscle is
inactive. This hypothesis was justified by several ex-
perimental studies on normal and decellularized arteries
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and revealed the existence of significant residual stresses
within the arterial wall [33,34]. In our model, we con-
sidered the reference state of the artery corresponding to
the nonzero stress state when the intravascular pressure
is zero. This pre-stress was estimated from a state of un-
known geometry, subjected to a positive pressure that
can reproduce the real reference geometry extracted from
the preoperative data.

3. RESULTS AND DISCUSSIONS

The finite element simulation of endovascular aortic an-
eurysm treatment of a selected patients group with a very
strong angulation and calcification has enabled 3D visu-
alization of the guidewire and catheter navigation from
the incision area to the neck of the aneurysm. Surgical
tools are initially positioned at the entrance to the femo-
ral, in the direction of the neutral line, and then a dis-
placement is applied to the lower base of the guide and
the catheter.

Here are the results of one insertion of the guidewire
and the catheter within a guide, for a given position of
the endovascular tools including wall deformation at all
treatment steps Figure 14, moviel.

The main objective of this simulation is to control the
navigation of the medical device, in order to have virtual
3D images in real time of the manipulation of the guide.
The guide is interacting with the arterial walls. The
catheter interacts with the entire system. Thus we obtain
the stress state at each step of navigation. Therefore it is
possible to locate the stress peaks, and predict the risk of
rupture due to curvature and calcification of the iliac and
femoral artery. Figure 15 shows the stress distribution
throughout the endovascular procedure. It allows the
evaluation of the critical areas at the time of the ascent of
the device and analyzes the maximum stress value with
reference to failure models already established in the
literature.

The numerical model was also used to simulate vari-
ous endovascular devices most commonly used in the
clinical environment. However, this simulation provides

Figure 14. Sub-steps of the navigation of the guidewire and the
catheter interacting with the guidewire.

Copyright © 2013 SciRes.
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Figure 15. Stress distribution in blood vessels during the
navigation of the endovascular system.

useful information for surgeons, to determine during the
preoperative phase, the difficulties they may face. Thus,
it allows refining the selection of a best guide for each
patient. Figure 16 shows the flexibility of arterial walls
under the action of different types of guide. It is ob-
served that the behavior of blood vessels towards the
flexible guide remains the same. The guide tends to warp
and follow the path of the artery without distortion. As
for the stiff guide, it stiffens and straightens the artery.

In order to get a biologically realistic simulation, the
model has been validated by comparing the simulation
results with preoperative clinical findings. Radiographs
were performed to observe the final position of artery
walls and deployment tools during injections of contrast.
From these images, a projection of the simulation results
in the same plane of the clinical images was used to
compare the final geometry of the guide obtained by the
simulation. The position of the guide in the preoperative
phase obtained by surgeons is shown Figure 17(a). The
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(©)

Figure 16. Flexibility of arterial walls under the action of dif-
ferent types of guidewires: a) flexible guide; b) stiff guide.

comparison between the results of the first simulation
before tuning and clinical data show a significant differ-
ence.

However, the inaccuracy is due to not taking into ac-
count the environment of the artery. This is why other
simulations were performed to gradually approach clini-
cal reality. Elastic supports with the environment of the
artery have been added in the numerical model Figure
17(b). Thus the final result is quite satisfactory Figure
17(c), and allows us to validate our numerical model of
endovascular treatment of AAA.

The validation was done on a very specific group of
patients, selected with a high degree of tortuosity and
calcification. Thus, the clinical results match well with
the simulated results.

4. CONCLUSIONS

The analysis of the results from endovascular treatment

AAA using FEA for real patients-specific complicated

geometry in terms of angulation and calcification dem-

onstrates its potential impact:

e Precise control in real-time and with 3D visualization
during the different stages of endovascular treatment
of AAA.

e A feasibility study of endovascular surgery, and
therefore an assessment of the state of stress in pre-

Copyright © 2013 SciRes.
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Figure 17. Projection of the simulated results on clinical out-
comes. A) Before tuning between simulation results and preop-
erative data; (b)-(c) After tuning.

dicting the risk of damaging very tortuous and calci-
fied arteries during simulation of the rise of endovas-
cular tools.

e Assistance in the surgery, such as a better choice of
surgical tools for each patient, and therefore a de-
crease in the number of endovascular tools used, and
the radiation dose.

In addition, this model may be useful in the design of
stents from the information given by the deformed state
of the artery. At the current state of the technology, stent
sizing using planning images without deformation does
not take into account the morphological changes experi-
enced by vessels during surgery, and therefore may bring
an inaccuracy to the results. However, the present nu-
merical model can contribute to understanding the causes
of endoleaks and migration of stents and improving the
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outcome for many patients.
Future research should assess how this simulation can
implement the present in vitro results to in vivo.
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