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Abstract

oversizing.

Migration and endoleak phenomena are considered to be the principal reasons for Endovascular Aneurysm
Repair failure. Wide differences of opinion exist regarding the nature of these critical complications. They occur
when there is non-complete and ineffective contact between the endograft ends and the wall of the blood vessel.
A major goal of present work is to investigate, using the Finite Element Method, the effect of nitinol stent design on
the overall effectiveness of contact and radial force. The specific-patient aneurysmal thoracic aorta are challenging.
The optimized stent results show better contact stability to resist the migration. They also show a good compromise
of stent design requirements (flexibility and stiffness). Moreover, the new design can also prevent the risk of folding
or the collapse of stent struts by mitigating the energy of eccentric deformation caused by high angulation and
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Introduction

The aneurysmal pathology is characterized by the aorta dilatation
as a result of weakness in the aorta wall. This leads to changes in wall
tension with reduced tensile strength and finally ruptures. As an
alternative to conventional open surgery, Endovascular Aneurysm
Repair (EVAR) is a less invasive form of treatment. The primary aim
of EVAR is to prevent rupture by exclusion of the aneurysm sac using
the concept of a stent graft. However, a secondary criterion concerns
the mid- and long-term durability of the stent graft, and this goal
remain questionable. The main mid- and long-term mechanically
related complications of EVAR are migration and type I endoleaks. An
endoleak is defined by persistent blood flow that originates from the
proximal attachment site wall. Migration is defined by stent graft slip
of more than 10 mm after deployment. It is generally agreed that both
of these complication are the result of inadequate contact between the
device and the neck of the aorta [1]. Many clinical investigations were
performed to investigate the origin of the ineffective contact interaction
(device-aorta) which can be related to one or all of the following factors:
endograft under sizing [2,3], high drag forces due to sever angulation
[4,5], and insufficient length of proximal attachment site [6,7]. These
factors have recently been evaluated using the finite element method
(FEM) in the framework of classical continuum computational
solid mechanics (CSM) [8]. This work demonstrated that stent graft
dimensions (proximal and distal landing zones, and oversizing value)
are crucial factors to prevent migration and stent collapse in the case
of a highly angulated proximal neck. Additionally, the stent should
be flexible enough to allow easy placement and conformity after
deployment, specifically in thoracic aorta, which curvature can highly
contribute to typel-a endoleaks and device migration [9]. Numerous
computational studies have investigated the influence of stent design
on vessel scaffolding in the carotid artery [10] and stent placement in
cerebral aneurysm [11]. Similarly, the nitinol stent design has been
shown to have a considerable impact on crimping and fatigue behavior
[12]. More recently, clinical studies have been carried out to investigate
the effect of stent design on the radial compliance and stiffness property
[13-15] have demonstrated a better flexibility performance of a newly

designed stent compared to commercialized stent. To the best of the
authors’ knowledge, no numerical study was carried to investigate
the effect of the thoracic stent design on the contact stiffness in the
attachment sites and migration behavior. In this paper, we highlight
newly developed stent designs in order to prevent the occurrence of
migration and stent collapse [8]. We aim also to investigate the effect of
the stent design on the critical, conflicting, and required characteristics
of the stent: flexibility and stiffness.

Material and Methods
Patient specific TAA and stent models

The FEM patient-specific Thoracic Aortic Aneurysm (TAA)
stent models and the deployment procedure were the same as for the
previous work [8,16]. The aorta material was considered as isotropic
hyperplastic, and nearly incompressible. The superelastic proprieties of
nitinol were attributed to the stent. We used Abaqus/explicit 6.11 as
the finite element solver in a quasi-static analysis with negligible kinetic
energy. The general contact algorithm was used for the interactions
between all model components. The contact stability index F _ was
used to define the stick/slip behavior between stent and aorta after stent
deployment, by using the following equation:

E =t,/pp. 0<F <1,

is the equivalent shear, T
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shear stress, while y is the friction coefficient, and P is the contact
pressure.

The compromises in stent design are not trivial. The stents should
be as flexible as possible in a highly tortuous aorta leading to a better
conformity after deployment. However, sufficient radial strength is a
crucial factor to obtain an effective contact and resist the compressive
radial forces applied by the vessel. These two critical, stent design
requirements are often conflicting and cannot work simultaneously.
In such an angulated morphology, our attempt is to search for a new
flexible design, which can enable a good radial stiffness to resist aorta
recoil and a good contact stability to resist to migration. When a stent
with a diameter D and length L is compressed by a virtual catheter,
applying a radial pressure P, it will undergo an axial elongation F_and
a change in strut angle $ and diameter. According to Jedwab et al,, the
radial pressure acting on the stent is given by [17]:

—2F (1)

c

P=——°"
DL tanf3

The radial (hoop) stent stiffness (N/mm?®) measures the elastic
response of the stent to an applied force. The radial stiffness is defined
by [18]:

k=% @)

? oD

The previous analytical equations were implemented in Matlab
software to calculate these values. These values were then compared to
the numerical FEM values. The numerical results had a good agreement
with the analytical representation (results not presented here). These
equations could inspire the new stent designs. The proposed designs
(Figure 1) were modeled performing variable oversizing values at one

or both attachment sties of the stent. For all the new stent designs, the
central part of the stent was oversized by 15% and the end parts by 20%
and 25%, respectively. To evaluate the effect of stent length, these three
oversizing values were applied for both lengths of the stent; stent 1 (144
mm) and stent 2 (160 mm) (Figure 1). Thus, a total of eight simulations
were performed.

Results

Based on the previous results obtained by [8,16]; stent 1, which
has a length of 144 mm of with uniform 15-20% of oversizing value,
had undergone migration failure. The results showed that all the
new designed stent 1 (NDSI) with 20%-25% oversizing: (NDSI: 1-2-
3-4) oversized at both proximal and distal ends did not undergo
migration failure even in the smoothest contact condition, and with
severe angulation where the pullout forces can be high. A very slight
improvement of migration (7.2 mm) resulted when oversizing of
20%-25% was imposed at both proximal and distal ends of the stent
(NDSI-1 and NDSI-2) (Figure 2). The new design was able to improve
the migration behavior by 59% compared to the old stent design with
15% uniform oversizing, and improved by 45.8% compared to the 20%
uniformly oversized case.

Comparing with the old design stent 1, the new design stents (NDSI)
demonstrated lower stiffness, with better flexibility and underwent
deployment without migration failure. A very slight decrease in
stiffness was reported between the new design stents (NDSI-1, NDSI-2,
NDSI-3, NDSI-4) as shown in Figure 3. All the deployed new designed
stent 1 (NDSI) resulted in a significant increase in pressure contact
area. Although the contact stability improvement was not significant,
the slight improvements of contact stability in NDSI-1 and NDSI-2
were able to prevent migration failure (Figure 4 and Table 1).

Old Design (140-160mm)

New Design NDS-1: Proximal+Distal stent ends (25%)
{NDSI: 140mm) NDS-2: Proximal+Distal ends (20%)
(NDSL): 160mm) ND5-3: Proximal end (25%)

NDS-4: Proximal end (20%)

140-160mm

. )
==z
==

5%

=

20-25%

Figure 1: Optimized stent designs for both stent 1 and stent 2.
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Figure 2: Migration success for the proposed new design for the stent1 (NDSI )-(u=0.05).
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Figure 3: Radial pressure contact as a function of stent diameter for numerical results, new design stent 1 (NDSI), length=144 mm.
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In the case of stent NDSI], sufficient length of the proximal
site (PASL=21 mm) resulted in a better contact surface area, and
consequently, a better radial strength compared to NDSL. For the newer
designed, longer stent 2 (NDSI]), nearly identical values of stiffness
and stresses were obtained compared to the old design stent (with 15%
uniform oversizing), causing better conformity and flexibility between
the stent and the vascular anatomy. However, NDSII demonstrated a
decline of proximal contact stiffness comparing with the old designed
stent 2 with 15% uniform oversizing (Figure 5 and Table 2). Therefore,
we suggested extra oversizing (Imp-new design stent 2) for both two
circles of the stent which are expected to go into contact against the
vessel wall, (Figure 6). The simulation showed neither migration
nor collapse. During the crimping process, the Imp-NDSII-20%
demonstrated almost the same stiffness of new design NDSII-2 and
NDSII-4.

On the other hand, the design Imp-NDSII-25% resulted in an
observed decrease of stiffness compared to the Imp-NDSII-20%.
Starting from the oversizing = 25% value, the Imp-NDSI] stiffness was
slightly decreased, Table 3. The two improved new designs (20% and
25%): Imp-NDSII - 20% and 25%, demonstrated better superelastic
recovery during the stent expansion, resulting in a better proximal

contact surface diffusion, compared to those where only one circle of
the strut at the proximal site was oversized with 20% or 25% (Figure 7
and Table 3).

Discussion

All the suggested designs decrease the potential of downward
static forces when oversizing the central part with a small value
(15%), i.e., higher values is needed to dislodge the stentl (144 mm)
from its proximal site. This design resulted in an adequate area of
proximal-distal interaction between the stent and the aortic neck,
raising the friction and radial force applied by the proximal stent
struts. Considering equation (1), decreasing the diameter of the stent
is associated with increasing the ‘overall radial pressure contact’,
i.e., higher pressure forces are required for a smaller diameter value.
However, critical length with higher oversizing could lead to adverse
outcomes. If the stent is not well oversized, adverse outcomes like aorta
recoil or stent collapse or migration can result, and smaller values of
pullout forces can withdraw the stent leading to deployment failure.

Thus, the results can be explained as follows: with the proposed
design, the extra proximal-distal oversized stent ends expanded at
the designed oversizing values 20% or 25%, however, a continued

Old design

Figure 4: Comparison of superelastic recovery of the struts after deployment between the old (right) and new designed stent 1(NDSI (left).

Simulation
Stent models Stent2 (1_60 mm) Stent2 (1_60 mm) Stent2 (1_60 mm) Stent2 (1_60 mm)
D,, =21 D, =21 D,, =21 D,, =21
(PASL) D,, =18 D,, =18 D, =18 D, =18
(DASL) 2D 2D 2D 2D
(NDS4) (NDS3) (NDS2) (NDS1)
Stent Body 15% 15% 15% 15%
Oversizing value (O %) Stent Proximal site 20% 25% 20% 25%
Stent Distal site 15% 15% 20% 25%
_ Proximal neck 0.92 0.91 0.92 0.94
Contact stability (F) Distal neck 0.98 0.97 0.88 0.90

Table 1: The effect of new design stent 2 ( NDSLI), L = 160 mm; simulation results.
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Figure 5: Comparison of superelastic recovery of the struts between the old (right) and new designed stent 2 (NDSL], left).Best contact stiffness was produced
proximally for the old design.

Tangential contact behavior
Stent models (1%}2:::171) (itfi?;) Stent! (144mm) (1%}::::171)
(PASL) D, f18 D, f18 D”’ =15 D, f18
(DASL) D,, =15 D,, =15 (,\1‘[632) D,, =15
(NDS4) (NDS3) (NDS1)
Oversizing value (O %) Stent Body 15% 15% 15% 15%
Stent Proximal site 20% 25% 20% 25%
Stent Distal site 15% 15% 20% 25%
— Proximal neck 0.97 0.98 0.95 0.97
Contact stability (Fcs) Distal neck 0.95 0.93 0.97 0.92
Tangential contact behavior u=0.05 u=0.05 p=0.05 u=0.05
Pressure contact area (mm?) after deployment 717 727 734 742
Proximal neck 1.76E-02 0.0186 0.0193 0.0180
Average contact pressure stress (N/mm?) Distal neck 0.015 0.016 0.0174 0.0173

Table 2: The effect of new design stent 1 (NDSI), L = 144 mm; simulation results.

Figure 6: Improved stent 2 designs modeling (Imp-NDSL]), final optimization.
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Stent models Stent 2(160 mm) Stent 2(160mm)

(PASL) D, =21 D,, =21

(DASL) D,, =18 D,, =18
Stent Bod! 15% 15%
Oversizing value (O %) - . Y . , .
Stent Proximal site (two circles) 20% 25%
_ Stent Distal site (one circle) 20% 25%
Contact stability (FCS) Proximal neck 0.89 0.90
Distal neck 0.93 0.95

Table 3: The effect of improved new design stent 2; simulation results.

Smaller radial sti'l"fness\___l_

Higher radial stiffness >

Figure 7: Comparison of superelastic recovery of the struts between the NDSL] (left) and Imp-NDSL/ of stent 2 (right) after stent deployment.

expansion of the central part of the stent was limited to a 15%
oversizing value. This decreased the potential energy which caused the
stent to be dislodged, shortened or migrated by the pullout forces. This
observation agrees with other experimental results [19] which associate
high oversizing with greater static downward forces, i.e., more risk of
stent migration. When the proximal stent length was higher for the
new designed stent 2 (NDSI]), the simulations did not result in better
contact stiffness due to the decreased interaction surfaces with the
lumen of the aorta. The (20%) and (25%) oversized proximal end circle
will result in a good contact with the aorta, however, the later circle of
the struts with (15%) oversizing resulted in a smaller contact surface
and lower contact stiffness comparing with the uniform, old design
stent with (15%) uniform oversizing.

Therefore, we suggested the extra oversizing (Imp-new design
stent 2) for both two circles of the stent. We believe that this new
improved design (Imp-NDSII) will lead to a more uniform opposition
and adequate contact at the proximal attachment zone. The improved
design was able to improve the proximal contact stability compared
with the (NDSI]I). Despite the contact improvement at the proximal
site, the improved design caused an increasing of the contact stability

Fc " (decrease in contact stiffness) at the distal site as compared to

(NDSII-20 and 25%), i.e., the contact stiffness was decreased distally,
(Table 3). This can be explained by decreasing the overall stent recovery
distally when adding another oversized circle at the proximal site. As
a result, the proximal part of the stent gained significant superelastic
recovery compared to the distal part.

Oversizing the distal part of stent also seems to be beneficial. Despite
the lower importance of distal end oversizing, this design can increase
the overall contact stability and reduce the peak of circumferential
stresses at the proximal attachment zone, especially when the stent
length is critical.

Limitation

The main concern in this work is that our having not modeling the
graft can contribute to different mechanical behavior [11]. Finally, we
hope that future advances will be supported by experimental studies
that are required to validate our numerical observations.

Conclusion

The main objective of this work is to optimize stent design, based
on a 3D finite element platform, to improve the stent flexibility,
conformity, migration behavior and contact stiffness. We propose
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extra oversizing at one or both end portions of the stent. The design
is able to improve the flexibility, which is a crucial factor in patients
with highly tortuous vessels. It also could prevent migration when the
stent was in the critical proximal length (stentl) even in the smoothest
contact condition and with high angulation. The obtained results
clearly show the importance of performing additional oversizing at
the ends of the stent, especially in the proximal case [20]. This fact
becomes more important when the length of the stent is critical as the
case for the stent 1. It is also necessary to improve the design of stent 2
by oversizing all the struts that are expected to be in contact against the
aorta. Here, better contact stiffness, flexibility and superelastic recovery
are obtained. Moreover, this design could also prevent the risk of
folding or collapse of stent struts by mitigating the energy of eccentric
deformation caused by high angulation and oversizing.

Ethical Approval

Ethical approval was not required. The patient-specific models
the same as that employed in a previous study [8]. The patient gave
informed consent to the collection and use of data for research
purposes.
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