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A B S T R A C T

Background: Multiple overlapping uncovered stents (MOUS) have been introduced to manage complex aortic
aneurysms with vital branches involvement. It has been shown that the porosity is a key determinant of the
treatment outcome. However, the role of 3D cross-stent configuration remains unclear.
Methods: One patient with a complex aortic aneurysm judged not suitable for open surgery nor endovascular
repair was invited to participate this study. In total, four bare metal stents were deployed. 3D lesion geometry was
reconstructed based on pre- and post-operative CTA, and the zero-pressure configuration was recovered using an
inverse procedure. Local haemodynamic parameters, including wall shear stress (WSS), oscillatory shear index
(OSI), and particle relative resident time (RRT), as well as the vessel structural stress (VSS), were quantified using
one-way fluid-structure interaction (FSI) analysis. In comparison to MOUS, a corresponding compact model was
reconstructed by projecting inner layer stents to the most outer layer to form a single layer to eliminate the 3D
cross-stent configuration and one-way FSI analysis was performed.
Results: Results obtained showed that the porosity decreased linearly with the number of stents. When the 1st
stent was deployed, the mean velocity decreased 36.4% and further reduction of 49.3%, 59.8%, and 62.8% were
observed when the 2nd, 3rd and 4th stents were deployed. WSS also decreased with the number of stents
deployed, and both OSI and RRT increased, but the increase was very minor with the 4th stent. MOUS deployment
induced high VSS concentration in the landing zone while the VSS and pressure in the sac remained nearly
unchanged. The compact model yielded a small difference in the value of flow-related parameters and 10%–20%
reduction in VSS.
Conclusion: Compared with porosity, the 3D cross-stent of MOUS configuration plays a minor role in the modu-
lation of local haemodynamics. A compact model does not reduce high VSS concentration in the diseased region
significantly.
1. Introduction

Flow diverters were firstly introduced to treat intracranial aneurysms.
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procedure was reported in 1997 for a ruptured fusiform vertebrobasilar
artery aneurysm [2] and the first clinical use of a flow diverter in North
America was reported in 2008 [3]. Further technical developments have
improved the cure rate and lowered complication rates. This technique
has transformed the management of intracranial aneurysms, becoming
the preferred treatment option for large or giant wide-necked lesions [4].

Flow diverter harnesses the blood rheological properties by altering
blood flow, and induces thrombosis formation within the sac [5]. The
formation of mural thrombus increases the effective wall thickness and
decreases the lumen radius, and therefore reduces the aneurysm wall
tension and the risk of aneurysm rupture [6]. A major advantage of this
technology is its capacity to keep long-term patency of side branches [7].
Porosity has been shown to be one of the determinants for an optimal
treatment effect and a porosity of 50%–70% is reported to be ideal for the
intracranial aneurysm occlusion [8,9].

Encouraged by the success in treating intracranial aneurysms, re-
searchers have attempted to manage complex aortic aneurysms with sub-
branches involvement using multiple overlapping uncovered stents
(MOUS)[10,11]. Compared with the intracranial circulation, the aortic
aneurysm is a more challenging territory for MOUS due to its complex
haemodynamics environment, e.g., large lesion size and much higher
flow velocity [12]. Moreover, the porosity, the shape of cells enclosed by
the stent beams and the cross stents configuration vary a lot when more
than one stent is deployed. Virtual deployments following Monto Carlo
procedure showed that the porosity decreases linearly with the number
of stents deployed, e.g., the mesh porosity is 85.2% for a single-layer
OptiMed stent (Ettlingen, Germany), and it drops to 72.2%, 60.5% and
52.4% for two, three, and four stents, respectively. It has been reported
Fig. 1. The configuration of a complex aortic aneurysm with vital branches involvem
rendering of the configuration after 4-layer stents deployment; (C) A 2D axial CTA s
Sagittal cut showing intraluminal thrombus and calcium; (G) 3D stent model with m

2

that on average 3.3 stents are needed for one aortic aneurysm [10]. It has
also been demonstrated that as long as there is misalignment between
stents either in the circumferential or axial direction, the percentage of
flow velocity reduction was not affected [13].

However, in addition to 2D overlapping patterns, the deployment of
multiple stents also generates 3D cross-stent structure in the radial di-
rection. The role of such 3D cross-stent configuration in modulating the
local flow pattern still remains unclear. To investigate the role of cross-
stent structure, a compact model of one single layer was built by pro-
jecting inner stents outwards to the surface of the outmost stent. The
change of local haemodynamics was studied by comparing models with
and without projection.

2. Materials and methods

2.1. The patient information

Data used in this study is from one of patients reported previously
[10,13] and was approved by the review board of Changhai Hospital,
Shanghai, China. This patient was a 68-year-old male, with a complex
thoracoabdominal aortic aneurysm (maximum diameter, 70.1 mm)
(Fig. 1A). Medical history included pulmonary function impairment,
grade II hypertension (146/92 mmHg, heart rate 68 bpm) and coronary
artery disease that had been previously treated by stenting. Given his
multiple comorbid conditions and the risk of spinal cord ischaemia (at
the level of T11-L1) and occlusion of coeliac arteries if stent-graft was
used, the patient was judged unsuitable for either open surgery or
traditional endovascular repair by a multidisciplinary team consisting of
ent. (A) 3D rendering of the lesion configuration before stent deployment; (B) 3D
lice; (D) A 2D sagittal CTA slice; (E) Reconstructed 3D geometry with mesh; (F)
esh.
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vascular surgeons, cardio-thoracic surgeons, and anaesthetists. The
MOUS strategy was therefore suggested to the patient, who gave written
informed consent (Fig. 1B). Closed-cell, self-expandable and uncovered
sinus-XL stents from OptiMed (Ettlingen, Germany) were used (Fig. 1G).
The diameter and length of the uncovered stents deployed in this patient
were 28 mm and 100 mm, respectively.
2.2. Stent and aneurysm geometry reconstruction and meshing

The geometry of the bare metal stent was reconstructed according to
the parameters provided by the supplier in Creo2.0 (PTC, Needham,
USA) (Fig. 1G). The stent was meshed in ICEM (ANSYS Inc., PA, USA). A
single stent was meshed with 119,592 hexahedron elements. The typical
length of each element was approximately 0.15 mm.

The aneurysm lumen contour, and calcium and thrombus in the lesion
were segmented based on the pre-operative contrast-enhanced computed
tomography angiology (CTA) images with a resolution of 0.683 � 0.683
� 0.8 mm3 (Fig. 1C&D) using an in-house program developed in MAT-
LAB R2016a (The MathWorks, Inc., USA) [14]. The aortic wall thickness
was about 2.5 mm and the diameters of visible sub-branches ranged from
2.9 mm to 6.0 mm with a ~1.0 mm wall thickness. The segmented
contours were translated into a voxel-based label map and resampled
with a voxel size of 0.1 � 0.1 � 0.1 mm3 to reduce the effect from
smoothing operation. The map was imported into 3D Slicer (htt
p://www.slicer.org/) and aortic components and sub-branches were
merged by Boolean operation and smoothed using the Gaussian Filter.
Fig. 2. The workflow of mecha
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After completion of the final voxel-based label maps for aneurysm,
the surfaces of each object were generated using fast marching method in
3D Slicer and imported to VMTK (http://www.vmtk.org/), followed by
smoothing with Taubin’s algorithm [15]. Finally, surfaces of inlet and
outlet of the aneurysm and the outlet of each sub-branch were clipped
and extended 15 times of the local diameter to eliminate the inlet and
outlet effect (Fig. 1E). Volumes enclosed by these surfaces were gener-
ated, and then meshed with tetrahedral elements based on local curva-
tures in ICEM (Fig. 1E&F). In the pre-operative model without any stent,
409,357 tetrahedral elements were generated for the solid domain of the
aneurysm.
2.3. Fluid-structure interaction analysis

In this study, a one-way fluid-structure interaction (FSI) analysis was
performed to calculate the mechanical conditions before and after the
MOUS deployment. The influence of stent deployment on critical me-
chanical conditions was investigated within the aneurysmal structure
and blood flow in the sac and side branches was analysed. The workflow
can be found in Fig. 2.

� Zero-pressure configuration calculation

The in vivo CTA images were acquired under pressurised condition
and the analysis needs to be based on zero-pressure configuration. An
inverse procedure with an internal pressure of 110 mmHg (patient’s
nical analysis in this study.

http://www.slicer.org/
http://www.slicer.org/
http://www.vmtk.org/
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mean blood pressure) and an axial stretch of 2.5%was therefore followed
to obtain the computational starting shape [16]. Each stent was assumed
to be a linear material with Young’s modulus and Poison’s ratio of 75 GPa
and 0.333, respectively. The modified Mooney-Rivlin model was used to
describe the material properties of the aortic wall, thrombus and calcium.
The material constants are adapted from the previous experimental re-
sults of aortic aneurysm [17,18]: aortic wall, C1 ¼ 0.07 kPa, D1 ¼ 6.54
kPa and D2 ¼ 5.88; thrombus, C1 ¼ 0.24 kPa, D1 ¼ 8.69 kPa and D2 ¼
0.61; and calcium, C1 ¼ 1.15 � 105 kPa, D1 ¼ 7.67 � 104 kPa, and D2 ¼
2.83 � 10�8.

� Solid-solid interaction analysis

A static pressure of 110 mmHg (the patient’s mean blood pressure)
was applied on the luminal surface and an axial stretch of 2.5% was
prescribed at both aortic ends to restore the in-vivo configuration. The
stents’ surface and lumen surface were defined as contact surfaces. Steps
mimicking the deployment were as follows: (1) a concentrated force that
gradually increased from 0 to 350 N was applied at both ends of the stent
along its axial direction to radially shrink the stent; (2) a rigid body
displacement was prescribed to deliver the stents into the lumen to the
target location, which were identified by the locations of radio-opaque
markers on the post-operative CTA images; (3) the stent was released
by gradually decreasing the concentrated force to 0. Multiple stents were
deployed sequentially controlled by the phase-shifted time functions.

Different degrees of freedom (DOF) fixity policies were adapted to
Fig. 3. The mesh of the fluid domain and the velocity waveform at the inlet. (A) Th
deployed geometry of MOUS. Impendence units are added at the main outlet and end
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eliminate rigid displacements where appropriate for different parts. The
displacement of both ends of the extended aorta was specified to main-
tain the axial stretch ratio, and circumferential rotation of nodes on these
two ends was not allowed. For each side branch, all DOFs at the end were
fixed except for the local radial displacement. For stents, circumferential
rotation and axial displacement at the proximal (close to the heart) were
not allowed, while no constriction for the other end. The virtual
deployment simulation was performed using ADINA 9.0 (ADINA Inc.,
MA, USA) in the implicit statics mode with the consideration of large
strain and large displacement. An auto time step technique was used for
the consideration of convergence. Finally, averaged and peak von Mises
stress was extracted under the 99.5% criterion as the indicator of vessel
structural stress (VSS) in the wall.

� Computational fluid dynamics (CFD) analysis

The deformed lumen and stent struts surface after deployment were
extracted to form the fluid domain (no strut surface in the case without
stent deployments). The stent struts in direct contact with the aortic wall
were masked out to reduce computational costs. Then the fluid domain
was imported into ICEM CFD and meshed using the Octree method with
tetrahedral elements (Fig. 3A). The thickness of the boundary layer was
estimated to be 1.4 mm considering the Womersley number of ~18.2 in
this study. Three prism thin boundary layers were generated for a fine
calculation in the region near the lumen surface with the first two layers
thickness being 0.4 mm and the third 0.8 mm [19,20]. In total, the fluid
e fluid domain was meshed with tetrahedron and prism elements based on the
of the side branches (pink); (B) The ‘plug’ velocity waveform applied at the inlet.
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domain without stents was meshed with 80,562 tetrahedral and 175,691
prism elements; a single stent with 518,988 tetrahedral and 99,037 prism
elements; two stents with 832,072 tetrahedral and 105,722 prism ele-
ments; three stents with 943,176 tetrahedral elements and 114,642
prism elements; and four stents with 1,004,782 tetrahedral elements and
126,128 prism elements.

A ‘plug’ velocity profile with a mean velocity of 66.7 mm/s and peak
velocity 284.0mm/s was adopted frommeasurements by Olufsen et al. as
the loading conditions at the aortic inlet (Fig. 3B)[21]. At the outlets, a
resistant unit was added at each outlet to mimic the afterload of the
downstream circulation bed [22]. The resistance of each unit was
determined by the following steps: (1) a CFD simulation without resis-
tance units was performed by assigning discharge ratio of each outlet
according to Murray’s Law [23] and a pressure profile was applied at the
outlet of the aorta; and (2) extract computed pressure at the outlet of each
side branch and calculate the resistance by resistance ¼ (mean pressur-
e)/(mean flow rate).

The blood was assumed to be incompressible and Newtonian with a
density of 1.06 g/cm3 and a constant viscosity of 0.035 P, and the flow to
be transient laminar. The Newton-Raphson iterationmethod was used for
each time step with a convergence criterion for the relative residual of
0.001. Simulation was performed over 4 cardiac cycles. Results of the last
cycle were extracted for analysis where the flow was fully developed.

Wall shear stress (WSS)[24,25], oscillatory shear index (OSI) [25]
and particle relative resident time (RRT) [26,27] have been widely
suggested to be associated with atherosclerosis and aneurysm develop-
ment and their clinical presentations. With this consideration, apart from
flow velocity and rate, these parameters were also used to quantify the
flow pattern modulated by the stent deployment. RRT was normalised
(RRT) by the average value in the case before deployment at the proximal
disease-free region where the flow was fully developed. WSS can be
obtained from the stress tensor σ,

τwðX; tÞ¼ nðXÞ �σðX; tÞ �nðXÞ

where n is the normal direction of vessel wall. The time-averaged wall
shear stress (TAWSS) is calculated by integrating WSS magnitude over
the cardiac cycle,

TAWSS¼ 1
T

Z T

0
jτwjdt

OSI is a dimensionless metric which characterises whether the WSS
vector is aligned with the TAWSS vector throughout the cardiac cycle,
defined as,

OSI¼ 1
2

 
1�

��� R T
0 τw dt

���R T
0 jτwjdt

!

The OSI is greater than zero if there is some direction change during
the flow cycle, and the maximum value is 0.5 in the case of pure oscil-
latory flow without any net forward flow. RRT at a specific site is
inversely proportional to the distance that a particle at that site travels
during a single cardiac cycle, defined as,

RRTe�1� 2� OSI
T

Z T

0
jτwjdt

��1

The expression on the right is used as the indicator of RRT to repre-
sent the average amount of time that a particle spent in a specific region.
2.4. Compact stent model construction and analysis

The deployment of multiple stents forms cross-stent 3D structures
(Fig. 4A). To investigate the influence of multi-layer structures, a
5

compact model with a single layer was built for comparison. In cases with
more than one stent, upon the solid-solid interaction completion, the
geometry of each inner stent was projected outwards to the surface of the
first stent and merged as a single stent. An artificial stent with the same
merged configuration was created to mimic the cases with two, three and
four stents, respectively (Fig. 4B) to keep the porosity identical. The
radius and length of the artificial stent were the same as the real stent.
One-way FSI was performed to quantify the change of local haemody-
namic environment modulated by each compact stent and compared
with the corresponding MOUS system.

3. Results

3.1. Porosity

Four stents were deployed for this patient in order to achieve suffi-
cient flow reduction based on digital subtract angiology (DSA) according
to surgeons’ experiences (Fig. 5). The deformed configuration of each
stent was reconstructed from the post-operative CTA images and the
porosity after each deployment was calculated. The porosity of one single
stent is 83%, indicating stent struts covered 17% area of the corre-
sponding cylinder surface. The subsequently deployed stents decreased
the overall porosity (Fig. 4C&D), with the 2nd, 3rd and 4th stents
deployment reduced the porosity to 69%, 56% and 46%, respectively
(Fig. 4D).
3.2. Velocity, shear stress, oscillatory shear index, and particle relative
resident time

The flow-diverting effect can be assessed according to the difference
between the pre- and post-operative signal intensity (Fig. 5). The dif-
ference in velocity, shear stress, OSI, and RRT in the sac was analysed.
The sac region was defined by the volume enclosed by the stent and sac
wall with the following steps: (1) a convex hull was used to enclose the
deployed stents; (2) the intercepts between the hull and arterial wall
were calculated. Values at the node in the volume enclosed by the hull
and the arterial wall including sac were extracted for analysis.

Quantitative comparisons of velocity were shown in Fig. 6. After the
1st stent was deployed, the mean sac time-averaged velocity decreased
from 39.8 mm/s to 25.3 mm/s (36.4% reduction). The deployment of
2nd, 3rd and 4th stents further reduced the velocity to 20.2 mm/s (49.3%
reduction), 16.0 mm/s (59.8% reduction) and 14.8 mm/s (62.8%
reduction), respectively. The relationship between the reduction rate and
porosity was: reduction rate ¼ �0.658 porosity2-0.368 porosityþ1.013
with the consideration that: if the porosity is 100% (no deployment) the
rate reduction is 0% and if the porosity is 0% (total occlusion) the
reduction rate is 100%.

Associated with changes of flow velocity, the mean TAWSS on the sac
inner surface decreased from 0.19 Pa to 0.15 Pa when the 1st stent was
deployed, and further decreased to 0.13 Pa after subsequent stents were
deployed (Fig. 7A). The flow became more disturbed after the 1st stent
was deployed as OSI increased from 0.18 to 0.30, and the deployment of
the subsequent stents further increased OSI to 0.40 (2nd stent), 0.44 (3rd
stent) and 0.44 (4th stent), respectively (Fig. 7B).

RRT at the proximal disease-free region where the flow fully devel-
oped was 8.5 Pa-1, and it changed to be 8.4 Pa-1 after the first stent was
deployed, while remained nearly unchanged after subsequent stents
deployment (Fig. 7C). When the first stent was deployed, the mean RRT
on the sac inner surface increased from 1.29 to 3.13; it further increased
to 4.90 (2nd stent), 17.78 (3rd stent) and 18.80 (4th stent). The mean
time-averaged pressure in the sac decreased by 2.4% after the first stent
was deployed, and decreased further by 4.2% (2nd stent), 5.4% (3rd
stent) and 5.6% (4th stent) when the subsequent stents were deployed.



Fig. 4. The 3D structure of a 4-stent MOUS and the corresponding compact model. (A) The configuration of MOUS with a local view and lumen surface after the
deployment of 4 stents. The four stents were in different colours, while stent struts contacting the wall were masked out; (B) The local view of corresponding compact
model; (C) A unit cell of the projection of 1 stent, 2 stents, 3 stents and 4 stents, respectively; (D) Corresponding porosity calculated from the relative area ratio of the
stent struts.

Fig. 5. The digital subtract angiology (DSA) prior to and after MOUS deployment.
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3.3. The change of velocity, shear stress, oscillatory shear index, and
particle relative resident time in the compact model

Similar to the multi-layer MOUS, the single-layer compact models
modulated the flow pattern and decreased the flow velocity inside the
aneurysm sac (Fig. 6B&C). After the deployment of 2-stent MOUS, the
mean sac-averaged velocity was 20.2 mm/s, and the corresponding 2-
stent compact model yielded a similar mean velocity of 19.9 mm/s
(Fig. 6B), the flow velocity of 3-stent MOUS and compact model were
16.0 mm/s and 15.2 mm/s, respectively, and 14.8 vs 13.7 mm/s for 4
stents (Fig. 6B&C). The difference of other haemodynamic variables
including, TAWSS, OSI and RRT, between the MOUS and corresponding
compact model was all less than<5% as listed in Table 1. The mean time-
averaged pressure in the sac between MOUS and corresponding compact
6

models were equivalent (relative difference <1%).
3.4. Vessel structural stress (VSS) modulated by stents

Right after the first stent was deployed, the aneurysm configuration
changed immediately due to the solid-solid interaction, and VSS
increased accordingly depending on the location. The change of stress of
the representative node in different regions was shown in Fig. 8. When
the first stent was deployed, at points in direct contact with the stent
struts, particularly in the landing zone, the stress level could increase
over 5 times (Fig. 8, Nodes B&D). The stress increased more gently in the
non-contact points, e.g., VSS could be doubled in the non-contact landing
zone (Fig. 8, Node A); however, the value in the sac remained nearly
unchanged (Fig. 8, Node C). In summary, the peak stress around the



Fig. 6. Comparison of velocity reduction between the MOUS and compact models. (A) Cross-sectional band plot of velocity without stent deployment at systole; (B)
The local view of the flow velocity in the aneurysm sac before and after the deployment of MOUS and corresponding compact models; (C) Quantitative comparison of
the mean sac velocity between MOUS and corresponding compact models.

Fig. 7. Comparison of time-averaged wall shear stress (TAWSS), oscillatory shear stress (OSI) and normalised particle relative residence time (RRT) in models without
and with different number of stents (A: TAWSS; B: OSI and C: RRT).
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diseased region could increase 12 times from 143 kPa to 1718 kPa after 4
stents were deployed and such stress elevation was only observed in the
landing zone, not in the aneurysm sac.
7

The VSS level after the deployment of corresponding compact models
was lower than MOUS, while varied on the different locations (Fig. 8). In
this study, the 2-stent compact model induced a peak structural stress



Table 1
Comparison of haemodyamic variables averaged on the aneurysm wall, between
MOUS and corresponding compact models.

Variables 2-stent 3-stent 4-stent

MOUS Compact
model

MOUS Compact
model

MOUS Compact
model

TAWSS
(Pa)

0.14 0.14 0.13 0.13 0.13 0.12

OSI 0.40 0.40 0.44 0.43 0.44 0.44
RRT 4.90 4.82 17.77 17.79 18.80 18.91
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about 14% lower than 2-stent MOUS, while VSS within the sac wall
(Fig. 8, Node C) was about 6% lower. Similarly, after the virtual
deployment of 3-stents compact models, the peak structural stress and sac
VSS were about 12% and 18% lower than MOUS, respectively. The 4-
stent compact model reduced the peak stress level about 14%, and
23% in the sac wall, compared to the 4-stent MOUS.

4. Discussion

This study demonstrated that the porosity is a key determinant of the
flow-diverting effect, whilst the 3D cross-stent configuration plays a
minor role as shown by a small difference in local haemodynamic pa-
rameters between MOUS model and corresponding compact models.

The reduction of flow velocity and increased RRT/RRT on the sac
inner surface promote the formation and development of thrombus [10].
However, the optimal number of stents remains unclear. The porosity
decreases with the number of stents (Fig. 4F). Using the same stent, Shuo
et al. performed a virtual random deployment following a Monte Carlo
procedure [13]. Results obtained showed that when the second stent was
deployed the porosity reduced by 14% (from 69.3% to 83.2%), while the
third and fourth stent led to a further reduction of overall porosity by
12% and 9%, respectively. It is obvious that flow velocity reduces when
MOUS is deployed. However, the efficiency of flow velocity reduction

diminishes with the number of stents increases (Fig. 6C) and RRT
Fig. 8. Comparison of structural stress level at different location after the deploymen
The results of 4 different nodes are plotted in different colours, where results from M
dash line.
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remains nearly unchanged when the 4th stent is deployed. In this study
RRT was 17.78 when the 3rd stent was deployed and 18.80 when the 4th
stent was deployed and OSI remained unchanged with the 4th deploy-
ment. In a clinical study with 40 patients, 3.3 stents were deployed. These
suggest that 3-stent MOUSmight be optimal for managing complex aortic
aneurysm.

The 3D multi-layer MOUS did not show better performance on the
flow-diverting outcome compared to the corresponding single-layer
structure (Table 1). Instead, a further small velocity reduction was
observed in the 3-stent and 4-stent compact models than MOUS (Fig. 6).
This could be explained by the elimination of 3D ‘tunnels’ across the
dimension of thickness, during the projection of multiple layers to single-
layer structure, which reduced the effective porosity.

As shown in Fig. 8, more stents introduce higher VSS concentrations
in the diseased region, particularly at the landing zones (Fig. 8). Prior to
the first deployment, the peak stress around the diseased region was 143
kPa, it increased linearly to 1718 kPa, when the 4th deployment was
made. The compact model reduces the overall stress level by 10%–20%.
Such high structural stress concentrations within landing zones after
MOUS deployment might have undesirable effects, such as continued
tissue degeneration of the aortic wall [28,29]. After two stents or the
equivalent compact stent were deployed, the mean sac velocity reduced
by ~50% and the peak structural stress was about 1000 kPa. If a third
stent was added, the mean sac velocity reduced by ~60%, and the peak
structural stress increased to ~1200 kPa. According to direct material
tests, the ultimate material strength of aneurysmal tissues was in a range
of 500–2000 kPa [17,30–34]. Two or three stents could therefore be an
optimal option considering the trade-off between velocity reduction and
VSS concentration.

Similar with MOUS, the compact model does not decrease the pres-
sure in the sac significantly. Since the thrombus development takes time,
both MOUS and compact model are not suitable for patients with lesion
in a risk of near-term rupture. Moreover, although compact models re-
duces the stress concentration in the diseased region, the stress concen-
tration is still high at the landing zone. A further optimal design is
t of MOUS and corresponding compact models, with different number of stents.
OUS are plotted with solid line and those from compact models are plotted with
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therefore required for a better treatment outcome.
In conclusion, porosity is the key determinant for the flow-diverting

outcome while 3D cross-stent structures had limited influence. Better
stent design with lower porosity and higher material compliance might
help reduce VSS concentration and related adverse outcome. Despite the
interesting findings, several limitations exist in the present study: (1) a
one-way rather than fully coupled FSI analysis was performed to re-
predict the mechanical environment. Due to the complexity in the ge-
ometry, interactions among aneurysmal wall, stents and blood flow, the
non-linearity in material properties and governing equations, as well as
big deformations, it is hard to perform a fully coupled FSI analysis using
current numerical methodologies. However, it has been demonstrated
that a one-way FSI yielded a small deviation in predicting structural
stress and flow parameters compared with those obtained from a fully
coupled FSI [35]; (2) tissue components, including wall, calcium and
thrombus, were assumed to be piece-wise homogenous and the in-
homogeneity in each component was not considered; (3) The empirical
Reynolds number for the transition to turbulence in pipe flow is
2000–2300. In this study, the Reynolds number was estimated to range
from 532 to 2256 when the mean and the peak velocity of 67 mm/s and
284 mm/s were considered. The neglect of turbulence in this study
should be reasonable, however, turbulent flow might still develop locally
[19]; and (4) residual stress in the aneurysmal wall was not considered.
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