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Background
An abdominal  aortic  aneurysm (AAA) is one of the common diseases which risk the 
lives of old people, its mortality rate reaches 75– 90% once AAA appears rupture. In 
USA 15,000 patients die each year because of the rupture of AAA and other complica-
tions such as stroke [1]. Multilayer stent (MS), unlike classical stents, is formed by a plu-
rality of stabilized layers of biocompatible metal wires which are interlaced each other. 
MS is used to the treatment of visceral artery aneurysms (VAA) originally; it isolates 
aneurysm effectively and guarantees the supply of blood to the branches. Then MS is 
gradually used in the treatment of thoraco-abdominal aortic aneurysms (TAAA) in the 
complex and important branches [2, 3].

The renal artery aneurysm was first treatment with MS happened in 2008 in France 
[4], where a 78-year-old hypertensive man with complications was incidentally found to 
have a large saccular aneurysm in his renal artery involving the inferior renal artery, MS 
was implanted easily on the aneurysm neck covering the inferior renal artery, then the 
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velocity of blood flow in the sac was quickly and dramatically decreased and blood pres-
sure returned to the normal level. After 6 months, angiography showed that the aneurysm 
wall had shrunk completely and blood in the inferior renal artery branches returned to 
normal level. MS can overcome drawbacks which brought by covered stent (CS), provid-
ing a new idea in the treatment of AAA involving the branch artery. Polydorou et al. [5] 
reported that 9 patients with MS got 100% technical successes between December 2006 
and November 2009; Fossaceca et  al. [6] followed-up six patients who were treated by 
MSs for peripheral artery aneurysms from September 2010 to May 2011. Totally 12 stents 
were used, technical successes were achieved by 100%; Giampaolo et al. [2] reported that 
a 60-year-old man presenting a celiac trunk aneurysm refused open surgical repair and 
then was treated with a MS to reduce the strength of vortex and induce thrombosis, after 
12 month it confirmed that the thrombosis was formed in the sac without impairment 
of the main branches. Ferrero et  al. [3, 7] analyzed two males who had hepatic artery 
aneurysm were treated with MS, it showed the thrombosis of the aneurysmal sac and 
patency of the branches of hepatic artery by computed tomography (CT) scan in a 1 year 
follow-up. At present, MS is taken as a viable method to treat visceral artery aneurysms 
when patients are at high surgical risk. Claus et  al. [8] reported that ten complex iliac 
artery aneurysm (IAA) were treated in 8 patients between October 2010 and August 
2012, the results showed stent placement was technically successful and the mortality was 
0%. Lowe et al. [9] reported 14 patients were treated with MS, 7 patients died including 
one fatal rupture; Vojko et al. [10] reported a 50-year-old man with two juxtarenal sac-
cular aneurysms of abdominal aorta was treated with MS, and it showed the continu-
ous shrinkage of the aneurysm sac in a 1 year follow-up. Alberto et al. [11]. implanted 5 
MSs in 5 patients to treat hepatic artery aneurysms, 2 years follow-up showed technical 
successes; Morris et al. [12] treated visceral artery aneurysms (VAAs) in 5 patients with 
MSs and technical successes were achieved for all patients; Bouillot et al. [13] compared 
the process of intracranial aneurysms (IAs) treated with flow diverter stents through both 
PIV and CFD, the results showed there was a good PIV–CFD agreement. All above stud-
ies are related to the clinical aspects, but a few researches are about numerical simulation. 
Zhang et al. [14, 15] investigated overlapping BMS in the treatment of aortic aneurysm, 
TAWSS, OSI and RRT were compared and it was proved that the stents were effective 
and the blood flow velocity was decreased, but the pressure and low-WSS within the 
aneurysm sac, and blood supply for branch vessel were not considered.

Stent implantation causes the changes of intravascular hemodynamics, meanwhile the 
distribution of WSS and pressure on the vascular wall are changed. In this paper, we 
analyzed the flow fields, pressure, WSS in aneurysm with one branch artery in two situa-
tions: with and without MS. The results would provide some theoretical guidance for the 
optimization design for MS.

Methods
Models

Two computational models were established in this study. One is MS implantation in 
artery with one branch and the other without MS in the same situation.

The model of MS is based on US patent (Pub.No. US 2014/0180397 A1), as shown 
in Fig. 1. The length of MS is 40 mm and the diameter is 7 mm, and the cross-section 
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of models is square (0.05 mm × 0.05 mm). The diameter of main artery is 7 mm and 
branch artery is 4 mm.

The inlet velocity is 0.8 m/s, here was a 30-mm straight tubes at the inlet of the vas-
cular model for the sake of making sure that the inlet flow was fully developed, and 
two straight tubes that the length 20 times of diameter at the outlet of main artery and 
branch artery respectively, as shown in Fig. 2.

Fig. 1 Multilayer stent model

Fig. 2 Two models a stented b unstented
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The vascular models were established and meshed in the commercial pre-process-
ing software (ICEM CFD 14.5, ANSYS Inc., Canonsburg, PA). In order to enhance 
the numerical accuracy, the refined grids near the surface of the stent and vessel were 
applied. The grid refinement stopped when the computational results did not change in 
terms of different grids. The number of the meshes in model A and model B was 12 mil-
lion and 3 million, respectively (shown in Fig. 3).

Boundary conditions

The assumption of incompressible Newtonian fluid was employed in this paper [16]. The 
blood flow was regarded as steady. Moreover, the assumption of the impermeable and 
rigid wall was applied in terms of the arterial wall. In comparison with the character-
istics of the vascular models, the effects of wall elasticity and non-Newtonian behavior 
on blood flow could be neglected. Consequently, the continuity equation and Navier–
Stokes equation are shown as follow.

where P and u are pressure and blood velocity, respectively. In the computational mod-
els, the density (ρ) and dynamic viscosity (μ) were set as 1055 kg/m3 and 3.5 × 10−3 kg/
ms [11], respectively.

The distribution of blood velocity at the inlet was set as parabolic, and the maximum 
value was set as 0.8 m/s [13].

The axial and radial velocity (uz, ur) at the inlet were considered in the models, respec-
tively. And the radius of the vessel is 3.5 mm. Moreover, the pressure at the outlet was 
set as zero.
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Fig. 3 Mesh for MS model
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In this study, the computational models were established in a commercial CFD pack-
age, FLUENT (ANSYS Inc.), and the numerical analysis was carried out based on the 
finite volume method. In the computational settings, these models were set as 3D single-
precision; the computations were conducted by segregated solver; SIMPLEC algorithm 
was used in the correction of velocity and pressure; the pressure discretization was con-
ducted through using the standard format; and 2nd-order upwind was applied for solv-
ing the momentum equations. Moreover, these numerical simulations would converge 
when the residual value reached 0.0001.

Results
Flow fields

Streamlines for the two models are presented in Fig. 4, the flow field changes are obvi-
ous. The flow field is characterized by vortex in the unstented model and it means that 
there is recirculation in aneurysm sac. However after MS implantation, the vortex disap-
pears; the flow is almost static in aneurysm sac. In the unstented situation, the flow field 
is stable and the streamlines are regular, after stent implantation, the flow velocity over-
all became slow and the streamlines display disorder.

The therapeutic action of MS is mainly a flow modulating effect, which changes the 
flow field and slows down the velocity of blood flow.

Pressure and WSS

The distributions of pressure for two models are presented in Fig. 5. After MS implan-
tation, the values of pressure in aneurysm sac are decreased. When boundary condi-
tions are set as 100 mmHg in the outlet of main artery and branch artery, the values of 
pressures are 100.36 vs. 100.58 mmHg in aneurysm sac and 999.83 vs. 100.21 mmHg in 
branch artery for stented/unstented models, respectively. The pressure changed slightly 
when MS implantation, a drop of pressure is not obvious.

The distributions of WSS for two models are presented in Fig. 6. The values of WSS 
on the wall of aneurysm are decreased significantly and most regions of the aneurysm 
walls are changed as the low-WSS regions After MS implantation. At the same time, the 

Fig. 4 The flow fields in two models a stented b unstented
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values of WSS on the branch artery reduced, and the low-WSS region appears in the 
upstream of intercross of main artery and branch artery. It needs to pay attention to the 
thrombus formation on branch artery except the aneurysm sac.

Flux of branch vessel

The percentages of the flux in branch artery to the total flux in the two models are 
shown in Fig.  7. The flux of the branch artery is only 10.0% of total flux in main and 
branch arteries. After MS implantation the flux in branch artery is reduced by half, with 
the percentage dropping to 4.9% of total flux. The velocity of branch artery decreased 

Fig. 5 The distribution of pressure for two models a stented b unstented

Fig. 6 The distribution of WSS for two models a stented b unstented

Fig. 7 Percentage of the flux in branch artery to the total in two models
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from 0.245 to 0.121 m/s. The branch artery has great influence on the supply of blood 
because it involves the kidney after MS implantation, which has a vital role in life activ-
ity. In order to have an effective function, it needs an adequate blood supply. An insuf-
ficient blood supply in renal artery would lead to refractory renovascular hypertension. 
Renovascular hypertension is renal arterial lesion which causes high blood pressure for 
involving kidney ischemia. It is consistent with any narrowing/blockage of blood sup-
ply to unilateral or bilateral renal arterial and branches. The increase of blood pressure 
caused by renal artery is proportional to the degree of stenosis of renal artery. A moder-
ate stenosis would not lead to damage of the renal function and severe stenosis not only 
causes higher blood pressure, but also diffuses renal arteriole necrosis and causes renal 
insufficiency. These symptoms are similar to malignant hypertension observed in clinical 
practice. Whether or not a decline in the blood supply in the branch artery at a safe level 
is related to the organs involved in the branch artery. In the study the blood supply situ-
ations after MS implantation are numerically stimulated through CFD, and the results 
provide a support for clinics.

Discussion
If an aneurysm is adjacent to or involves a major arterial branch, covered stent or graft 
would occlude the branch. MS, originally used in intracranial aneurysm repair, has been 
successful implanted for hepatic, renal, subclavian, iliac artery, type-B dissection and 
peripheral aneurysms. The multilayer structure has the effects of reducing and slowing 
the power of the vortices. The slowing of vortices and their alignment can create a filling 
that induces thrombosis [2].

In this study, the numerical results confirm that MS implantation leads to significant 
decrease of blood flow velocity and WSS in the aneurysm significantly, which make 
the low-WSS regions increase. MS decreased flow velocity and turbulent flow within 
aneurysm, the increase of low-WSS after MS implantation is a key factor for thrombus 
formation.

Hemodynamics is considered as one of the major reasons for aneurysm rupture. To 
understand the mechanisms of MS, it is necessary to analyze the changes of hemo-
dynamics inside the sac for the two conditions: aneurysm absorption and rupture. In 
general, greater pressure and abnormal WSS are indications for aneurysm rupture. Low-
WSS is recognized as thrombus formation, but an opposing option deems that ruptured 
aneurysms also have a greater portion of aneurysm under low-WSS [17]. Therefore, low-
WSS in aneurysm should be studied more deeply and comprehensively.

The percentage of blood in branch is also an unknown factor. It is difficult to deter-
mine the influences of the reduction on branch organs when only 50% of blood supply 
in branch artery, but too much decrease of blood supply for branch organ is not a good 
choice. In this paper, we consider MS has only one layer, if multiple layer structure is 
applied, the decline of blood supply will be more severe. More layers result in a further 
decline of blood supply, therefore, after MS implantation blood supply of branch vessel 
is worth further studying, and at the same time we’ll consider the other commercial MS 
models in the next phase. The reduction of pressure in sac and the maintenance of blood 
supply in branch vessel are a contradiction, so the grid density of MS is the key factor to 
the treatment of aneurysm.
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MS is considered as a perfect solution for treating complex aortic aneurysms because 
the blood flow inside the aneurysmal sac has not been isolated completely. It over-
comes two main shortcomings brought by covered stent: one is unobstructed problem 
in branch artery, covered stent isolates arterial aneurysm and branch vessel at the same 
time, it would lead to some complications including paraplegia, cerebral blood deficiency 
and internal organ ischemia [18]; the other is that 30–50% patients with abdominal aor-
tic aneurysms (AAAs) aren’t for endovascular repair because of short aneurysm neck 
etc. [19].The probability of aneurysm enlargement or rupture is still existed, because the 
pressure slightly decreased, the aneurysm wall is still under rather high pressure com-
pared with the same situation of covered stent implantation. If AAA treated by MS with 
incomplete sac thrombosis, it can lead to further aneurysm enlargement and subse-
quence rupture [20, 21].

If MS is used as an alternative to traditional graft to the treatment of complex aortic 
aneurysms involving important branch vessel, we must think about the AAA re-enlarge-
ment risk. The endoleak is the most common problem of AAA rupture and it makes 
sac continue increasing and ultimately rupture. Theoretically, the MS may not seal the 
aneurysm, thus leading to rupture. The issue of blood flow resides inside the sac has not 
completely been solved, keeping the aneurysm enlargement and rupture probable [20]. 
But clinical experience showed that MS preserves the flow and excludes the aneurysm; 
the flow velocity outside the MS is then reduced up to 90% [22]. Follow-up after one 
year, and no type of endoleak was seen [23]. This problem still needs further observation 
and exploration as the evidences are limited to case reports and only a small number of 
patients with complex aortic aneurysm are followed-up.

Several assumptions are adopted in the study: It is a common assumption in numeri-
cal simulation that vascular wall is simplified as a rigid wall and there is little impact on 
the calculation results. Although the conditions are not completely true, what we con-
sider are all in flow conditions, the elasticity of the surface is not particularly important. 
The arterial elasticity is reduced for atherosclerosis and the rigidity is strengthened for 
stent implantation, the assumptions are acceptable. The blood is simplified as an incom-
pressible Newtonian fluid with constant density and viscosity. It is appropriate for large 
and medium arterial blood, because red blood cells are small relative to the blood vessel 
diameter in large artery, at the same time, shear rate of blood flow is very high in the 
vessel when the diameter is larger than 0.5 mm, therefore it is unnecessary to consider 
blood viscosity and shear rate. And when these parameters keep constant, the calcula-
tion error is less than 2%.

Conclusions
In this paper, two models (with/without MS) are numerically studied and the influences 
of flow field, pressure and low WSS in the aneurysm sac are analyzed and discussed. The 
decrease of blood flow velocity resulted in more regions of low-WSS. This is good for 
thrombus formation, but the slight reduction of pressure makes the risk of aneurysm 
rupture still exist. In conclusion, numerical calculations and hemodynamics analysis 
help stent design optimization and make the doctor have a more intuitive understanding 
of the hemodynamic changes after MS implantation.
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