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Abstract
Objective—Flow diversion is a novel concept for intracranial aneurysm treatment. The recently
developed Enterprise Vascular Reconstruction Device (Codman Neurovascular, Raynham MA)
provides easy delivery and repositioning. Although designed specifically for restraining coils
within an aneurysm, this stent has theoretical effects on modifying flow dynamics, which have not
been studied. The goal of this study was to quantify the effect of single and multiple self-
expanding Enterprise stents alone or in combination with balloon-mounted stents on aneurysm
hemodynamics using computational fluid dynamics (CFD).

Methods—The geometry of a wide-necked, saccular, basilar trunk aneurysm was reconstructed
from computed tomographic angiography images. Various combinations of 1–3 stents were
“virtually” conformed to fit into the vessel lumen and placed across the aneurysm orifice. CFD
analysis was performed to calculate hemodynamic parameters considered important in aneurysm
pathogenesis and thrombosis for each model.

Results—The complex aneurysmal flow pattern was suppressed by stenting. Stent placement
lowered average flow velocity in the aneurysm; further reduction was achieved by additional stent
deployment. Aneurysmal flow turnover time, an indicator of stasis, was increased to 114-117% for
single-stent, 127-128% for double-stent, and 141% for triple-stent deployment. Furthermore,
aneurysmal wall shear stress (WSS) decreased with increasing number of deployed stents.

Conclusion—This is the first study analyzing flow modifications associated with placement of
Enterprise stents for aneurysm occlusion. Placement of 2-3 stents significantly reduced intra-
aneurysmal hemodynamic activities, thereby increasing the likelihood of inducing aneurysm
thrombotic occlusion.
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Introduction
Endovascular treatment of intracranial aneurysms with stents is used primarily in an
adjunctive role for restraining coils within the aneurysm sac where the neck is considered to
be relatively broad, thus preventing coil herniation into the parent vessel and protecting the
parent vessel or critical branches near the aneurysm neck. Stents are mainly used to scaffold
the coil mass in wide-necked aneurysms and facilitate endothelialization of the aneurysm
orifice. There has been increasing realization that stents can be used as flow diverters to 1)
alter hemodynamics – to disrupt the inflow jets, reducing aneurysmal flow activities and
shear stress on the aneurysm wall, and thereby thrombose the aneurysm, and 2) provide a
scaffold and stimulate overgrowth of endothelial and neointimal tissue across the aneurysm
neck, creating ‘biological remodeling’ across the neck. The ability of a stent to achieve these
goals depends on its rigidity, metal surface coverage, and the bioactivity of the stent
material, and also on its strut pattern design, which is critical for flow dynamics.

The concept of parent vessel reconstruction is quickly advancing with the very recent
development of dedicated flow-diverting endovascular constructs designed for intracranial
use [15]. The pore size of these constructs, while being sufficiently small to achieve flow
rechanneling, is large enough to allow for the continued perfusion of branch vessels and
perforators arising from the reconstructed segment of the parent vessel [24]. Because these
flow-diverting devices are still in the process of technological refinement and are only
available as a part of a trial at selected institutions, currently available self-expanding
microstents and more trackable balloon-mounted metal stents are being primarily used for
flow diversion.

Stent-alone treatment can alter aneurysm hemodynamics and create favorable flow
conditions by inducing thrombosis, which excludes the aneurysm from the cerebral
circulation [17,22,29]. Several reports exist of success with stents alone for the treatment of
small dissecting and blood-blister-like aneurysms, providing additional evidence in support
of “physiologically significant” stent-induced remodeling of the parent vessel–aneurysm
complex after self-expanding stent implantation [1,5,14,16,32,35,43]. However, the results
of stenting without additional coil embolization to induce immediate or permanent
aneurysmal occlusion have been inconsistent [16,28,29,43].

Several reports have shown that the placement of multiple stents across the aneurysm neck
improves the efficiency of flow diversion by reducing the aneurysmal inflow. Benndorf et
al. [2] treated a ruptured dissecting vertebral artery aneurysm with two overlapping stents.
Angiographic findings were consistent with the initiation of aneurysm thrombosis after 3
days and total aneurysm occlusion after 3 months. Doerfler et al. [12] used a double-stent
technique to treat small, wide-necked vertebral artery aneurysms in two patients. In each
case, profound reduction of aneurysmal flow was observed on angiography, and complete
occlusion was found after 7 days. On the basis of these anecdotal clinical reports, Cantón et
al. [7] performed a study to quantify the hemodynamic changes induced by sequential
placement of stents. These investigators measured the two-dimensional pulsatile velocity
field within a flexible silicone sidewall aneurysm model using digital particle image
velocimetry. The reduction of maximum averaged velocity, vorticity, and shear stress
induced by placing the first stent was remarkable. Reductions in these quantities were less
pronounced after a second or third stent was placed.
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In a previous study, we explored the hemodynamic effects of the Neuroform (Boston
Scientific, Natick MA), Wingspan (Boston Scientific), and Vision (Guidant/Abbott
Vascular, Santa Clara CA) stents [26]. In the current study, we analyzed the hemodynamic
effects of the more recently and commonly used stent for flow-diversion, the Enterprise
Vascular Reconstruction Device (Codman Neurovascular, Raynham MA), for which
hemodynamic data is as yet unavailable. Using computational fluid dynamics (CFD) and
angiographic image analysis, we tested sequential placement of up to three Enterprise stents
and placement of the Enterprise stent in combination with the Vision stent for comparison.
The purpose was to elucidate the amount of flow alteration resulting from sequential
stenting with the Enterprise stent and further our understanding of associated intra-
aneurysmal hemodynamic changes.

Materials and Methods
Aneurysm Geometry Reconstruction

A 3.7 × 6.2 mm, wide-necked saccular basilar trunk aneurysm in a 67-year-old woman was
selected as a reference for computer modeling in this study. This aneurysm is not suitable
for simple clipping and coiling but may be a candidate for treatment by flow diversion with
1–3 stents. For CFD analysis, the geometric dimensions of the aneurysm and its parent
vessel were reconstructed from computed tomographic angiography (CTA) images
composed of 5123 pixels with a 153 mm2 field of view (Figure 1). The resolution between
planes was 0.4 mm. During the geometry reconstruction process, bone detail was subtracted,
and the resulting vascular structure was segmented and smoothed for rendering.

Stent Geometry
The reconstructed aneurysm was virtually treated with 1–3 stents; an unstented scenario of
the aneurysm model served as a control. The stent designs modeled by computer-assisted
design (CAD) software (ProEngineer; PTC, Needham, MA) were the aforementioned
intracranial self-expanding Enterprise stent (deployed 2.3 × 12 mm) and coronary balloon-
mounted Vision™ stent (deployed 2.3 × 12 mm, Guidant, Santa Clara, CA). The ProE
models of the straight stents are shown in Figure 2. The mean strut sizes (metal width of the
stent strut) in the models were 50 μm for the Enterprise stent and 60 μm for the Vision stent.
The stent porosities (the percentage of total stent wall area that is fenestrated) for the
deployed stents were 94% for the Enterprise and 88.5% for the Vision stent. The stents were
virtually conformed to fit into the parent vessel lumen and deployed across the aneurysm
neck. A description of the unstented and stented aneurysm models, including the sequence in
which the modeling was performed, is provided in Table 1. For the multiple-stent models,
the struts of the additional stents were deployed to evenly divide the openings of the first
stent. The geometries of all stented aneurysm models are shown in Figure 3.

CFD Modeling
Computational grids consisting of approximately 1–10 million tetrahedral elements with 0.3
mm maximum element size were created for the unstented and stented models with ICEM-
CFD software (Ansys, Berkeley, CA). These grids were imported into a finite volume-based
CFD code, Star-CD (CD-Adapco, Melville, NY) to solve the Navier-Stokes equations with a
second-order accuracy scheme. Velocity and pressure fields were computed under the
assumptions of incompressible, laminar, steady-state flow and Newtonian fluid dynamics.
The Reynolds number (Re), a non-dimensional fluid dynamic similarity parameter, was 362,
which is in the range of normal arterial flow conditions in the cerebrovascular circulation.
The viscosity and the density of blood used in the simulations were 0.0035 kg/m sec and
1056 kg/m3, respectively.
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Hemodynamic Parameters
Flow pattern, wall shear stress (WSS), magnitude of average flow velocity, turnover time,
and wall pressure were used to parameterize the quantitative and qualitative effects of
stenting the patient-specific aneurysm models. To illustrate the overall flow characteristics
of the aneurysm, the velocity vectors in a midplane of the aneurysm models were plotted.
Moreover, because the typical flow pattern in an aneurysm is rotational (Tanishita K,
Ohmura.H., Ueda A, Kudo S, Tateshhima S, Ikeda M: Presentation: Frontiers of bio-fluid
mechanics and mass transfer in the arterial system. Presented at the 6th World Conference
on Experimental Heat Transfer, Fluid Mechanics, and Thermodynamics, April 17-21, 2005;
Matsushima, Miyagi, Japan, 2005), the circulatory flow in the aneurysm was quantitatively
illustrated by the vorticity contour plot on the midplane. To compare the influence of various
stent combinations on the aneurysm wall, the area of elevated WSS, defined as the area
where WSS is greater than the parent vessel value [8,9], was calculated. To monitor the
potential for wall deterioration through inflammation, the area of low WSS was calculated,
where low-level WSS was defined as WSS <0.1 times the average value in the parent vessel
[23,40]. Intra-aneurysmal flow activity, another hemodynamic factor describing global
aneurysm hemodynamics, was quantified by the volume-averaged magnitude of flow
velocity in the aneurysm. To quantify stasis of flow in the aneurysm, the turnover time,
which is defined as the aneurysm volume divided by the aneurysmal inflow rate at the neck,
was calculated. Finally, the pressure distributions in the stented and non-stented aneurysm
models were plotted.

Results
Aneurysmal Flow Pattern

From the velocity vectors plotted to visualize aneurysmal flow patterns, two distinct vortices
were observed in the unstented aneurysm (Figure 4). This complex flow pattern was
dampened by stenting, even with a single stent. With an increasing number of stents, the
vortical flow pattern was decreased further. Moreover, the regions of high flow velocity
(shown in red in Figure 4) were seen to migrate into the stent lumen as the number of stents
increased.

Detailed circulatory flow characteristics in the aneurysm are shown in Figure 5 as vorticity
contours plotted on the midplane of each aneurysm model. The colors indicate the
magnitude of vorticity perpendicular to the plane, with red indicating counterclockwise
rotation and blue indicating clockwise rotation. The vorticity magnitude in the aneurysm
dome was reduced by single stent insertion, and further reduction in vorticity was achieved
by deploying additional stents. Single Enterprise or Vision stent placement resulted in a
similar degree of attenuation of vorticity within the aneurysm. Likewise, two Enterprise
stents reduced the vorticity by roughly the same amount as a Vision plus an Enterprise stent.
Vorticity reduction was maximized when three Enterprise stents were used.

Aneurysmal WSS
Figure 6 shows the surface distribution of WSS in all models, and the average WSS on the
aneurysm wall is given in Table 2 as a percentage of the unstented value. A single Vision or
Enterprise stent reduced the average WSS by approximately the same amount (to 85.1 and
85.9% of the unstented value), which was further reduced by an Enterprise stent plus a
Vision stent or a double Enterprise stent (69.2 and 71.3%). The triple Enterprise stent model
showed the largest reduction of average WSS (54.7%). The area of elevated aneurysmal
WSS is also given in Table 2 as a percentage of the value for the unstented case. In the
single-stented (E or V) aneurysm models, the Vision stent reduced the elevated WSS
significantly more than the Enterprise stent (reduction to 73.0% for the Vision stent and to
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81.6% for the Enterprise stent). The same was true for the double-stented models, in which
the Enterprise plus Vision stent combination (EV) achieved a much stronger reduction of
elevated WSS (54.8%) than the double Enterprise (E2) stent model (75.6%). Thus, the E2
stent model reduced the elevated WSS slightly less than a single Vision (V) stent. Finally,
the elevated WSS was reduced by the largest amount in the triple Enterprise stent model
(E3) among all the models (reduction to 37.6%, compared with the unstented model).

Table 2 gives the aneurysmal area exposed to low-level WSS as a percentage of the total
aneurysm sac area. In the unstented case, a mere 0.11% of the aneurysmal wall is exposed to
low-level WSS. This area is slightly increased by stenting but remains insignificant in all
cases, never exceeding 2.2% for any stent combination.

Average Aneurysmal Flow Velocity and Turnover Time
Intra-aneurysmal flow activity was quantified by the magnitude of average flow. In Table 2,
the average flow velocity magnitude at the dome of each aneurysm model is given as a
percentage of that in the unstented aneurysm. The diminution of inflow caused by stent
placement resulted in the attenuation of flow activity in the aneurysm. Consequently, the
magnitude of the average aneurysmal flow velocity was reduced. Even with a single stent,
aneurysmal flow velocity reductions were substantial (reduction to approximately 85% for
both stent designs). Supplementary inflow reduction and flow activity decrease were
obtained by the placement of an additional stent, with the EV and E2 models achieving
velocity reduction to 71.2% and 73.6%, respectively. Maximum diminution in average flow
velocity was obtained after the consecutive placement of three Enterprise stents (reduction
to 61.9% for the E3 model).

Additional quantification of stent-induced aneurysm hemodynamics was performed using
turnover time (Table 2). The increase in turnover time in the single-stented aneurysm
models was not remarkable, compared with that in the unstented aneurysm model (1.1 and
1.2 times longer for E and V models, respectively). A larger increase in turnover time,
however, was obtained by double stenting (1.27 and 1.28 times longer for E2 and EV
models, respectively). A turnover time of approximately 1.41 times longer than that in the
unstented aneurysm model was attained in the triple-stented model (E3).

Pressure
The pressure at the vascular walls is illustrated in Figure 7 for all models, and the average
pressure on the aneurysm wall is given in Table 2. The pressure decreased in all models, by
an amount of 0.99 mmHg (E) to 1.94 mmHg (EV) compared to the unstented case. These
pressure reductions are insignificant compared to physiological blood pressure (≈100
mmHg).

Discussion
Stent Monotherapy

Occasionally, small, dissecting, blood-blister-like pseudoaneurysms that are not amenable to
either coil embolization or surgical clipping can be effectively treated with one or sometimes
multiple overlapping stents, without embolization coils [14]. Conversely, in wide-necked
aneurysms with segmental defects of the parent vessel, parent vessel reconstruction with
stents remains the only endovascular option for aneurysm occlusion with vessel
preservation. Recently, dedicated flow-diverting endovascular constructs designed for
intracranial use have been developed, but these are still in the process of technological
refinement and only available as a part of a trial at selected institutions. Therefore, currently
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available self-expanding microstents and more trackable balloon-mounted metal stents are
being primarily used when stenting for aneurysms is required.

Although not indicated for intracranial aneurysms, the balloon-mounted stents (for example,
the Vision stent) provide a greater degree of metal surface area coverage and may be more
effective in diverting flow than currently available self-expanding microstents, and in
ultimately providing scaffolding for tissue overgrowth. However, the trauma induced during
the manipulation of these rigid coronary devices to the targeted landing zone and the
relatively high-pressure balloon inflation risk perforation of the fragile intracranial vessels.
In the future, highly maneuverable flow-diverting stents with higher metal surface area
specifically designed for the intracranial vasculature, such as the Pipeline Embolization
Device (ev3, Irvine CA) and SILK flow-diverting device (BALT, Montmorency, France),
may replace these stents. At present, these devices are being tested and are not widely
available. This report elaborates the hemodynamic changes with currently available devices,
the Enterprise and the Vision stent, to allow safer choices when stent monotherapy is
considered.

The Enterprise Vascular Reconstruction Device is a self-expanding closed-cell
microcatheter-delivered nitinol microstent with superelasticity, which allows these stents to
differentially expand to accommodate diametrically different adjacent vascular segments.
This design provides several key advantages: 1) prior to full deployment, the device is
retrievable; 2) the stent does not splay open along the outer curvature of vascular bends; and
3) each cell is incorporated into the entire device structure, making the individual cells more
durable and less likely to become damaged during attempted microcatheter traversal. There
are also disadvantages associated with the closed-cell construct: 1) the loss of segmental
flexibility created by the continuous closed-cell structure may result in the device “kinking”
or forming a “cobra-head” configuration around tight vascular curves, potentially resulting
in poor vessel wall apposition and suboptimal parent vessel protection [3,13]; and 2) the
closed-cell construct exerts less chronic outward force (i.e., outward pressure upon the
vessel wall), potentially making it more prone to migration during attempted catheterization
of the aneurysm or in some anatomical configurations [25].

The Vision stent is a cobalt-chromium balloon-mounted coronary stent (BMCS) that has
thinner struts and low stent-metal volume, when compared to previous BMCS. These
devices have the following advantages: 1) a much higher degree of metal surface area
coverage (Vision: 11.5%) in comparison to the self-expanding devices (Enterprise: 6%), 2) a
much more rigid construct within the vessel that is more resistant to displacement or damage
from other devices used during treatment, and 3) greater radiopacity than the self-expanding
stents. However, BMCS are deployed through the inflation of a high-pressure angioplasty
balloon, producing a much greater level of intimal and endothelial disruption.

Aneurysmal Flow Alteration through Stent Monotherapy
The primary goal of stent-alone treatment is to divert the flow away from the aneurysm,
create favorable condition in the aneurysm sac to create rapid thrombotic occlusion, and
subsequently reconstruct the vessel. Thereby, the flow diverter should:

• Reduce intra-aneurysmal average flow velocity

• Increase intra-aneurysmal flow turnover time

Although reduction of average aneurysmal flow velocity is intuitively indicative of flow
activity suppression, the intra-aneurysmal flow turnover time is related to stasis, an indicator
of potential of thrombotic occlusion. The turnover time is easy to calculate from CFD by
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dividing the aneurysm volume by the aneurysm inflow rate. Therefore, we examined
whether stent placement resulted in significant increase of turnover time.

The secondary goal of stent-alone treatment is to eliminate the risk of rupture. It is
particularly important that the stent placement does not alter the hemodynamics in such a
way that it inadvertently increases the aneurysm's rupture risk. Although no metrics exist at
present that would foretell aneurysm rupture, it is important that we monitor the intra-
aneurysmal WSS to reduce high WSS regions and control for low WSS regions. These will
be discussed in detail below.

Flow Turnover Time and Thrombosis
To afford lasting protection against rupture, the aneurysm needs to be hemodynamically
“excluded” from the arterial circulatory system. It is expected that stents can accomplish this
by generating slow recirculating flows and stimulating aneurysmal thrombosis [30]. A
strong similarity was found between the intra-aneurysmal regions with CFD-predicted slow,
recirculating flows and the regions of thrombus deposition observed in vivo in follow-up
magnetic resonance studies [38]. As the primary goal of stent treatment is to thrombose the
entire aneurysm sac, it is expected that the aneurysmal flow turnover time – an indicator of
overall stasis – will increase drastically to induce thrombus formation in cerebral aneurysms
[6,18,27]. In the present study, aneurysmal inflow and flow activity were consistently
decreased by sequential stenting (Table 2). As flow activity decreases, the turnover time
increases in an inverse proportion, and therefore the chance of aneurysmal thrombosis likely
increases.

Wall Shear Stress and Rupture Potential
There are two hypothesized mechanisms of aneurysm wall degradation and rupture, both
related to the WSS, but the relationship of aneurysmal WSS to its rupture propensity is not
clearly understood and is quite controversial. Cebral et al. [9] and Shojima et al. [40]
suggested that high WSS was associated with ruptured aneurysms, whereas Jou et al. [23]
found that a greater proportion of ruptured aneurysms had low WSS. Our research has led us
to believe that both high WSS and low WSS could contribute to aneurysm growth and
rupture, and both situations should be avoided.

Prolonged high WSS is known to cause internal elastic lamina fragmentation [34] and may
be responsible for cerebral aneurysm initiation and progression [36,40]. High WSS is often
associated with flow impingement on the wall [19,21]. Therefore, blocking the impingement
jet and eliminating the high WSS zone inside the aneurysm is paramount for flow-diverting
stents.

The current study involves a wide-necked aneurysm with a segmental defect of the parent
vessel. CFD simulations in this model show that it does not involve flow impingement either
in the aneurysm sac or at the distal neck. The stents further deflected the inflow into the
aneurysm and restrained the WSS elevation on the aneurysm wall. This result is consistent
with our previous finding that stenting could lessen exposure of the distal aneurysm neck to
high WSS [37], thus potentially deferring further expansion of the aneurysm neck.

Apart from the high-WSS-mediated destructive remodeling pathways [18,19,34,37], an
inflammatory and atherosclerotic pathway triggered by low WSS has also been implicated in
aneurysm development and growth [4,11,39,43,44]. Excessively low WSS within the
aneurysm sac could lead to atherosclerotic inflammatory infiltration [33], causing
deterioration of the aneurysm wall that could ultimately lead to rupture [42]. Stenting, by
lowering the average WSS and increasing the area of low WSS, could inadvertently increase
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aneurysm rupture risk unless the entire aneurysm is quickly thrombosed. This should be kept
in mind when using stents.

In the current study, the area of low WSS was small (only 0.11% of the entire sac area).
After the placement of multiple stents, the low WSS area in the dome of the aneurysm
became larger but never exceeded 2.2% of the sac area. Although this area is small, it is
important to recognize that we currently do not have a precise understanding of the detailed
mechanobiologic mechanisms that eventually lead to aneurysm rupture. If low WSS may
induce focal inflammation (and subsequent tissue destruction or degradation) in the
aneurysm dome (the usual site of rupture) and primary stenting increases the low WSS area,
there is a theoretical possibility that stent monotherapy could induce aneurysm rupture.

Aneurysmal Flow Pattern
Besides WSS, aneurysmal flow pattern has often been examined and related to rupture
potential. Cebral et al. [9] found that ruptured aneurysms were more likely to have complex
flow patterns, whereas unruptured aneurysms were more likely to have simple flow patterns.
Ujiie et al. [41,42] associated secondary flow circulation, which is often found in an
aneurysm with a large aspect ratio, with increased rupture risk. Complex flow patterns have
been thought to increase inflammatory cell infiltration in the aneurysmal wall, thereby
increasing rupture risk [10,20,42]. In the present study, the flow pattern in the unstented
wide-necked basilar trunk aneurysm had two distinct vortices. This complex flow pattern
was simplified and the vortices suppressed by stenting with placement of 1–3 stents. This
finding indicates that stent placement in this aneurysm geometry may reduce the risk of
aneurysm rupture by dampening the flow complexity, even though a single stent may not be
enough to induce complete aneurysm thrombosis.

Multiple Stenting
Consistent with our previous study [26], we have shown here that the flow modification
effect amplifies as the number of stents sequentially deployed at the same location increases.
By further decreasing intra-aneurysmal flow velocity and increasing turnover time, multiple
stenting helps to create stasis condition conducive for thrombotic occlusion of the aneurysm
sac. However, multiple stenting also decreases WSS. If the whole sac is not thrombosed
quickly enough, there might be an increased risk of rupture.

Furthermore, although the potential risk of infarction or ischemia caused by a single stent
compromising perforating branches may not be important [24,31], as the number of stents
increases, there is a greater theoretical chance for interruption of flow into perforating
branches. Therefore, careful consideration for use of single or multiple stenting technique is
required, taking into account the patient's neurovascular anatomy.

Limitations and Strengths of the Study
The limitations of this study are as follows: 1) The results of flow simulation performed in a
single patient-specific aneurysm at a particular location may not be generalized. However, it
is our hope that this work furthers our understanding of the hemodynamic changes induced
by stenting. 2) The assumption in flow conditions, fluid properties, inlet velocity, and outlet
flow splits for the CFD simulations were made to reflect typical conditions in the cerebral
circulation but may not be applicable to all possible clinical situations. 3) Typically, when
multiple stents are placed in the clinical setting, they cannot be so accurately placed as to
divide the stent cells equally, as was assumed in the CFD simulations. However, it is
expected that placement accuracy will further increase along with progressive development
in imaging modalities and delivery techniques.
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This study is akin to our previous investigation of flow alterations in conjunction with
virtual placement of Neuroform, Vision, and Wingspan stents in the same aneurysm model
[26]. The present study is an important improvement over the previous study, because flow
dynamics modifications associated with the Enterprise stent have not been studied and that
stent is the most common microstent that is widely used for flow diversion of intracranial
aneurysms. Evaluation of all these stent technologies in the same model gives a reference for
comparison of these technologies. In the future, advances in CFD simulation may allow
virtual stenting of patient-specific anatomy and assessment of hemodynamic effects before
the interventionist actually performs the procedure. This may allow safer treatment decisions
to be made when flow diversion is used for aneurysm treatment.

Conclusion
The flow alterations caused by the more navigable closed-cell intracranial microstent, the
Enterprise stent, have been analyzed for the first time with CFD in this study. Triple
Enterprise stent placement led to the largest WSS reduction (54.7% compared to the
unstented model) and the longest turnover time increase (141%) in a patient-specific model.
In the single- and double-stented cases, models involving the Vision stent reduced the
elevated WSS more than if only the Enterprise stent was used. Because the effect of stent
placement on aneurysmal hemodynamics may adversely influence rupture risk, further
studies of the biological response to stent placement are required. This may be increasingly
relevant as the endovascular market is rapidly expanding to include a plethora of flow-
diverting devices for intracranial aneurysms that cannot safely be coiled with currently
available technology.
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Abbreviations

BMCS balloon-mounted coronary stents

CAD computer-assisted design

CFD computational fluid dynamics

CTA computed tomographic angiography

sec seconds

WSS wall shear stress
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Figure 1.
Geometry of a basilar trunk saccular aneurysm and parent artery reconstructed from a
patient's CTA images.
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Figure 2.
Modeled stent geometries: A) Enterprise stent, B) Vision™ stent.
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Figure 3.
Geometries of the aneurysm models. U, unstented; E, single Enterprise stent; E2, double
Enterprise stent; E3, triple Enterprise stent; V, single Vision stent; EV, Enterprise stent plus
Vision stent.
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Figure 4.
Flow patterns in the midplane of the aneurysm. U, unstented model; E, single Enterprise
stent; E2, double Enterprise stent; E3, triple Enterprise stent; V, single Vision stent; EV,
Enterprise stent plus Vision stent.
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Figure 5.
Perpendicular vorticity component in the midplane. U, unstented model; E, single Enterprise
stent; E2, double Enterprise stent; E3, triple Enterprise stent; V, single Vision stent; EV,
Enterprise stent plus Vision stent.
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Figure 6.
Surface distribution of wall shear stress (WSS). U, unstented model; E, single Enterprise
stent; E2, double Enterprise stent; E3, triple Enterprise stent; V, single Vision stent; EV,
Enterprise stent plus Vision stent.
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Figure 7.
Surface distribution of pressure. U, unstented model; E, single Enterprise stent; E2, double
Enterprise stent; E3, triple Enterprise stent; V, single Vision stent; EV, Enterprise stent plus
Vision stent.
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TABLE 1
Unstented and stented aneurysm models

Sequence Model Model Description

Unstented U Unstented

Single stent E Enterprise stent

V Vision™ stent

Double stent E2 Two Enterprise stents

EV One Enterprise and one Vision™ stent

Triple stent E3 Three Enterprise stents

For multiple-stented aneurysm models, each additional stent was angularly and longitudinally shifted from the previous stent position to equally
divide the existing porous space so as to minimize the flow permeability of the stent combinations.
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