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Background: Morphological changes of a stented artery can cause a flow diversion
effect to reduce intra-aneurysmal flow; however, there is a potential for the negative effect
of increased intra-aneurysmal flow. We present cases with multiple overlapping stents
for a partially thrombosed vertebral artery aneurysm and characterize the hemodynamic
properties of a recurrent case by focusing on the morphological changes of the
stented artery.

Methods: Between October 2017 and April 2019, four consecutive cases of
symptomatic unruptured large and giant partially thrombosed vertebral artery aneurysms
were treated with multiple overlapping low-profile visualized intraluminal support stents
and no coils. Both angiographic and clinical outcomes were assessed. Computational
fluid dynamics analysis was performed to clarify hemodynamic features. The degree of
pressure elevation was calculated as the pressure difference (Pd). Wall shear stress (WSS)
was also calculated.

Results: In three of the four cases, successful flow reduction was achieved with no
morphological change of the stented arteries. The patients’ symptoms were gradually
improved. The remaining case required additional stents after the initial treatment. In the
recurrent case, Pd was noticeably elevated at the aneurysm neck after treatment, and
WSS was generally increased in the area due to altered blood flow into the aneurysm
dome caused by morphological changes of the stented artery.

Conclusion: Overlapping stents can be used for the treatment of large and
giant thrombosed vertebral artery aneurysms with flow diversion effect; however,
morphological changes of the stented artery requires careful attention as it may lead
to an increase in the intra-aneurysmal flow, causing negative outcomes.

Keywords: overlapping stents, posterior circulation, vertebral artery aneurysm, computational fluid dynamics,
morphological change
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INTRODUCTION

In endovascular surgery using neck-bridge stents and flow
diverters (FDs), the flow diversion effect is an important
factor in occlusion of cerebral aneurysms and is caused by
metal coverage at the aneurysm orifice as well as straightening
of the stented parent artery (1-4). Reduction of intra-
aneurysmal flow often contributes positively to the treatment
of cerebral aneurysms. However, unpredictable flow changes
are possible with this treatment (5-7). Previous computational
fluid dynamics (CFD) studies have shown that multiple low-
profile visualized intraluminal support (LVIS) devices have flow
diversion effects (8). We treated unruptured large and giant
partially thrombosed vertebral artery aneurysms by overlap
stenting using multiple LVIS stents, because the use of FD for

posterior circulation aneurysms is unauthorized in our country,
and we focused on the morphological change of the stented
artery. Also, CFD analysis was performed for understanding
hemodynamic changes after stent replacement.

MATERIALS AND METHODS

Patients

Between October 2017 and April 2019, four patients with large
and giant partially thrombosed vertebral artery aneurysms were
treated by overlap stenting using LVIS stents (MicroVention,
Aliso Viejo, CA, USA). Their clinical information is summarized
in Table 1. For the flow diversion effect, multiple LVIS stents
were placed in the parent artery of the aneurysms. No coils were
used in the treatment of any of the aneurysms described in this

TABLE 1 | Clinical information.

Case Age Dome size (mm) Symptoms Number of Morphological Angiographic outcome Clinical outcome
LVIS stent change
of parent artery
1 60-65 18 Dizziness 2 No Complete occlusion at 2 Improved
years
2 70-75 23 Left hemiparesis, 2 No Complete occlusion at 2 Improved
dysphasia weeks
3 50-565 38 Left hemiparesis 2 No Almost complete occlusion Partially improved
at 6 months
4 50-55 35 Vertigo, 5 Yes Worsened Worsened
left hemifacial
spasm

LVIS, low-profile visualized intraluminal support.

Outlet side

Aneurysm

FIGURE 1 | The computational fluid dynamics (CFD) model. CFD analysis domain (A), CFD analysis condition (B), and inlet mass flow rate (C).
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study. After treatment, patient follow-up included conventional
digital subtraction angiography (DSA) and magnetic resonance
imaging (MRI). We assessed both angiographic and clinical
outcomes. The O’Kelly-Marotta (OKM) grading scale was used
to assess the degree of angiographic filling and contrast stasis in
the aneurysms.

For the treatment, antiplatelet therapy was administrated with
100 mg of aspirin and 75 mg of clopidogrel per day for 7 days
before the procedure. After the procedure, the dual antiplatelet
therapy was continued for at least 6 months, and clopidogrel was
continued for 1-2 years.

CFD Modeling and Analysis of

Hemodynamic Parameters

CFD analysis was performed to evaluate hemodynamics at the
treatment site. Aneurysm and parent vessel geometries were
extracted from DSA images via manual cropping and image
thresholding. This information was subsequently converted to
a triangulated surface using Amira Software (FEI Company,
Hillsboro, OR, USA). A commercial software package (ANSYS
ICEM CFD 18.21, ANSYS Inc., Canonsburg, PA, USA) was used

to generate an unstructured computational volumetric mesh.
This mesh mainly comprised tetrahedrons along with several
prism element layers near the wall surface to increase the
analytic precision of the boundary layer. The numbers of grid
elements were ~1,500,000. After assuming a pulsatile laminar
flow, pressure of 0 (Pa) at the outlet, and rigid blood vessel walls
with non-slip conditions, the blood flow along the computational
mesh was simulated using Navier-Stokes equations. The analysis
domain encompassed the whole aneurysm dome from the
aneurysm inlet side to the outlet side. Figure 1 shows additional
details regarding the CFD modeling.

We investigated several hemodynamic parameters, focusing
on pressure-related parameters. As previously described (9), the
pressure difference (Pd) was defined as the degree of pressure
elevation at the aneurysm wall. It is calculated by subtracting
the average pressure (Pave), the mean pressure value in this
domain, from the pressure of the target area (P). To normalize
this value, it was divided by the dynamic pressure at the side of
the aneurysm inlet.

P — Pave
Tz @

Pressure difference =
5pVin?

that the aneurysm was closed off (E,F), and his symptoms were resolved.

FIGURE 2 | In the case 1, the patient presented with dizziness. The brain stem was compressed by a large partially thrombosed vertebral artery aneurysm. (A-C)
Overlapping stents with double low-profile visualized intraluminal support (LVIS) were placed (two of 4.5 x 32 mm). (D) After 2 years, the follow-up angiography shows
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FIGURE 3 | In the case 2, the patient presented with left hemiparesis and dysphasia. His brain stem was compressed by a large partially thrombosed vertebral artery
aneurysm. (A=C) Overlapping stents with double low-profile visualized intraluminal support (LVIS) were placed (3.5 x 22mm, 4.5 x 32 mm). The first stent was
shortened when a micro catheter was advanced to the distal end of the vertebral artery, but it covered the aneurysm orifice. (D) After 2 weeks, the follow-up
angiography showed that the aneurysm was closed off. (E,F) No recanalization has been seen for 2 years.

P: pressure [Pa], Pave: average pressure [Pa]
p: 1,100 [kg/m3], Vin: mean velocity of the aneurysm
inlet [m/s]

We also assessed wall shear stress (WSS) in the aneurysm
dome, defined as the frictional force of blood flow along the
aneurysm wall.

RESULTS

The aneurysm domes were occluded in two aneurysms and
almost occluded in one aneurysm in the follow-up angiography
(Figures 2-4). The clinical symptoms gradually resolved in the
three cases. On the contrary, one giant vertebral thrombosed
aneurysm was uncontrollable after overlap stenting with triple
LVIS stents. Additional double LVIS stents were placed 12
months after the initial treatment; however, this worsened the
aneurysm further by increasing inflow into the aneurysm dome
and causing the enlargement of the thrombosed aneurysm
(Figure 5). The morphological change of the parent artery was
seen in the recurrent case after the initial treatment (Figure 6)

and CFD analysis reveals that this change led to pressure
elevation around the aneurysm neck. The highest Pd at the
area increased from 0.08 to 1.17, while WSS generally remained
elevated (Figure 7).

DISCUSSION

Recently, FDs have been widely used for the treatment of cerebral
aneurysms (10, 11). The effectiveness of FDs for large and
giant thrombosed aneurysms has been reported, with curative
thrombosis of the aneurysm sac caused by reducing flow, without
the use of coils (12). Posterior circulation thrombosed aneurysms
are particularly difficult to treat because of the high rate of
recanalization and compression of the brainstem, which coil
embolization has the potential risk of worsening (13, 14). The
effect of flow diversion is, at least theoretically, useful for the
treatment of such aneurysms. In our study, overlap stenting
with braided stents was used because FD is unauthorized for
use in posterior circulation aneurysms in our country. Flow
reduction was achieved in three out of four aneurysms by overlap
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the aneurysm was almost closed off. (E,F) No recanalization was seen for 1 year.

FIGURE 4 | In the case 3, the patient presented with left hemiparesis. The brain stem was compressed by a giant partially thrombosed vertebral artery aneurysm.
(A-C) Overlapping stents with double low-profile visualized intraluminal support (LVIS) were placed (4.0 x 22mm, 4.5 x 32 mm). The first stent was shortened when a
micro catheter was advanced to the distal end of the vertebral artery, but it covered the aneurysm orifice. (D) After 6 months, the follow-up angiography showed that

stenting. It has been reported that multiple overlapping LVIS
stents have a similar flow diversion effect as that of FD (6, 8).
Metal coverage of the aneurysm orifice is one of the important
factors causing a flow diversion effect. The porosity of the braided
stents also contributes to decreased flow into the aneurysms
(15, 16). We especially focused on the morphological changes in
the stented parent artery, which previous studies have reported
as contributing to a flow diversion effect (1-4). Ishii et al.
analyzed unruptured large aneurysms with and without a stent
and reported that the neck-bridging stent prevents recanalization
caused by the straightening effect of the parent artery, most likely
caused by significant angular change (1). Additionally, Larrabide
et al. studied aneurysms in the internal carotid artery using CFD
before and after FD treatment (4). They reported that successful
blood flow reduction to the site of the aneurysm was related to
aneurysm position and orientation with respect to the parent
vessel, in addition to the morphology of the aneurysm. These
studies reported that flow diversion after morphological changes
of the stented parent artery can result in a positive outcome.
Interestingly, in case 4, the morphological changes of the parent

artery caused by multiple overlapping stents led to increased
pressure and WSS in the aneurysm. Additional stents were
not effective, even though the mesh porosity was theoretically
much lower than that of FD. These results highlight that flow
diversion effects with morphological changes to the parent artery
can worsen due to blood flow into an aneurysm sac. Previous
studies have reported adverse events associated with aneurysm
rupture after treatment with FD, and the researchers speculated
that flow diversion causes inflow jet and pressure elevation in
the aneurysm sac (17-20). Some studies reported that failure
to prevent increases in intra-aneurysmal pressure can occur
because of parent artery configuration and curvature (20, 21).
In addition, the elevation of WSS on the neck wall caused by
altered blood flow is thought to increase the risk of recanalization
(22, 23). Although recent engineering studies have analyzed the
hemodynamic changes after stenting, it remains unclear how and
to what extent the parent artery changes after stent placement
(24, 25).

From a different perspective, the vasa vasorum is thought to
play an important role in wall remodeling in the progressive
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FIGURE 5 | In the case 4, the patient presented with vertigo and left hemifacial spasm. The brain stem was compressed by a giant partially thrombosed vertebral
artery aneurysm. (A-C) Overlapping stents with triple low-profile visualized intraluminal support (LVIS) were placed (three of 4.5 x 32 mm), and stagnation of flow
occurred soon after treatment. Her symptoms were resolved. (D) After 1 year, the follow-up angiography showed recanalization. (E) Additional stents with double LVIS
were placed (4.5 x 18 mm, 4.5 x 23mm). (F) However, it was uncontrollable and further recanalization was seen in the 6-month follow-up angiography (G);
furthermore, progressive aneurysmal enlargement occurred and aneurysm wall enhancement indicating the vasa vasorum was observed [(H); white arrow]. Clinically,
she presented vertigo and hemifacial spasm again, and slight hoarseness was apparent.

FIGURE 6 | The orange vessel is pre-treatment, and the green vessel is post-treatment. In three cases (cases 1-3), morphological changes in the stented parent
artery were not seen (A-C); however, in the recurrent case (case 4), the parent artery straightened after stent placement (yellow arrows) (D).

growth of thrombosed large and giant aneurysms, and the image
of aneurysm wall enhancement on MRI indicates inflammatory
etiology including the vasa vasorum, which suggests malignant
behavior of the aneurysm growth (26, 27). This finding was
observed in the recurrent case even after retreatment and
suggested intractable aneurysm due to worsening inflammation
(Figure 5H).

Our study is the first to report a flow diversion effect
by overlapping neck-bridge stents without coils for large
and giant partially thrombosed vertebral artery aneurysms;
however, CFD analysis of a recurrent case revealed that
negative outcomes were related to changes in blood flow
dynamics due to morphological changes in the stented
parent artery.
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FIGURE 7 | The computational fluid dynamics study of case 4. Streamline, pressure difference (Pd) and wall shear stress (WSS) at the peak systolic phase before
[(A=C), respectively], and after treatment [(D=F), respectively]. Blood flow into the aneurysm dome was altered after placement of the overlapping stents due to
morphological changes in the parent artery (D). Pd around the aneurysm neck was significantly elevated [(E); white dot circle]. The maximum Pd identical to the
impingement zone of the aneurysm dome was elevated from 0.08 to 1.01. WSS was generally elevated around the area (F).

There are some limitations to this study. First, multiple
stents were not simulated because it is not possible to acquire
the morphological data of multiple LVIS stents, and this may
influence the validity of our results. Second, the number of
cases for analysis was small. Additional studies describing larger
series are required. Third, the follow-up period may have been
inadequate to determine whether the treatment was curative.
Fourth, vasa vasorum is one of the important factors that causes
the enlargement of thrombotic aneurysms. However, the other
three cases of vasa vasorum were not available as contrast
enhanced MRI was not performed routinely at our institution,
and therefore, these could not be included for a comparison in
this series.

CONCLUSION

Overlapping stents can be used to treat large and giant
thrombosed vertebral artery aneurysms with a flow diversion
effect. However, morphological changes of the stented parent
artery may increase intra-aneurysmal flow causing a negative
outcome, and careful attention is needed in this regard.
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