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Objective: Flow diverter devices are increasingly used in the treatment of posterior

circulation aneurysms, sometimes necessarily involving ostia of side branches and

perforators. The aim of this study was to identify the hemodynamic influence of flow

diverters on side branches and perforators of the posterior circulation.

Methods: We performed a retrospective study of consecutive patients treated by a

flow diverter device for posterior circulation aneurysms with anterior inferior cerebellar

artery (AICA) or posterior inferior cerebellar artery (PICA) involvement. Computational

fluid dynamics (CFD) were used to discern hemodynamic changes of branches after

deployment of the flow diverter.

Results: We studied 18 branches from 17 patients (mean age, 50.72 ± 8.17 years). No

branches were occluded on immediate angiography and later follow-up. Average flow

velocity in aneurysms decreased from 0.077 ± 0.065 m/s to 0.025 ± 0.025 m/s (p <

0.01). Average flow velocity in branch ostia decreased from 0.29 ± 0.14 m/s to 0.27 ±

0.16 m/s (p = 0.189). The difference in flow velocity reduction ratio between aneurysms

and branches was statistically significant (68.8 vs. 9.5%; p < 0.001). The mean pressure

in branch ostia increased from 10,717.4 ± 489.0 to 10,859.0 ± 643.4 Pa (p < 0.01).

Conclusion: While a flow diverter device is capable of slowing down aneurysmal inflow,

it is unable to block the flow into branches and perforators when used in the treatment of

posterior circulation aneurysms; flow velocity in branches even increased in some cases.

With a low branch occlusion ratio, it may be acceptable to cover posterior circulation

branches and perforators if unavoidable.

Keywords: flow diverter device, pipeline, posterior circulation, side branch, hemodynamic

INTRODUCTION

Flow diverter devices (FDs) are commonly used for the treatment of intracranial aneurysms
(1, 2). Aneurysmal inflow can be altered by an FD and the process of thrombogenesis promoted.
Aneurysms treated by FDs are more inclined to achieve complete occlusion compared with other
endovascular therapies. The 5-year occlusion rate was recently reported as 95.2% (3). The pipeline
embolization device (PED;Medtronic, Minneapolis, MN, USA) is a type of FD initially approved to
treat internal carotid artery aneurysms, for which it was demonstrated to be safe and effective (4, 5).
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Since then, the PED has also been increasingly used for posterior
circulation aneurysms. However, the safety of its application in
these cases has not been well-defined, and there are reports of
deaths and brainstem infarcts (6, 7).

A previous study revealed that deployment of the PED
in posterior circulation leads to higher risk of ischemic
complications in comparison with anterior circulation (1). After
deployment of the PED, the origin of anterior inferior cerebellar
artery (AICA), posterior inferior cerebellar artery (PICA),
and basilar perforating arteries sometimes became involved.
Considering that the AICA and PICA supply the cerebellum and
rich perforating vessels that supply vital brainstem structures,
coverage of branches was considered culpable for the infarcts
and deaths after PED deployment. For this reason, the possibility
of the PED blocking blood flow into branches demands a
timely solution.

As a mature technology, computational fluid dynamics (CFD)
is widely used to illustrate the blood flow status of intracranial
arteries (8). The aim of this study was to ascertain the
hemodynamic changes in covered branches and perforators by
means of CFD simulations after deployment of the PED.

MATERIALS AND METHODS

Study Population
From January 2016 to December 2018, 18 branches of 17 patients
were collected retrospectively. In the case of perforators not
being visible in three-dimensional (3D) reconstruction geometry,
we accepted AICAs and PICAs as representing all branches
and perforators. The inclusion criteria were: (1) unruptured
posterior circulation aneurysms; (2) the aneurysms were treated
by only one PED, and AICA or PICA were covered by the
stent at the same time; (3) a reconstructed 3D model of the
ipsilateral vertebral artery was acquired; (4) the landing zone of
the PED had to be identified on digital subtraction angiography
(DSA) images to ensure that branches were covered by the PED;
(5) patients were followed up with a control angiogram. The
exclusion criteria were (1) ruptured aneurysms and (2) traumatic
aneurysms. All patients received aspirin (100mg) and clopidogrel
(75mg) for 5 days before treatment. Platelet function assessment
was performed by thromboelastography (TEG) before treatment,
and the target platelet inhibition was between 30 and 90%. If
inhibition was <30%, clopidogrel was replaced by prasugrel, and
if inhibition higher than 90%, only clopidogrel was maintained
until inhibition fell below 90%. During the procedure, the
patients received a maintained intravenous heparin (70 U/kg).
After treatment, the dual antiplatelet therapy was maintained for
6 months and aspirin indefinitely. The study was approved by the
ethics board of our hospital, and all patients agreed to take part
and gave written informed consent.

Geometry and Hemodynamic Modeling
First, 3D aneurysm geometries were reconstructed from DSA
images. Second, the geometries were repaired, cut, and smoothed
using Geomagic Studio (version 12.0; Geomagic, Research
Triangle Park, NC, USA), after which the surface geometries
were saved as standard tessellation language (STL) format files.

Third, the process of pipeline stent implantation was simulated
using an in-house virtual stent-deployment technique described
previously (9). There were 3 major steps. (1) In the pre-
processing stage, vessel-specific initialization was used to isolate
the parent vessel and a simplex mesh was created to fit the
vessel according to its centerline. The maximum inscribed
sphere diameter was then extracted inside the parent vessel
along its centerline using MATLAB (R2013a; The Mathworks,
Natick, MA, USA) and placed in a series of circles. (2) The
simplex mesh inside the parent vessel was expanded to enable
the deployed simplex mesh to closely adjoin the wall of the
parent vessel. (3) In the post-processing stage, the pipeline stent
vertex coordinates were determined on the deployed simplex
mesh according to the stent pattern. Using Abaqus/explicit 6.12
software (Simulia, Providence, RI, USA), the vertex coordinates
were then connected to form distinct wire curves. Thereafter,
using the CAD program Creo Parametric 2.0 (PTC, Needham,
MA, USA), these wire curves were swept into 3D structures to
create a 3D solid stent. This 3D solid stent was placed into the
original 3D vessel geometry and meshed together with it.

The coiled aneurysm sac was simulated according to a porous
medium model described previously (10). We used the flowing
algebraic equation: volume of the coil=π× (diameter of coil/2)2

× (length of the coil). We defined the ratio of the volume of the
coils to volume of the aneurysms as the packing density.

The process of CFD modeling was described in our previous
studies (11, 12). The deployed stent and 3D vessel geometry were
imported into the automatic mesh generation software ICEM
CFD version 14.0 (ANSYS, Canonsburg, PA, USA) to create
finite-volume element grids for CFD simulation. The maximum
element size was set at 0.2mm. To present the geometry of the
pipeline stent sufficiently, we set the element size on the stent at
0.01mm (approximately one-third the width of the strut of the
pipeline stent) (13). The models of untreated cases consisted of
1 million tetrahedral elements, and the model of treated cases
consisted of 5 million tetrahedral elements. The ANSYS CFX
14.0 was then used to solve the flow-governing Navier-Stokes
equations. The walls of blood vessels were assumed to be rigid,
with no-slip boundary conditions. The blood flow was assumed
to be laminar, homogeneous, incompressible Newtonian fluid.
The dynamic viscosity and density of the blood flow was set at
0.004 kg/m/s and 1,060 kg/m3, respectively. Using transcranial
Doppler imaging, we obtained a representative pulsatile period
velocity profile from a normal human, which was set as the inflow
boundary condition. The pressure distribution along the parent
artery, branch vessels, and in the aneurysm was then computed
using the drop in pressure calculated during the CFD simulations
with respect to p = 10,000 Pa prescribed at the outlet (14, 15).
Flow waveforms were scaled to achieve a mean inlet wall shear
stress of 1.5 Pa under pulsatile conditions (15). Traction-free
boundary conditions were implemented at the outlet. To avoid
initial transients, two complete cardiac cycles were computed and
data from the second cycle were gathered.

Flow Velocity and Pressure Measurement
The flow velocity and pressure of the branch before and after
treatment were measured at a transection of the branch’s ostium
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at peak systole. Enlargement of the branch’s origin was avoided
when obtaining the transection. The flow velocity of aneurysms
was defined as the average velocity of the entire aneurysm at
peak systole.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics for
Windows, version 17.0 (SPSS, Chicago, IL, USA). All quantitative
hemodynamic parameters (before and after stent implantation)
were summarized as the mean ± SD if normally distributed, and
analyzed with the paired-samples t test. Statistical significance
was considered at a p value of < 0.05.

RESULTS

Basic Information
There are 18 branches from 17 patients recruited for this study.
A summary of demographic data for the 17 patients included in
this study is provided in Table 1. All branches remained patent
at follow-up, with 15 (83.3%) aneurysms completely occluded
and 3 partially occluded. No patients developed new neurological
defects associated with branch occlusion.

Flow Patterns
Before treatment, the streamlines in the geometry filled the
parent artery, aneurysm (Figure 1A), and covered branches
(Figure 1B). After the PED was deployed, the streamline into
the aneurysm was reduced and flow velocity in the aneurysm
decreased (Figure 1E). The decline in velocity can be visualized
in the contrast between Figures 1C,F. Simultaneously, flow
velocity in covered branches decreased slightly (Figures 1C,F).
In some cases, however, the flow velocity did not decline and an
increase in flow velocity was apparent (Figures 2C,F).

Hemodynamic Changes
After the CFD simulation, we calculated the average blood
flow velocity of branch ostium at peak systole. Before the
operation this was 0.29 ± 0.14 m/s and postoperatively, 0.27

TABLE 1 | Demographics and clinical characteristics.

Characteristic Value

No. of patients 17

No. of branches covered 18

Mean age ± standard deviation (years) 50.7 ± 8.2

SEX

Male 10

Female 7

Mean aneurysm size (mm) 8.3 ± 4.8

COVERED BRANCHES

AICA 2 (11.1%)

PICA 16 (88.9%)

TREATMENT STRATEGY

PED 14 (82.4%)

PED + coil 3 (17.6%)

Mean follow-up time (months) 6.3 ± 1.8

± 0.16 m/s (p = 0.189). Before and after stent implantation,
the average velocity of aneurysm at peak systole was 0.077 ±

0.065 m/s and 0.025 ± 0.025 m/s (p < 0.01), respectively. The
mean flow velocity reduction ratio in aneurysms is apparently
higher than that in branches (Figure 3). The mean pressure
in branch ostia at peak systole increased from 10,717.4 ±

489.0 to 10,859.0 ± 643.4 Pa (p < 0.01). There was no linear
relationship between blood flow reduction ratios and side branch
diameters (Figure 4).

DISCUSSION

Aneurysms of the posterior circulation are challenging to treat
via either microsurgical clipping or endovascularly. With several
studies having revealed that microsurgical treatment has a worse
outcome than an endovascular approach (16, 17), endovascular
treatment is the preferred option by neurosurgeons. The
traditional endovascular treatment strategy consists of coiling,
stent-assisted coiling, and parent vessel occlusion, but currently
FD is emerging as a new method of endovascular treatment.
The PED diverts blood flow away from the aneurysm, supports
neointimal overgrowth, accelerates thrombus formation,
and finally excludes the aneurysm from the parent artery.
Considering these effects of PED on the aneurysm, whether
branches covered by the PED will become occluded and the
mechanism of branch occlusion remains an open question.

In this series of 18 branches covered by a PED, flow diversion
of posterior circulation aneurysms showed a satisfactory
occlusion rate with no covered branches being occluded. Our
CFD simulation results showed that the blood flow velocity in
aneurysms changed markedly (from 0.077 ± 0.065 m/s to 0.025
± 0.025 m/s; p < 0.01) after PED deployment. By contrast
(Figure 3), the blood flow velocity in covered branches decreased
from 0.29± 0.14 m/s to 0.27± 0.16 m/s (p= 0.189), but without
statistical significance. The flow velocity reduction ratio [(pre-
treatment parameter—post-treatment parameter)/pretreatment
parameter × 100%] in the covered branches was 9.5 ± 21.3%,
while the flow velocity reduction ratio in the aneurysm was 68.8
± 13.4%. The traditional view is that a larger branch diameter
will lead to a higher flow velocity reduction ratio, but according
to the scatterplot in Figure 4 there is no linear relationship
between them. These CFD results are consistent with follow-up
angiography. Flow velocity in the aneurysm was reduced by up
to 68.8 ± 13.4%, an alteration promoting complete occlusion of
aneurysms (Figures 1D, 2D). Meanwhile, covered branches had
relatively lower reduction in blood flow velocity and remained
patent at follow-up (Figures 1D, 2D). In addition, we found that
the pressure in branch ostia increased from 10,717.4 ± 489.0 Pa
to 10,859.0 ± 643.4 Pa (p < 0.01), which offers a reasonable
explanation for the patency of covered branches. The increased
flow velocity of the PICA shown in Figure 2 is further evidence
of the patency of covered branches. We consider that under
the influence of the pipeline stent and coils, the flow into the
aneurysm was partly diverted to the PICA, thus increasing flow
velocity. Our CFD simulation results and follow-up angiography
indicate that the FD has a comparatively low blocking effect on
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FIGURE 1 | Case of a left vertebral artery aneurysm treated by a PED. (A) Left vertebral artery angiogram showing a V3 segment aneurysm. (B) Preoperative

streamline of aneurysm and PICA. (C) Preoperative velocity contour of aneurysm and PICA. (D) Angiogram at 7-month follow-up showed that the aneurysm reached

complete occlusion with patency of PICA. (E) Postoperative streamline of aneurysm and PICA. The streamline in the aneurysm became sparser compared with

preoperatively. However, the streamline in PICA remained nearly unchanged compared with (B). (F) Post-operative velocity contour of aneurysm and PICA. Compared

with (C), flow velocity in the aneurysm slowed down markedly, whereas flow velocity in the PICA merely decreased slightly at ostium.

the blood flow of covered branches, and the reduced flow velocity
in branches can be neutralized by the slightly increased pressure.

There is similar research in the literature. Hu et al. (18)
concluded that reduced blood flow may not be the dominant
factor that leads to side branch-related infarction. They simulated
the deployment of the PED and covered 31 small branches
using CFD by calculating the hemodynamic parameters before
and after deployment of the pipeline stent, whereby the flow
reduction ratio in AICAs was 3.62 ± 1.94%. The weakness of
this study was that they did not combine their CFD results
with clinical data. Mazur et al. (19) reported 11 cases of
vertebral artery aneurysms treated by the pipeline embolization
device. The device covered the origin of the PICA in each
case, and no covered branch occlusion was identified at follow-
up angiography.

Dai et al. (20) implanted single-, double-, and triple-
telescoped/overlapped FDs in 22 rabbit aortas to determine the
influence of FDs on side branches. All the lumbar arteries were
covered and remained patent at 6- and 12-month angiography.
Neointima hyperplasia was found along the wires of the FDs, and
the ostia of the branches were partly covered. Wang et al. (21)
placed an FD into the internal carotid artery of miniature pigs to
assess the patency of collateral arteries, and reached a conclusion
similar to that of Dai et al. (20).

Although our study indicates from hemodynamic analysis
that posterior circulation branch arteries can be well-preserved
after FD deployment, they may sometimes become occluded
soon after therapy. Lall et al. (22) described 3 cases of branch
occlusion immediately after pipeline embolization, one of which
was a giant vertebrobasilar aneurysm involving the left PICA
that was covered by a PED. Immediately after recovery from
general anesthesia, the patient was found to have dysarthric
speech as well as lower cranial neuropathy and had difficulty
following commands. Emergency angiography was performed,
and the left PICA was found to be occluded even though the
patient was pre-medicated appropriately with anti-platelets, and
genetic testing suggested clopidogrel responsiveness. After intra-
arterial administration of abciximab, left PICA recanalization
was observed on immediate angiography and at follow-up. To
sum up, we speculate that it is not the mechanical blocking
effect of the FD but thrombotic processes that contribute to
acute occlusion. Furthermore, there are many reports of branch
occlusion (23, 24), perforator infarctions (25), and ischemic
strokes (1). More attention should thus be paid to the process
of thrombogenesis.

There are several limitations to our study. First, limited
specimen volume may reduce the reliability of this study.
Second, patient-specific blood flow conditions were not available.
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FIGURE 2 | Case of a right vertebral artery aneurysm treated by PED. (A) Right vertebral artery angiogram showing a V4 segment aneurysm. (B) Preoperative

streamline of aneurysm and PICA. (C) Preoperative velocity contour of aneurysm and PICA. (D) Angiogram at 6-month follow-up shows that the aneurysm reached

complete occlusion with patency of PICA. (E) Postoperative streamline of aneurysm and PICA. The streamline in the aneurysm became sparser compared with

preoperatively. Unexpectedly, the streamline in PICA increased (white arrow) compared with (B). (F) Post-operative velocity contour of aneurysm and PICA. Compared

with (C), flow velocity in the aneurysm slowed down markedly, whereas flow velocity in PICA increased substantially (black arrow).

FIGURE 3 | The comparison of mean flow velocity reduction ratio between aneurysm and branch.

Third, blood vessel walls were assumed to be rigid, which
might not represent the true physiology of the human body.
Fourth, most perforators are not visible in reconstruction

geometry; we merely investigated the hemodynamic variation
of AICAs and PICAs, which may have led to less than
accurate results.
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FIGURE 4 | Scatterplot of blood flow reduction ratio distributions derived from different branch diameters. The scatterplot shows that there is no linear relationship

between branch diameter and blood flow reduction ratio.

CONCLUSION

Our findings have demonstrated that a flow diverter does not
slow down the flow velocity of covered branches; in fact, flow
velocity even increased in some cases. The coverage of posterior
circulation branches of AICA, PICA, and other perforators is an
acceptable approach if it is unavoidable. In addition, we found no
linear relationship between branch diameter and flow reduction
ratio. As this is a small case series, larger studies are needed to
confirm these results.
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