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ABSTRACT

BACKGROUND AND PURPOSE: Neurovascular flow diverters are flexible, braided stent-meshes for intracranial aneurysm treatment. We
applied the dynamic push-pull technique to manipulate the flow-diverter mesh density at the aneurysm orifice to maximize flow diversion.
This study investigated the hemodynamic impact of the dynamic push-pull technique on patient-specific aneurysms by using the devel-
oped high-fidelity virtual-stenting computational modeling technique combined with computational fluid dynamics.

MATERIALS AND METHODS: We deployed 2 Pipeline Embolization Devices into 2 identical sidewall anterior cerebral artery aneurysm
phantoms by using the dynamic push-pull technique with different delivery-wire advancements. We then numerically simulated these
deployment processes and validated the simulated mesh geometry. Computational fluid dynamics analysis was performed to evaluate
detailed hemodynamic changes by deployed flow diverters in the sidewall aneurysm and a fusiform basilar trunk aneurysm (deployments
implemented previously). Images of manipulated flow diverter mesh from sample clinical cases were also evaluated.

RESULTS: The flow diverters deployed in silico accurately replicated in vitro geometries. Increased delivery wire advancement (21 versus
11 mm) by using a dynamic push-pull technique produced a higher mesh compaction at the aneurysm orifice (50% metal coverage versus
36%), which led to more effective aneurysmal inflow reduction (62% versus 50% in the sidewall aneurysm; 57% versus 36% in the fusiform
aneurysm). The dynamic push-pull technique also caused relatively lower metal coverage along the parent vessel due to elongation of the
flow diverter. High and low mesh compactions were also achieved for 2 real patients by using the dynamic push-pull technique.

CONCLUSIONS: The described dynamic push-pull technique increases metal coverage of pure braided flow diverters over the aneurysm
orifice, thereby enhancing the intended flow diversion, while reducing metal coverage along the parent vessel to prevent flow reduction
in nearby perforators.

ABBREVIATIONS: DPPT � dynamic push-pull technique; FD � flow diverter; PED � Pipeline Embolization Device

Used for intracranial aneurysm treatment, a neurovascular

flow diverter (FD) is a braided stent-mesh device highly flex-

ible in stretch and compression. A bench top study showed that an

FD can form varied mesh densities through longitudinal compres-

sion,1 consistent with our recent findings.2 Meanwhile, there are con-

cerns with using FDs in perforator-rich territories due to the likely

occlusion of small vessel ostia. While increased mesh density at the

aneurysm orifice may help aneurysmal flow reduction, it would be

beneficial for the mesh density to be reducible in perforator-rich re-

gions to preserve the perforators and branch vessels.

We used the dynamic push-pull technique (DPPT) to effec-

tively control the local FD mesh density. The concept of dynamic

push-pull was originally introduced to keep the laser-cut stent at

vessel centerline during its deployment.3 It was later extensively

used in FD deployment to achieve complete opening and good

wall apposition at highly curved locations.4,5 Here, we further

extended the technique, targeting flow control with the following

objectives: 1) to adjust for the distal foreshortening of the FD, 2)

to optimize the mesh density across the aneurysm neck to increase

flow diversion, and 3) to decrease the mesh density to avoid oc-

clusion of perforator ostia and branch vessels. The deployment

technique involves individually varying the push and pull of the

microcatheter and the delivery wire to control the FD mesh den-

sity and the positioning.
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To examine the DPPT in detail, we used in vitro testing and

numerical modeling. Due to the limited resolution of current

clinical angiography, it is still difficult to visualize and characterize

the real-time FD deployment in patients. However, simulations of

FD deployment and aneurysmal hemodynamics allow us to visu-

alize, verify, and better understand the DPPT operation, which re-

presents a significant advancement in intracranial aneurysm

intervention.

We have recently developed a finite-element-analysis work-

flow,6 referred to as the high-fidelity virtual stent-placement

method. A follow-up study validated it through FD deployment

in a fusiform phantom,2 where DPPT was used on 2 FDs in 2

identical fusiform (basilar artery) aneurysm phantoms for differ-

ential mesh densities. We did not verify the posttreatment hemo-

dynamic changes and did not investigate sidewall aneurysm mor-

phology. In the current study, we further applied DPPT for the

sidewall anterior cerebral artery aneurysm both experimentally

and numerically. Computational fluid dynamics analyses were

then performed in all 4 flow-diversion scenarios, including the

sidewall and the previously deployed fusiform morphologies to

evaluate the hemodynamic impact of DDPT on intra-aneurysmal

flow.

MATERIALS AND METHODS
Aneurysm Models: Numerical and In Vitro
One wide-neck anterior cerebral artery saccular aneurysm

(dome � neck: 15 � 7 mm) was used as the sidewall aneurysm

geometry for our testing. Its maximal parent vessel size was 3 mm.

This geometry was chosen because preliminary computational

fluid dynamics showed a strong inflow jet impinging on the distal

fundus due to vessel curvature; flow diversion could help reduce

the impinging flow. The numerical aneurysm model was created

from 3D image segmentation. Two polymer phantoms of the an-

eurysm were created by using the previous method.2 The phan-

tom was connected to a flow loop to reduce friction. Microscopic

images from the lateral and base (facing the aneurysm neck from

the parent vessel) views were obtained during and after FD im-

plantation for mesh analysis. Another model—a fusiform basilar

trunk aneurysm—was created previously.2

Flow Diverter
The Pipeline Embolization Device (PED; Covidien, Irvine, Cali-

fornia) was used in the current study. It consists of a 48-strand

braided FD mounted on a delivery wire (On-line Fig 1). The distal

capture coil and the pusher are soldered on the wire at the distal

and proximal ends of the FD, respectively. The FD and wire are

placed in a microcatheter (inner diameter � 0.027 inch/0.686

mm).

Dynamic Push-Pull Technique
Because the deployed FD geometry mainly depends on the releas-

ing process, our deployment analysis focuses on operations after

the delivery system placement over the aneurysm orifice. Dy-

namic push-pull manipulation is used in 2 phases: pillowing and

release/expansion.

Pillowing. The microcatheter is first retracted while the delivery

wire is secured without translation (so is the FD attached to the

delivery wire) to allow the FD to be expressed from the distal tip of

the microcatheter. Then the microcatheter is pushed with the de-

livery wire still secured, forcing the FD to radially dilate and con-

form to the vessel wall. This operation aims to generate sufficient

FD-vessel apposition to minimize the distal foreshortening.

Release/Expansion. The pillowed FD is released from the capture

coil by rotating the delivery wire clockwise while maintaining the

positions of the wire and the microcatheter. Two basic maneuvers

may be followed through the rest of the deployment: 1) withdraw-

ing the microcatheter while holding the wire, in effect of un-

sheathing the FD; and 2) pushing the delivery wire to unsheath

and compact the FD. These 2 maneuvers are frequently combined

to achieve optimal deployment. The FD is completely released at

the end.

Sometimes pushing the delivery wire alone may not be suffi-

cient to overcome the resistance of the FD. The temporary push-

back of the microcatheter together with the delivery wire may be

necessary for robust compaction.5 However, for a controlled

study, here we only allowed the microcatheter to be continuously

retracted and the delivery wire to be continuously advanced (with

varied advancement values), to evaluate the wire advancement

alone and to simplify simulations.

Numerical Modeling of FD Deployment
We used our previously described, finite-element-analysis–based

high-fidelity virtual-stenting technique2,6 to recapitulate the de-

tailed deployment process in silico to study FD flow modification

by computational fluid dynamics. The high-fidelity virtual stent-

ing workflow incorporated several simplifications: 1) The delivery

wire functionality was provided by the distal capture coil (before

releasing the distal end of the FD) and the pusher (after the distal

release); 2) a pathway was specified to guide the distal capture coil,

the microcatheter, and the pusher; and 3) the vascular wall was

assumed rigid in FD-vessel interaction. The virtual FD model in

the stress-free state was constructed to simulate procedures of

crimping, delivery, and expansion.

Analysis of Deployed FD
To quantify the FD mesh geometry after deployment, we used

“metal coverage,” defined as the total outer surface area of the FD

strands divided by the area of the tubular surface framed by the

FD, and “pore density,” defined as the number of pores per unit

area of the tubular surface framed by the FD.7 Detailed calculation

of these parameters was introduced elsewhere.2 Following Ma-

koyeva et al,1 we divided the FD mesh near the aneurysm orifice

into 5 segments for mesh analysis: proximal vessel, proximal tran-

sition, middle, distal transition, and distal vessel.

Hemodynamic Analysis
Computational fluid dynamics analysis was conducted in 6 sce-

narios: untreated, low mesh compaction, and high mesh compac-

tion, for both sidewall and fusiform aneurysms. Approximately 1

million and 8 million polyhedral elements were generated respec-

tively for untreated and treated cases by using STAR-CCM�

(CD-adapco; Melville, New York). The flow-governing equations

were solved by the second-order finite volume solver of STAR-

CCM� with the assumption of incompressible, steady-state
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Newtonian flow with rigid-wall conditions. The density and vis-

cosity of blood flow were 1056 kg/m3 and 3.5 cP, respectively. A

typical Reynolds number of 362 was applied to all simulations as

the inlet boundary condition. Flow patterns were visualized by

streamlines; inflow reduction was calculated as the difference be-

tween pre- and posttreatment aneurysmal inflow rates normal-

ized by the pretreatment inflow rate.

Clinical Case Examination
To evaluate the potential effectiveness of DPPT in flow diversion,

2 clinical FD cases, one with high mesh compaction and the other

with low mesh compaction, were selected from our hospital. By

assuming that the gray-scale intensity of the image is proportional

to real mesh density, we analyzed the average metal coverage

along the FD by using the method above.

RESULTS
In Vitro and Numerical FD Deployment in the
Sidewall Aneurysm
In each of the sidewall phantoms, we deployed a PED by using

DPPT. Distal foreshortening of the FD was largely overcome by

the pillowing procedure. One PED (labeled 3.5 � 20 mm) was

deployed with greater delivery wire advancement (21 mm) than

the other PED (labeled 3 � 25 mm, wire advanced 11 mm) during

the release/expansion stage, resulting in higher mesh compaction

over the aneurysm neck region. These 2 scenarios are referred to

as high- and low-compaction, respectively. Numerical simula-

tions recapitulated the in vitro DPPT processes. Figure 1 shows

stepwise deployment in vitro and in silico.

Deployed Mesh Geometry: Comparison of In Vitro and
Numerical Results
High correlation was achieved between experimental and numer-

ical results of FD deployment. Figure 2 shows mesh geometry and

mesh density quantification in the lateral view (the base view is

given in On-line Fig 2). Greater delivery wire advancement (21

mm) generated higher compaction at the orifice (50% metal cov-

erage, 40 pores/mm2 pore density) compared with that with less

wire advancement (11 mm, 36% metal coverage, 38 pores/mm2

pore density). Mesh densities at parent vessels and transition

zones (30% metal coverage) were similar between high- and low-

compaction scenarios and were lower than that in the neck region

of the high-compaction case. The nonparametric test confirmed

the excellent accuracy of the simulation.

Hemodynamic Evaluation of Flow Diversion
In streamline plots in Fig 3, all 4 FD-treated scenarios showed

pronounced reductions of aneurysmal velocity and inflow com-

FIG 1. Stepwise deployment of the FD by using DPPT experimentally and numerically (the high-compaction scenario is shown). Displacements
of key elements are estimated from the experiment recording and applied to the simulation.
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pared with untreated scenarios. High-compaction mesh diverted

more flow than the low-compaction mesh (inflow reduction: 62%

versus 50% for sidewall, 57% versus 36% for fusiform). The high-

compaction mesh for the sidewall aneurysm attenuated the iner-

tia-driven inflow jet and redirected it to the more proximal region

(Fig 3), which potentially alleviates negative impacts of the flow

impingement.

Mesh Analysis of Clinical Cases
Figure 4 shows 2 clinical PED cases. The case on top was treated by

a PED deployed with high compaction, giving improved

FD-vessel apposition. Metal coverage near the orifice (inflow

zone) and the distal vessel was estimated as 46% and 18%, respec-

tively. In the second illustrated case, the FD was stretched across

the orifice (18%) with normal coverage at the parent vessels

(24%–30%).

DISCUSSION
The current study found the following with DPPT: 1) The distal

foreshortening of the FD was prevented by the pillowing tech-

nique; 2) higher FD metal coverage across the aneurysm orifice

could be achieved by greater delivery wire advancement; 3) lower

metal coverage at perforator regions

could be achieved by smaller wire ad-

vancement and greater withdrawal of the

microcatheter; and 4) high-compaction

mesh resulted in greater inflow reduction

(than low-compaction), which theoreti-

cally promotes aneurysm occlusion.

The FD foreshortening has been fre-
quently encountered in practice.4,5 Fore-
shortening occurs once the FD is released
from the crimped state. The released FD
radially expands and longitudinally fore-
shortens; this change makes the optimal
placement of the FD relatively unpredict-
able, especially for a poorly sized FD. As a
countermeasure, the pillowing technique
was effective in preventing distal migra-
tion of the FD as it foreshortened.

To actively control the FD mesh, we
demonstrated that the additional deliv-
ery wire/pusher advancement (approxi-
mately 10 mm) was sufficient to generate
high-compaction mesh (metal coverage:
50% versus 36%). Similar results were
found for the fusiform aneurysm in the
previous study (metal coverage: 49% ver-
sus 40%, by a 6-mm difference in wire ad-
vancements).2 In practice, high-compac-
tion mesh can be achieved by pushing the
delivery wire, either alone or together
with the microcatheter, to radially expand
and longitudinally compress the FD.
However, when the FD is over important
arterial branch ostia (eg, the anterior cho-
roidal or posterior communicating arter-
ies), we suggest additional pull of the mi-
crocatheter while holding the delivery

wire to generate low-compaction mesh for the patency of small
vessels.

Our experience shows that the above operations would work
better around the orifice than inside parent vessels, because once
a given FD fully expands to the vessel, its metal coverage is mainly
determined by the vessel size and DPPT becomes less effective.
This characteristic was confirmed by our result that mesh densi-
ties from the high- and low-compaction scenarios were similar in
corresponding parent vessels (Fig 2).

One should also be mindful of potential risks of dense com-
paction: 1) Denser mesh increases the chance of occluding perfo-
rators and side branches, given that these vessels can only tolerate
up to 50% ostial coverage as previously suggested8; 2) forceful
pushing can lead to flattening, torsion, and even intussusceptions
of the FD,9 compromising the vessel lumen with potentially dev-
astating consequences; 3) controlled, selectively increased metal
coverage over the aneurysm neck may take time to master and is
more difficult to perform in tortuous vascular anatomies.

Flow simulations showed that high-compaction mesh was
more effective (additional 12%–21% reduction) in diverting
aneurysmal inflow than low-compaction mesh. Most interest-
ing, the flow reduction by the high-compaction mesh of the

FIG 2. Metal coverage and pore density of the FD mesh (lateral view). Parameter values are
calculated from sampling boxes (red) at the central area of the FD mesh. Error bars represent SD.
The asterisk indicates a significant difference (P � .05) from the nonparametric Wilcoxon rank
sum test. Elliptic circles of the same color (red: proximal vessel; black: distal vessel) show that
mesh densities at the same parent vessel segments are similar between low- and high-compac-
tion scenarios. PV indicates proximal vessel; PT, proximal transition; M, middle; DT, distal tran-
sition; DV, distal vessel.
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sidewall aneurysm in the current study (62% inflow reduction)
is comparable with the performance of overlapping 2 FDs
(69% reduction of mean aneurysmal velocity) reported by
Augsburger et al.10 However, further analysis is needed to
verify this observation. With regard to the clinical implications
of flow reduction, it is understood that more flow reduction
leads to more immediate and complete thrombotic occlusion,
therefore avoiding the complications related to aneurysm
rupture.11,12

The orifice coverage of the first clinical case matched the cur-
rent high-compaction mesh of the sidewall aneurysm (46% versus
50%), indicating comparable flow reduction. The low-compac-
tion mesh of the other case was favorable for branch vessel pres-
ervation, but with compromised flow reduction. These 2 cases
showed high variability of the FD mesh and potentially distinct
flow modifications under the DPPT operation.

Limitations of the current study include the following: 1) Only
the hemodynamics of 2 aneurysm geometries were analyzed.

FIG 3. Hemodynamic modification by FD showing streamlines with flow-velocity magnitude (second and fourth rows) in the sidewall and
fusiform aneurysms. Left column: untreated. Middle column: low-compaction. Right column: high-compaction.
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However, these 2 were typical cases suitable for flow diversion
(wide necks and complex geometries less optimal for coiling or clip-
ping); 2) the 3.5 � 20 mm FD for high-compaction was oversized
(3.5 versus 3 mm) due to limited FD sample availability. Oversized
FDs were reported to achieve less flow reduction than nonoversized
ones,13 indicating an underestimation to the flow reduction of the
current high-compaction scenario; and 3) rigid wall was assumed
through the deployment. Future direction would be to further exam-
ine the effects of DPPT on aneurysm occlusion and perforator pres-
ervation in clinical cases following flow diversion.

CONCLUSIONS
The current study investigated the variability of the pure braided

FD mesh deployed by the DPPT in patient-specific aneurysm

models and evaluated the consequent flow-diversion perfor-

mance. The selective use of DPPT during FD deployment gener-

ated enhanced aneurysm flow reduction by creating high mesh

compaction over the aneurysm neck. DPPT was also capable of

maintaining relatively low compaction over perforators/branch

vessels to aid their preservation.
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