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Abstract
Introduction Flow diverting devices and stents can be used
to treat cerebral aneurysms too difficult to treat with coiling
or craniotomy and clipping. However, the hemodynamic
effects of these devices have not been studied in depth.
The objective of this study was to quantify and understand
the fluid dynamic changes that occur within bifurcating
aneurysms when treated with different devices and
configurations.
Methods Two physical models of bifurcating cerebral
aneurysms were constructed: an idealized model and a
patient-specific model. The models were treated with four
device configurations: a single low-porosity Pipeline embo-
lization device (PED) and one, two, and three high-porosity
Enterprise stents deployed in a telescoping fashion. Particle
image velocimetry was used to measure the fluid dynamics
within the aneurysms; pressure was measured within the
patient-specific model.
Results The PED resulted in the greatest reductions in fluid
dynamic activity within the aneurysm for both models.

However, a configuration of three telescoping stents reduced
the fluid dynamic activity within the aneurysm similarly to
the PED treatment. Pressure within the patient-specific an-
eurysm did not show significant changes among the treat-
ment configurations; however, the pressure difference
across the untreated vessel side of the model was greatest
with the PED.
Conclusion Treatment with stents and a flow diverter led to
reductions in aneurysmal fluid dynamic activity for both
idealized and patient-specific models. While the PED
resulted in the greatest flow reductions, telescoping high-
porosity stents performed similarly and may represent a
viable treatment alternative in situations where the use of a
PED is not an option.

Keywords Aneurysm . Blood flow . Flow diverter . Particle
image velocimetry . Pipeline

Introduction

The use of endovascular cerebral aneurysm treatments has
greatly increased over the past decade due to their less
invasive nature and increased effectiveness in comparison
to traditional craniotomy and clipping [1–3]. As the most
common endovascular technique, coil embolization is con-
sidered by many to be the gold standard for cerebral aneu-
rysm treatment [4]. However, there are cases where
treatments using either coiling or craniotomy and clipping
are difficult, including fusiform, dissecting (blister), and
giant intracranial aneurysms. For these difficult cases, se-
quential porous stents delivered in a “telescopic” fashion
(stent-in-stent technique) have been used to alter flow within
aneurysms [5]. This is known as the endoluminal approach
because devices, such as stents, are deployed directly into
the lumen of the diseased parent vessel in order to divert
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flow away from the aneurysm. The flow diversion technique
promotes stasis within the aneurysm and subsequent throm-
bosis with endothelialization of the arterial defect along the
stent wall at the aneurysm neck [6]. Endoluminal therapy
has the potential advantage of occluding the aneurysm with-
out creating any mass effect from coils, which can be
deleterious especially during treatment of large aneurysms
near the cranial nerves [7 ,8]. The hemodynamic and bio-
logic effects of the flow-diverting stents include: (a) redi-
recting flow away from an aneurysm; (b) reconfiguring the
anatomy of the parent vessel, thus changing the anatomy of
the parent vessel–aneurysm complex and aneurysm inflo-
w/outflow zone; and (c) stimulation of arterial endothelium,
providing a bridging scaffold as a nidus to support neo-
intimal growth over the aneurysm neck defect [9].

The stents used for the telescoping technique are high-
porosity intracranial stents, which were originally developed
to act as structural support for coil embolization [10]. The first
endoluminal flow-diverting device designed especially for
intracranial aneurysms and approved in the USA is the Pipeline
embolization device (PED; ev3, Irvine, CA). The PED consists
of a low-porosity mesh cylinder composed of braided filaments
of platinum and cobalt. Because of its unique design, the PED
affords coverage of the arterial defect of approximately 30–
35 % of the surface area. This is an increase over single high-
porosity stents, such as the Neuroform stent (Stryker, Free-
mont, CA) or Enterprise stent (Cordis Endovascular, Miami
Lakes, FL), which only provide approximately 10 % coverage
[11].While the PED has received praise over the past few years
for success in occluding aneurysms, recent studies show that
2 % of cases still resulted in severe hemorrhagic complications,
which likely relate to hemodynamic factors [12].

Many previous studies have observed the hemodynamic
effects of stents and other flow-diverting devices. For exam-
ple, an in vitro study by Canton et al. [13] demonstrated that
progressive overlapping stents decreased the vorticity, wall
shear stress, and peak velocities within the aneurysm, thus
facilitating aneurysm thrombosis. Additionally, a previous in
vitro study by our group investigated the effects of telescoping
low-porosity stents and the PED on an idealized sidewall
aneurysm and found that the flow velocities within the aneu-
rysm were reduced up to 54 % with flow diverter treatment
[14]. Previous computational studies have also found that the
stent-in-stent technique leads to fluid dynamic changes in the
aneurysmal sac that promote stasis [13 ,15]. However, the
effects of different flow diverter configurations on aneurysmal
hemodynamics remain largely unknown.

The objective of this study was to compare the fluid
dynamics associated with cerebral aneurysm treatment using
the PED to those resulting from treatment with sequential
telescoping high-porosity stents. Toward that end, particle
image velocimety (PIV) was used as a flow visualization
and quantification tool in both an idealized and a patient-

specific, anatomical cerebral aneurysm model. The overall
goal of the study was to obtain a better understanding of the
effects that different stent and flow diverter configurations
have on aneurysm hemodynamics in order to improve upon
their current and future use as treatment tools.

Methods

Modeling

Two aneurysm models were treated with stents and a flow
diverter in this study. The first was an idealized basilar tip
aneurysm model that was designed using dimensions from
average patient data. For the idealized model, the parent and
branch vessels were each 4 mm in diameter and the diameter
and neck of the aneurysm were 3.5 and 3.1 mm, respective-
ly. A computational model of the idealized aneurysm was
used to make a pot metal core with computer numerical-
controlled cutting. Sylgard 184® silicon elastomere (Dow
Corning, Midland, MI) was molded around the metal core,
which was then melted out, leaving an optically clear, lost
core model to be used for the in vitro experiments.

The second model was built from a patient-specific geom-
etry and was constructed using a different process. The patient
geometry for the model was identified in a database of com-
puterized tomography images at the Barrow Neurological
Institute because it was both representative of common cere-
bral aneurysms and contained structural similarities to the
idealized case. The image data were enhanced and segmented
with custom code in MATLAB (MathWorks, Natick, MA)
[16 ,17] before being reconstructed to form a 3D computa-
tional model using Mimics software (Materialize, Ann Arbor,
MI). Next, rapid prototyping was used to print the patient-
specific core from a dissolvable composite material using a
ZPrinter 650 RP system (Z Corporation, Burlington, MA).
The printed model was then used to recast a refined metallic
core. Finally, the core was cast in urethane and the metallic
core was melted out, producing a lost core model for
experimentation.

Device deployment

Each model was treated with four different device config-
urations: a single Enterprise stent (one-stent), two telescop-
ing Enterprise stents (two-stent), three telescoping
Enterprise stents (three-stent), and a PED. Experiments were
also performed on the untreated models for comparison.

Flow measurement and analysis

Models were connected to a flow loop with flexible polyvi-
nyl chloride tubing. A blood analog fluid was driven
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through the loop by a Compuflow 1000 piston pump (Shel-
ley Medical, Toronto, ON, Canada). The fluid comprised
water, aqueous sodium iodide, and glycerol. The solution
was configured to have a viscosity of 3.16 cP at a 25 °C
operating temperature; the amount of sodium iodide in the
solution was varied as needed to match the refractive index
of either the Sylgard 184® (for the idealized model) or
urethane (for the patient-specific model). Eight-micrometer
fluorescent particles (Thermo Scientific, Waltham, MA)
were seeded into the fluid to facilitate PIV experimentation.
Steady and average pulsatile flow conditions were investi-
gated at flow rates of 3, 4, and 5 ml/s. During pulsatile flow,
a vertebral flow waveform from the literature was used [18].

A Flowmaster 3D stereo PIV system (LaVision,
Ypsilanti, MI) was used for the PIV experiments. The sys-
tem included a 532-nm wavelength Solo PIV III dual-cavity
pulsed YAG laser (New Wave Research, Fremont, CA) and
two Imager Intense cross-correlation CCD cameras. The
laser light sheet used for slice selection was 0.5 mm thick.
The laser illuminated the fluorescent particles in the work-
ing fluid, which experience peak excitation and emission at
542 and 618 nm, respectively. Because stents can cause
laser reflections, low-pass optical fi l ters with a
572-nm cutoff (Omega Optical, Brattle Bro, VT) were
installed on the cameras to block reflections while allowing
the particles to be imaged.

Three planes of data were acquired in the idealized
model: the middle plane and two planes displaced orthogo-
nally from the centerline by ±0.5 mm in either direction.
Because the geometry of the patient-specific model was not
as symmetric, five planes were taken throughout the model
to thoroughly sample the flow field. The five planes spanned
across the aneurysm and were also 0.5 mm apart.

During PIVacquisition, 200 image pairs were obtained at a
rate of 5 Hz for each plane at each flow rate. DaVis software
(LaVision) was then used to calculate flow velocity vectors
with a cross-correlation algorithm. Interrogation windows with
an initial size of 64×64 pixels and a final size of 16×16 pixels
were used with a 50 % overlap of neighboring windows. Our
methods are described in detail by Babiker et al. [19].

A single velocity flow field was averaged within each
measurement plane and flow condition. A mask was then
applied to the aneurysmal domain within each plane, and the
root-mean-squared velocity magnitude (VRMS) was calculat-
ed for the aneurysmal velocity vectors throughout all of the
planes. VRMS was calculated using the following equation:

Vrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where n is the number of data points within the measure-
ment area and Vi is the flow velocity magnitude at point i.

Note that VRMS within the aneurysmal measurement area is
representative of the fluid dynamic activity within the aneu-
rysm, so a reduction in aneurysmal VRMS indicates a reduc-
tion in the overall fluid dynamic activity within the
aneurysm. Our selection of VRMS as a measurement
metric is due to it being inherently spatial normalized
and it represents the flow of the entire volume as
opposed to focusing on one direction, allowing us to
quantify the complex flow field.

Pressure measurement and analysis

Pressure measurements were taken within the aneurysmal
sac and at the model inlet and untreated outlet of the patient-
specific model. Pressure was only measured in the patient-
specific model due to material limitations of the idealized
model. Measurements were taken using a fluid-filled pres-
sure transducer (Harvard Apparatus, Holliston, MA). In
order to obtain measurements within the aneurysm, a very
small tap was microdrilled into the model and a micro-
catheter (outer diameter, 0.4 mm) was threaded into the
aneurysm. The location of the pressure tap was selected
based on ease of construction, lack of interference with
PIV measurements, and desired location within the aneu-
rysm. In order to prevent model leakage, the catheter en-
trance was sealed with silicone. To measure pressure
changes across the entire model, taps were also made in
connective tubing at the model inlet and outlet. The pressure
transducer was connected to an amplifier unit (Harvard
Apparatus) and measurements were recorded using Lab-
VIEW Signal Express (National Instruments, Austin, TX).

Measurements were taken for 12 continuous seconds at
all flow rates and under steady and pulsatile flow conditions.
For the steady flow rates, an average pressure was calculated
from the 12-s sample. For the pulsatile flow rates, ten full
cycles were selected from the 12-s sample and averaged to
generate a single average pressure curve for the entire cycle.

Results

Flow

Flow results are presented in Figs. 1 and 2 as bar graphs of the
VRMS within the aneurysm, for each deployment and for the
idealized and patient-specific model, respectively. The per-
centage change between the untreated case and each deploy-
ment configuration is also highlighted in Figs. 1 and 2.

As shown in Fig. 1, VRMS within the aneurysm decreased
after each sequential stent placement in the idealized model.
There was one exception for pulsatile flow at 5 ml/s, where
the two-stent deployment resulted in a 3 % increase in VRMS

as compared to the one-stent deployment. The average
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reductions in VRMS across all three flow rates, as compared
to the untreated case, were 7.3, 15.6, and 42.7 % for one-,
two-, and three-stent deployments, respectively. Reductions
for the PED were greatest across all flow rates, with
an average VRMS reduction of 60.7 % compared to the
untreated model.

While Fig. 2 shows reductions in VRMS within the aneu-
rysm of the patient-specific model after each stent deploy-
ment, the reductions were considerably smaller than those
observed in the idealized case. Also, the reductions within
the patient-specific model did not follow the sequential
pattern observed in the idealized case. During steady flow,
the one- and two-stent deployments resulted in similar VRMS

reductions, 10.1 and 10.9 % on average, respectively, as
compared to the untreated case. Furthermore, placement of
a second stent led to an increase in VRMS under pulsatile
flow conditions. In comparison to the untreated case, VRMS

was reduced by an average of 16.2 % across all flow rates
after the one-stent deployment. When the two-stent deploy-
ment was performed, the average reduction was only 8.7 %.

After the three-stent deployment, VRMS reductions returned
to an average of 16 %. The PED led to the greatest VRMS

reductions for all parent vessel flow rates examined, aver-
aging 24.3 and 19.4 % at steady and pulsatile conditions,
respectively.

Pressure

For each treatment configuration, pressure within the aneu-
rysm fluctuated within 1 or 2 mmHg as the parent vessel
flow rate increased. Also, there was no significant difference
in intra-aneurysmal pressure between each treatment con-
figuration; however, overall pressure differences across the
model varied noticeably among treatments. As shown in
Fig. 3, the pressure difference, which is the change in
pressure from the inlet vessel to the untreated outlet vessel,
increased after each sequential stent deployment. The PED
caused the greatest pressure difference in comparison to the
untreated case, which was nearly double that observed for
the three-stent deployment.

Fig 1 VRMS within the
aneurysm of the idealized
model for each flow rate and
treatment. In each case,
treatment reduced the VRMS

within the aneurysm; however,
the PED was the most effective
for all flow rates
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Discussion

Flow diverters have been found effective in treating cerebral
aneurysms that are not suitable for treatment with more

traditional methods (e.g., coiling, craniotomy, and clipping).
However, stand-alone stents and flow diverters are a recent
addition to the field of endovascular neurosurgery, and their
effects on aneurysmal hemodynamics are not yet well under-
stood. This study applied in vitro techniques to measure the
effects of stents and flow diverters on aneurysm hemodynam-
ics in order to enhance current understanding of the devices
and how they can best be used to treat cerebral aneurysms.

As expected, deployment of each device in our experi-
ments led to reductions in fluid dynamic activity within the
aneurysm; however, there were obvious differences between
effects in the idealized and patient-specific model flows. For
the idealized case, sequential placement of telescoping high-
porosity stents resulted in increased VRMS reductions as each
stent was deployed. Reductions in VRMS with sequential stent
placements were not linear, which was expected since the
placement of telescoping stent cells relative to one another
was not regulated (other than ensuring that the stent struts
were not directly aligned). Accordingly, the changes in

Fig 2 VRMS within the
aneurysm of the patient-specific
model for each flow rate and
treatment. The tortuous
geometry of the patient-specific
model led to more variation in
the effectiveness of the
treatment method

Fig 3 Pressure difference across the patient-specific model, which is
the difference between the pressure at the inlet and the pressure at the
untreated outlet. The increase in pressure difference with the use of the
PED indicates an increase in resistance to the untreated side
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porosity that occurred with each stent deployment were un-
regulated. A previous in vitro study by our group investigated
telescoping Neuroform stents across an idealized sidewall
aneurysm, which resulted in a similar pattern of reductions
in VRMS as each stent was deployed [14]. The results reported
here also agree with a computational study by Tremmel et al.
[15] that looked at stent-in-stent deployments of Enterprise
stents. As in our study, Tremmel found that with each sequen-
tial stent deployment, there was a reduction in fluid dynamic
activity within the aneurysm; however, their study was based
on both decreases in wall shear stress and average velocity
magnitude [15].

In contrast to the idealized model, VRMS in the patient-
specific model increased with the two-stent deployment when
compared to the one-stent deployment. The reason for the
increase is from the tortuous patient-specific geometry, which
forced the high-porosity stent to bend at an acute angle. As
shown in Fig. 4, the bending of the stent leads to what is often
described as a “fish mouth” shape common to open-cell stent
designs, which in this case forms a jet that is directed into the
aneurysm. The jet is highlighted in the flow maps
corresponding to the one- and two-stent deployments in
Fig. 4. With the three-stent deployment, the jet begins to
dissipate and once again the VRMS within the aneurysm is
reduced. In contrast, Fig. 5 shows that the vessel geometry of
the idealized case leads to a uniform deployment of the stents
within the parent vessel, which prohibits the formation of jets,
such as the one observed in the patient-specific model.

The discrepancies between stent performance in the ide-
alized and patient-specific cases highlight the important role
that vessel and aneurysm geometry can play in the effective
placement of stents or flow diverters and the corresponding
fluid dynamics. Similar findings were reported in a recent in
vivo study by Darsaut et al. [20] that compared the effec-
tiveness of flow diverters in treating three types of surgically
created aneurysms in canines. That study found that flow
diverters were effective in occluding straight sidewall aneur-
ysms, but were not as effective in treating curved sidewall or

end-wall basilar-type aneurysms due to the more tortuous
geometries of the aneurysm vessels, which promote more
complex diverter shapes and positions [20]. Our observa-
tions agree with the results of Darsaut et al., which indicate
that changes in flow diverter shape (e.g., malposition) due to
vessel geometry lead to significant hemodynamic changes
within the aneurysmal sac, which, in turn, could reduce the
effectiveness of the device in occluding the aneurysm.

In contrast to the low-porosity stent, the PED showed
better flexibility and adhesion to vessel walls when
deployed in the patient-specific model. Shown in Fig. 4,
the PED was not affected by the acute angle of the vessel.
High-porosity stents attempt to provide such flexibility with
an open-cell design that facilitates navigation through tortu-
ous vessels; however, when open-cell designs are bent at
extreme angles (which occurred in the patient-specific mod-
el examined here), the stent struts can actually protrude into
the aneurysm, causing unfavorable hemodynamics [21].

In both the idealized and patient-specific models, the
PED led to the greatest reductions in fluid dynamic activity
within the aneurysm. The superior reduction is likely a
combination of the lower porosity and the more effective
deployment shape. However, it should be noted that the
differential in average VRMS reduction between the three-
stent deployment and the PED was marginal, only 8 and 4 %
for the steady and pulsatile flow, respectively. The results
presented here are similar to our previous in vitro study of
an idealized sidewall aneurysm, where the difference be-
tween three telescoping stents and the PED was negligible
[14]. The similarity between the two deployments has im-
portant implications because, in some cases, the use of a
PED may not be possible, especially if the aneurysm has
been treated previously. For example, aneurysms that have
been treated in the past with stent-assisted coiling and reoc-
curred can be treated with limited options (e.g., adding more
coils or surgical clipping). In such cases, there are concerns
that treatment with a PED would not be effective because it
will appose poorly and lead to possible “endo-leaks”

Fig 4 Velocity vector maps
describing a representative plane
from the patient-specific model
for a 4-ml/s steady flow rate.
Each configuration is labeled.
Highlighted in white is the jet
formed with the deployment of
the high-porosity stents
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[11 ,22]. An increased difficulty in navigating the PED into
position for deployment has also been observed when an
aneurysm has been previously treated with a stent [11]. The
increased pore density also may limit the ability of adding
additional coils later, if necessary. However, adding a more
porous stent to the previous construct allows for a better
configuration and still allows for the use of additional coils
to assist in the aneurysm occlusion, if necessary.

Pressure measurements taken within the aneurysm fluc-
tuated within 1 or 2 mmHg as the flow rate increased,
regardless of treatment. Such small changes are consistent
with previous findings from computational studies wherein
reductions in flow within the aneurysm did not lead to
significant changes in intra-aneurysmal pressure [14 ,23].
However, the pressure differential between the inlet and
untreated outlet, which is also the pressure difference across
the model, did change with each treatment configuration. As
shown in Fig. 3, the pressure difference across the model
increased with each sequentially placed stent, and the PED
caused the greatest pressure difference of all. The increases
in pressure difference show that device deployment leads to
alterations in flow resistance through the untreated side of
the model, indicating that flow may be preferentially
diverted through deployed devices. Variations in pressure
differences with different device configurations are also
informative because they show that flow through high-
porosity stents increased with each sequential placement,
even though intra-aneurysmal fluid dynamic activity fluctu-
ated. Such findings emphasize the impact of the flow activ-
ity near the aneurysm, which was affected by the diverter
deployment shape in the patient-specific aneurysm model.

It should be noted that physiologic pressure drops were
employed across the models explored in this study rather
than physiologic absolute pressures; that is, pressures at the
model inlets and outlets were not maintained so as to repre-
sent physiological conditions in an absolute sense (which
can pose additional experimental challenges), but were

configured instead to use physiologic pressure drops across
the models. In a fundamental study by Conrad [24]
describing the flow in collapsible tubes, he found that flow
was in fact a function of pressure drop and concluded “The
pressure drop between the inlet and outlet determines the
flow.” For studies like the one presented here, such pressure
drops facilitate recreation of realistic in vivo flow regimes
and may in fact be more of a concern than absolute pressures
in performing experiments like ours effectively. Specifically,
pressure drops across our system were near 40 mmHg for
each flow rate, which is within the physiologic range
observed in the cerebrovascular system in vivo. A recent
and well-received study by Dorn et al. [25] used similar
methods to observe the effects of flow diverters on hemo-
dynamics within sidewall cerebral aneurysms. The pulsatile
conditions, blood analog fluids, and matched pressure drops
used in our experiments agree well with that study, among
others, although Dorn et al. also chose to match absolute
pressures to physiologic conditions.

Several limitations of this study relate to the amount of
experiments that could be run in an efficient and time-
effective manner. While the flow rates, models, and deploy-
ment geometries chosen represent only a few of the many
clinical possibilities, we feel that the cases selected comprise
a representative cross-section of bifurcation aneurysm con-
ditions and thus provide a strong foundation for assessing
trends. Furthermore, results of the study could potentially
serve as templates for predicting general fluid dynamics in
aneurysmal geometries similar to those examined here since
geometry has been established as a primary factor that
determines fluid dynamics. Our study was also limited in
that only two hemodynamic properties, VRMS and pressure,
were considered. However, we feel that these metrics are well
defined and also characterize the overall hemodynamics
within the aneurysm well. Future study goals include devel-
oping improved computational models of patient-specific
geometries (to include wall compliance), advancing

Fig 5 Velocity vector maps
describing the center plane of
the idealized model for a 4-ml/s
steady flow rate. Each
configuration is labeled
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computational modeling of stents and flow-diverting devices,
and further characterizing the effects of vascular geometry and
different flow diversion treatments on aneurysmal fluid
dynamics using both experimental and computational
techniques.

Conclusions

Overall, the low-porosity PED led to greater reductions in
intra-aneurysmal fluid dynamic activity than telescoping
high-porosity stents. However, in cases where PED deploy-
ment may not be an option, sequential telescoping of mul-
tiple high-porosity stents can still lead to considerable
reductions in intra-aneurysmal fluid dynamic activity, espe-
cially in comparison to a single high-porosity stent. Flexi-
bility of the PED also led to better deployment in the
tortuous vessels of our patient-specific aneurysm model.
The results of this study demonstrated the important effects
that different stent and flow diversion treatments can have
on hemodynamic outcomes in bifurcating aneurysms.
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