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Abstract—Over the past 15 years, coil embolization has
emerged as an effective treatment option for cerebral
aneurysms that is far less invasive than the long-standing
convention of surgical clipping. However, aneurysm recur-
rence after coil embolization is not uncommon: recurrence
rates as high as 50% have been reported in the literature. One
factor that may contribute to recurrence after coiling is
residual flow into the aneurysmal sac. At present, there is
limited quantitative knowledge of the relationship between
coil packing density and aneurysmal inflow. We present an
in vitro fluid dynamic study of basilar tip aneurysm models
that elucidates this relationship. At physiologically normal
flow rates, we found that a packing density of 28.4%
decreased aneurysmal inflow by 31.6% in a wide-neck model,
and that a packing density of 36.5% decreased aneurysmal
inflow by 49.6% in a narrow-neck model. Results also
indicated that coiling reduced aneurysmal inflow more
significantly at lower parent vessel flow rates, and that
coiling reduced neck-plane velocity magnitudes more signif-
icantly for narrow-neck aneurysms. Our study provides novel
quantitative information that could ultimately contribute to
improved outcomes for patients with cerebral aneurysms by
enabling more effective coil embolization.

Keywords—PIV, Basilar artery, Embolic coils, Packing
density, Cerebral aneurysm.

INTRODUCTION

Subarachnoid hemorrhage (SAH) is a highly lethal
condition with a 30-day mortality rate of 45%. SAH
affects approximately 33,000 individuals in the United
States (US) each year and accounts for up to 5% of all
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new strokes.” An estimated 80% of SAH cases are
attributed to ruptured cerebral aneurysms.” In total,
ruptured cerebral aneurysms cause more than 14,000
SAH fatalities each year in the US alone.*”

An estimated 2% of adults worldwide live with
undiagnosed cerebral aneurysms.”® When a cerebral
aneurysm is diagnosed, it can be treated in several
ways. Surgical clipping and coil embolization are two
popular options. Surgical clipping, which has been
practiced for over 60 years, comprises the placement of
a metallic clip across the neck of the aneurysm to
immediately exclude the aneurysmal sac from circula-
tion.* Endovascular coil embolization is a far less
invasive treatment option that was first practiced in the
early 1990s.*'32%% The international subarachnoid
aneurysm trial (ISAT), a multicenter randomized trial
involving more than 2000 patients, found that surgical
treatment was unsuccessful in 31% of cases as opposed
to 23% for coil embolization.”> Furthermore, a
nationwide US study reported that, in comparison to
surgical clipping, coil embolization resulted in a 23%
reduction in hospital charges, a 44% reduction in
hospital stay length, and an estimated 50% reduction
in mortality rate.'"* Nevertheless, coil embolization is
unsuccessful in many cases. Intra-procedure mortality
rates of nearly 10% have been reported, and for basilar
tip aneurysms, recurrence rates as high as 50% have
been reported after initial treatment.**

The ultimate goal of coil embolization is to exclude
the aneurysm from circulation. When successful, coil
embolization facilitates vascular remodeling at the
neck of the aneurysm, which seals off the aneurysm
from the parent vessel over time. Thrombosis in the
aneurysmal sac is an important intermediate step of
this process, but the pathway to a favorable outcome
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begins with the immediate goal of coil embolization: to
eliminate aneurysmal inflow by occluding the aneu-
rysm. When embolization is incomplete, there is
residual flow from the parent vessel into the aneurysm,
which may be one factor that contributes to recur-
rence. Accordingly, post-treatment aneurysmal inflow
is a highly relevant clinical parameter.

Aneurysmal inflow is evaluated during treatment
based on visual inspection of dynamic angiograms.
This evaluation serves as the short-term measure of
embolic success or failure in the procedure room.
When little or no contrast agent can be visualized
entering the aneurysm, embolization is considered to
be complete. This is a qualitative exercise, however,
and embolizations that are classified as complete based
on angiographic inspection may correspond to a broad
range of aneurysmal inflows. Once a procedure is
complete, follow-up examinations may include mag-
netic resonance and/or conventional angiography, but
both modalities are qualitative in this context and lack
the capability to quantify aneurysmal inflow.

Quantitative knowledge of the relationship between
coil packing density and aneurysmal inflow could
mitigate evaluation uncertainty and facilitate more
complete embolization. Clinical studies have correlated
high packing density with decreased aneurysmal
recurrence, but have never quantified the relationship
between packing density and aneurysmal inflow.?”*
Numerous studies have investigated the effects of coil
embolization on aneurysmal fluid dynamics in silico
using computational fluid dynamics (CFD).%%*
However, authors of those studies have reported that
coiled aneurysm fluid dynamics are extremely difficult
to simulate well because of highly complex post-
deployment coil geometries and fluid structure inter-
actions.®*

Experts in the field have also noted the shortcom-
ings of previous experimental work, and have recog-
nized a need for different methods.* Specifically,
previous experimental studies have been both limited
and primarily qualitative.>”-'*!3233132 Flow visuali-
zation was used qualitatively in several studies to
observe post-embolization reductions in aneurysmal
inflow.'*'> Other ex vivo and in vivo studies have
focused on intra-aneurysmal pressure measurements to
characterize changes in fluid dynamics after coil
deployment.>"*> Sorteberg et al. used pressure and
temperature measurements at a single point inside the
aneurysm to quantify local flow variations indi-
rectly.’'¥ Jou e al. also quantified fluid dynamic
changes indirectly based on the visualization of con-
trast agent flow with fluoroscopy.'” Canton er al. used
two-dimensional (2D) particle image velocimetry (PIV)
as a qualitative tool to visualize redirected flow at the
aneurysmal neck after coiling.” However, none of these

studies measured post-embolization flows directly, nor
did they quantify post-embolization fluid dynamics in
relation to coil packing density.

We present an in vitro steady flow study of the fluid
dynamics in coiled cerebral aneurysms that quantifies
the relationship between coil packing density and
aneurysmal inflow using three-dimensional (3D) stereo
PIV. The study investigates a type of aneurysm that is
particularly challenging to embolize, the basilar tip
aneurysm, through parametric idealized models. This
work is the initial phase of an ongoing effort to
establish a foundation for understanding coiled aneu-
rysm fluid dynamics through experimentation with
parametric idealized and anatomical models under
steady and pulsatile flow conditions. Our ultimate goal
is to facilitate improved outcomes for patients with
cerebral aneurysms. To our knowledge, this study
represents the first time that the relationship between
coil packing density and anecurysmal inflow has been
quantified, or that 3D PIV has been used to image flow
in aneurysm models treated with endovascular coils.

METHODS

Idealized computational models comprising basilar
artery bifurcations and basilar tip aneurysms were
designed in Solidworks (Solidworks, Concord, MA,
USA). The models were designed under physician
supervision and were based on in vivo angiographic
images of basilar tip aneurysm anatomies. One such
image is shown in Fig. 1a. In each model, the main axis
of each outlet vessel was oriented to the main axis of
the parent vessel at a 60° angle. Four millimeter
diameters were specified for the parent vessel and
outlet vessels, and a 4 mm diameter spherical aneurysm
was attached at the parent vessel bifurcation. Different
aneurysmal neck-plane sizes were achieved by varying
the overlap between the spherical aneurysms and the
parent vessel bifurcations. Overlaps of 0.5 and 1 mm
were specified for narrow-neck and wide-neck models,

FIGURE 1. In vivo angiographic image of basilar tip aneu-
rysm (a), wide-neck computational model with neck-plane
indicated in black (b), and wide-neck physical model during
experimentation (c).
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respectively. These correspond to aneurysmal neck-
plane diameters of 2.64 mm (66.0% of the aneurysmal
diameter) and 3.46 mm (86.5% of the aneurysmal
diameter). The neck-plane represents the boundary that
fluid must cross to enter the aneurysm. It is defined here
as the smallest circular cross section of the aneurysmal
sphere that shares boundaries with the parent vessel. For
clarity, we use the term ““neck-plane’ to refer only to this
circular cross section, and not to the entire geometric
plane that it resides within. In Fig. 1b, a wide-neck
computational model is shown and the projection of the
neck-plane onto the model surface is indicated by the
black line. In each model, an entrance length of 8 cm
(20 vessel diameters) was included upstream of the
bifurcation to ensure that flow was fully developed
before entering the bifurcation region.

Each computational model was used to construct a
physical core model from pot metal with computer
numerical controlled (CNC) cutting (Shelley Medical,
Toronto, ON, Canada). Transparent physical models
were molded around the pot metal cores with Sylgard
184 silicon elastomere (Dow Corning, Midland, MI,
USA), and the cores were then melted out. A wide-neck
transparent lost-core physical model is shown in Fig. Ic.

The transparent models were connected to a flow
loop with flexible polyvinyl chloride tubing. Equal
vascular resistances were imposed at each model out-
let. A blood analog working fluid composed of water,
glycerol, and aqueous sodium iodide was configured to
achieve a refractive index of 1.43, matching that of
Sylgard 184, and a dynamic viscosity of 3.40 cP at an
operating temperature of 25 °C. The working fluid was
seeded with 8 yum fluorescent Rhodamine-B particles
(Thermo Scientific, Waltham, MA, USA) that experi-
ence peak excitation and emission at 542 and 618 nm,
respectively. Flow through the loop was driven by
a Compuflow 1000 piston pump (Shelley Medical,
Toronto, ON, Canada). Data were acquired with a
Flowmaster 3D stereo PIV system (Lavision, Ypsi-
lanti, MI, USA). Flow within the models was illumi-
nated by a 0.5 mm thick laser sheet from a 532 nm Solo
PIV III dual cavity pulsed YAG laser (New Wave
Research, Fremont, CA, USA). Two Imager Intense
cross-correlation CCD cameras were used to acquire
images with matrix sizes of 1376 by 1040 and pixel
dimensions of 9.88 um square. Low-pass optical filters
with a 572 nm cutoff (Omega Optical, Brattleboro,
VT, USA) were installed on both cameras. Those filters
allowed the fluorescent seed particles to be imaged
effectively despite intense laser reflections from
deployed coils.

Axium bare platinum detachable coils (EV3, Plym-
outh, MN, USA) were used to embolize aneurysms
within the transparent models. To facilitate deploy-
ment, microcatheters were integrated into the flow loop

both upstream and downstream of the model interface.
A balloon-assisted technique was used during coil
deployment to prevent coil herniation into the parent
vessel, as shown in Fig. 2a. Coils were deployed
according to standard clinical practice. This was
accomplished through the initial deployment of a long
coil to create a basket for further coil deployments.
Smaller coils were then sequentially deployed to achieve
increasing packing densities until no further coils
could be deployed without herniation. A clinical “coil
pusher” tool was also used after deployment, when
necessary, to ensure that the coil mass was oriented
internal to the aneurysm and that the aneurysmal neck-
plane region could be visualized clearly. Data were
acquired after each deployment. An example of a coil
packing sequence is shown in Figs. 2b-2d. Coil packing
density was calculated analytically and is expressed in
our results as the percentage of aneurysmal sac volume
occupied by the deployed coils. The coil volumes used
in calculation were based upon manufacturer’s specifi-
cations. Steady flow rates of 3 and 5 mL/s were inves-
tigated for each different packing density in both
models. These flow rates were chosen to span a physi-
ologic range of normal and diseased conditions.'®
Three planes within the fluid domain were examined for
each combination of experimental parameters: the
center plane defined by the parent and outlet vessel

FIGURE 2. Demonstration of balloon-assisted coil deploy-
ment technique (a) and progressive stages of a coil deploy-
ment sequence in a narrow-neck basilar tip aneurysm model:
0% packing density (b), 19.74% packing density (c), and
28.09% packing density (d).
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main axes, and the two planes displaced orthogonally
from the center plane by 0.5 mm. At each of these
planes, 130 image pairs were acquired at a rate of 5 Hz,
with a time separation of 20 us between images in a
pair. Velocity vectors were then calculated through
cross-correlation within DaVis software (Lavision,
Ypsilanti, MI, USA). Interrogation windows of pro-
gressively smaller dimensions were used down to 32 by
32 pixels with a 25% overlap between neighboring
windows. Results from each of the 130 image pairs were
then averaged to determine a single flow velocity vector
field for each plane. RMS errors associated with the
averaging process were carefully monitored to ensure
that no significant transient flows were present.

The volumes of acquired velocity data were then
analyzed to quantify cross-neck flow, defined as the
cumulative flow volume crossing the neck-plane of the
aneurysm per second, and RMS velocity magnitude at
the neck-plane of the aneurysm, calculated as:

1 n
Vims = H5;|Vi|27 (l)

where n is the number of data points within the
aneurysmal neck-plane and |V} indicates the flow
velocity magnitude at point 7. It is noteworthy that the
acquired flow velocity volumes did not span the entire
aneurysmal neck-plane in either model configuration,
but did span 68.1 and 53.6% of the neck-plane in the
narrow and wide-neck models, respectively. Further-
more, each acquired volume was symmetric about the
main axes of the parent vessel and outlet vessels, and
included the region of the aneurysmal neck-plane
toward which the highest magnitude flow velocities
were directed from the parent vessel. Accordingly, we
are confident that these flow velocity volumes are
highly indicative of the overall fluid dynamics at the
corresponding neck-planes of the aneurysm models.

For 3D streamtracing and visualization, a modified
control grid interpolation (MCGI) was used to recon-
struct isotropically resolved 3D velocities throughout
the fluid domain spanned by each set of three acquired
velocity data planes.” MCGI is an established algo-
rithm for fluid flow velocity data reconstruction that
performs with high accuracy while minimizing diver-
gence errors.'’ Displacement fields linking similar fluid
structures in neighboring velocity magnitude images
were determined by minimizing:

E(@pB) = >3 (MK —I[n + & 0(n),

ner
+BTpm) k+ok]))’,  (2)

where E is the optical flow-based error associated with
the displacement field defined by control point row and

column displacements & and f8, I is an image com-
prising flow velocity magnitudes, the vector n =
(ny, n,) denotes image matrix coordinates, R is the
region of support, and 0 and ¢ represent basis func-
tions that implement a bilinear interpolation to pop-
ulate a complete displacement field based on & and p.
Sets of displacement fields were then used to facilitate
the directional interpolation of individual velocity
components, whereby an isotropically resolved volume
of 3D flow velocity vectors was reconstructed for each
acquired data set. This framework reduces computa-
tional requirements in comparison to pure optical flow,
at a small expense in terms of displacement field flex-
ibilitg.l}\/lore information can be found in the litera-
ture.”

RESULTS

Consistent flow across the neck of the aneurysm was
observed in the uncoiled models, as shown in Fig. 3
where vector plots corresponding to different parent
vessel flow rates are overlaid on a wide-neck model. In
that figure, we have chosen to invert the conventional
color map so as to display greater contrast in regions
of the vector field characterized by smaller flow
velocity magnitudes. Figure 3 also displays the large
vortices that formed near the center of the aneurysmal
sac in the uncoiled models, which are a common
finding in the literature.'>'>*" After coil deployment,
consistent reductions in cross-neck flow were observed.
For both models, and for all flow rates examined,
increased packing density led to decreased cross-neck
flow. As shown in Fig. 4, every incremental increase in
packing density was accompanied by a decrease in
cross-neck flow. A final packing density of 36.5% in a
narrow-neck model led to cross-neck flow decreases of
49.6 and 30.5% for parent vessel flow rates of 3 and
5 mL/s, respectively. A final packing density of 28.4%
in a wide-neck model led to cross-neck flow decreases
of 31.6 and 27.3% for parent vessel flow rates of 3 and
5 mL/s, respectively. These results can also be appre-
ciated qualitatively in Fig. 5, where several features of
the flow field corresponding to the more densely
packed aneurysm are consistent with decreased flow
across the neck of the aneurysm. Specifically, the cross-
neck components of the flow vectors at the neck-plane
in Fig. 5b are visibly shorter than those in Fig. 5a
(indicating more significant occlusion in Fig. 5b), and
the high-velocity jet oriented along the main axis of the
parent vessel terminates further upstream in Fig. 5b as
compared to Fig. 5a. Another visual representation of
the cross-neck flow reduction realized through coiling
is provided in Fig. 6, where the respective 3D stream-
traces correspond to pre- and post-treatment fluid
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FIGURE 3. Velocity magnitude vectors within the center plane of flow velocity data acquired from an uncoiled wide-neck basilar
tip aneurysm model at parent vessel flow rates of 3 (a) and 5 mL/s (b).
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FIGURE 4. Cross-neck flow rate (mL/s) vs. coil packing
density (%).

dynamic conditions in a narrow-neck model. In that
figure, both sets of streamtraces originate from iden-
tical locations within the model center-plane, spread
uniformly across the inlet of the bifurcation region.
Similar trends were observed with respect to RMS
velocity magnitude at the neck-plane. As shown in
Fig. 7, all increases in packing density also led to
decreases in RMS velocity magnitude at the neck-
plane, with two exceptions. A final packing density of

36.5% in a narrow-neck model led to RMS velocity
magnitude decreases of 34.7 and 23.1% for parent
vessel flow rates of 3 and 5 mL/s, respectively. A final
packing density of 28.4% in a wide-neck model led to
RMS velocity magnitude decreases of 7.7 and 16.1%
for parent vessel flow rates of 3 and 5 mL/s, respec-
tively. These results can also be appreciated qualita-
tively in Fig. 5, where the color-coding indicates
decreased flow velocity magnitudes at the neck-plane
for the more densely packed case. In order to char-
acterize inter-acquisition variations in our results,
six repeat data acquisitions were performed for an
uncoiled narrow-neck model at a steady parent vessel
flow rate of 3 mL/s. Cross-neck flow rates varied
from the mean by an average of 4.89% with a stan-
dard deviation of 3.31% of the mean. RMS velocity
magnitudes at the neck-plane varied from the mean
by an average of 3.77% with a standard deviation of
2.43% of the mean.

DISCUSSION AND CONCLUSIONS

The most direct conclusion from our results is that
coil embolization significantly reduces both aneurys-
mal inflow and RMS velocity magnitude at the neck of
the aneurysm. However, our results also indicate that
even very dense coil packings, by clinical standards, do
not embolize completely. In the wide-neck model
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FIGURE 5. Velocity magnitude vectors within the center plane of flow velocity data acquired from a narrow-neck basilar tip
aneurysm model at packing densities of 19.74% (a) and 32.27% (b) for a parent vessel flow rate of 3 mL/s.

configuration for example, as much as 72.7% of the
cross-neck flow present before coiling persisted at the
highest packing density investigated. This suggests that
complete embolization, as defined by current clinical
evaluation methods, may allow more significant
aneurysmal inflow than would be clinically expected.

Two other important conclusions relate specific
anatomical and physiologic parameters to post-treat-
ment fluid dynamics. First, our results indicate that
coiling reduces aneurysmal inflow more significantly at
lower parent vessel flow rates. This finding is consistent
with a previous study that evaluated post-treatment
aneurysmal inflow.>' Second, our results indicate that
coiling reduces RMS velocity magnitude at the neck-
plane more significantly, and more consistently, for
narrow-neck aneurysms. We propose that coil embo-
lization may be more effective in establishing a flow
stagnation point at the neck-plane for these types of
aneurysms, which leads to more significant reductions
in flow velocity magnitude at the neck.

Results also showed that the ratio of cross-neck flow
reduction to incremental increase in packing density is
greater at higher packing densities. Simply put,
reductions in aneurysmal inflow per volume unit of coil
added were greater for the smaller coils deployed last
in the coiling sequence, as compared to the largest coils
deployed first. This indicates that deployment of the
last coil in a sequence can be very important for
achieving acceptably low aneurysmal inflow rates, even

though that coil may change packing density by a
small amount. These novel quantitative results support
clinical findings that high packing density contributes
to decreased aneurysmal recurrence through more
complete embolization.*”*

There are several ways that quantitative knowledge
of the relationship between coil packing density and
aneurysmal inflow could facilitate improved outcomes
for patients treated with coil embolization. First,
neurosurgeons could target an optimal, patient-specific
packing density prior to intervention that would limit
aneurysmal inflow to an acceptable level. This would
encourage the deployment of a sufficient coil volume, if
possible, and could reduce the number of procedures
resulting in incomplete embolization. A target density
would also provide a landmark for neurosurgeons
indicating when to stop packing an aneurysm with
coils, which would decrease both prolonged anesthesia
risks and the risk of aneurysmal rupture due to over-
packing.! Finally, if a target density could not be
achieved in practice, then clinicians would be aware of
increased recurrence risk, and could monitor the pa-
tient more closely or pursue alternative treatment.

Several limitations of this study are noteworthy.
First, because every coil deployment is different, fluid
dynamics may vary significantly between two different
deployments that achieve the same packing density.
Unfortunately, the high cost and limited availability of
coils prohibit extensive repeat experimentation. We felt
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FIGURE 6. Velocity magnitude color-coded 3D streamtraces
within reconstructed flow velocity volumes from a narrow-
neck basilar tip aneurysm model at 0% packing density (un-
treated case: blue/green) and at 32.27% packing density
(treated case: yellow/red) for a parent vessel flow rate of 3 mL/
s. Both sets of streamtraces originate from identical locations
within the model center-plane, spread uniformly across the
inlet of the bifurcation region.

= 034
) l\ - WIDE NECK 5ml/s
£ - & WIDE NECK 3ml/s
w ) O P —B-NARROW NECK 5ml/s
S 0.30 i \'\ -@-NARROW NECK 3ml/s
= e
g he \\
< 026 LR
2 ]
>
=
9 0.22
S
s ~—
CINRTY TERER
s “\ T
E \
S o4 ..
> ~e
Q
w
Z 0.10
0 5 10 15 20 25 30 35 40

COIL PACKING DENSITY (%)

FIGURE 7. Neck-plane RMS velocity magnitude (m/s) vs. coil
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that instead of repeating experiments for a few packing
densities in one model, our available coil resources
would be better used in this initial study by exploring a
broad range of packing densities in different models.
However, one component of future work will be to

quantify variations in fluid dynamic results among
different deployments that achieve the same packing
density.

Another limitation of this study is that, within the
aneurysmal sac, coils occlude the particles that must
be imaged to perform PIV. Accordingly, PIV cannot
be used to measure velocities in the aneurysmal sac
directly after dense coiling. Instead, we chose to mea-
sure velocities at the neck-plane of the aneurysm,
which relate directly to intra-aneurysmal fluid
dynamics since all flow entering the aneurysmal sac
must cross the neck-plane. To avoid any problems with
occlusion at the neck-plane, a clinical “coil pusher”
tool was used to ensure that coils were sufficiently
displaced from the neck-plane to allow for accurate
velocity measurements to be taken there with PIV.

This study is also limited in that we explored only
idealized models and varied a small number of physi-
ologic and geometric parameters in those models.
Physiologically, we focused on models with unregu-
lated compliance under steady flow conditions. Geo-
metrically, we focused on varying aneurysmal neck size
and coil packing density, but there are many other
geometric parameters that affect flow conditions in
coiled aneurysms. For example, previous computa-
tional studies have reported that the angle between the
main axes of the parent vessel and aneurysm can
strongly influence fluid dynamics in basilar tip aneu-
rysms.'® Clearly, it would be impractical to vary this
parameter in a large number of in vitro models, which
is one disadvantage of bench-top work in comparison
to simulation. Furthermore, our study was focused on
the instantaneous changes in aneurysmal inflow that
induce long-term exclusion of the aneurysmal sac from
circulation. The mid- and long-term effects of clotting
and other biological processes on aneurysmal fluid
dynamics are factors that were not investigated, but
need to be considered. Nevertheless, we feel that our
data elucidate the effects of varying two important
geometric parameters over a physiologic range of
steady flow rates spanning normal and diseased con-
ditions. Future work will explore the effects of varying
other parameters, and will include both anatomical
models and pulsatile flow conditions.

While general trends in risks associated with over-
packing and prolonged anesthesia are well-known,
specific quantitative risks associated with these factors
are less well-known. For this reason, we have consid-
ered the impact that our study may have on reducing
these risks, but have not tried to quantify that impact
as of yet. This quantification is a component of the risk
assessment that is one goal of future work.

This study is the initial phase of an ongoing effort to
establish a foundation for understanding coiled aneu-
rysm fluid dynamics through in vitro experimentation
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with PIV. We have quantified the relationship between
coil packing density and clinically relevant features of
coiled aneurysm fluid dynamics, including cross-neck
flow, for parametric idealized basilar tip aneurysm
models. Our study provides novel quantitative infor-
mation that could contribute to improved outcomes
for patients with cerebral aneurysms by enabling more
effective coil embolization.
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