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Abstract Objective Flow diversion (FD) is a relatively new technique for treating large, wide-
necked, or fusiform aneurysms. Although FD is a more preferred option than coiling or
clipping techniques in neurosurgery and neuroradiology clinics, the blood flow
mechanism inside the aneurysm sac is not fully understood after the treatment.
Besides, effective metal surface area (EMSA), a property of an FD related to porosity,
shows variation at the patient's aneurysm neck by providing more or less blood flow
inside an aneurysm sac than planned, causing nonstagnant or stagnant fluid region
formation in the sac, respectively. Thus, the change in FD’s EMSA can significantly
affect the treatment’s effectiveness, making even operation unsuccessful when
variation in FD’s EMSA at the aneurysm neck is overlooked.
Materials andMethods In this study, a large aneurysm of a 52-year-old female patient
was numerically investigated by virtually placing two commercially available FDs with
different EMSA values one by one into the aneurysm-carrying artery.
Results While FD stents at the aneurysm site substantially reduced the blood flow
into the aneurysm, an FD with a 15.6% EMSA caused blood to flow in the aneurysm sac
to have six times more kinetic energy than that of FD with a 29.5% EMSA.
Conclusion Although FD’s EMSA value demonstrated nearly up to 20% reduction at
the patient’s aneurysm neck based on a product catalog value, numerical model results
revealed that the stagnated region’s formation inside the aneurysm sac could be
determined within a 9% difference based on digital subtraction angiography reformat
image.
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Introduction

Flow diverter (FD) reduces the blood flow within the
aneurysm sac and, thus, leads to aneurysmal occlusion.
Therefore, FD is frequently used for giant, wide-necked, or
fusiform aneurysms, challenging to treat with coiling.1–4

Different prospective studies have demonstrated the FD’s
safety and efficacy.5–11 Hence, FD has become one of the
newest techniques in endovascular aneurysm treatment.
However, the mechanisms of complications are poorly
understood, and even in an asymptomatic patient, fatal
complications can occur due to FD in the clinics. Therefore,
further investigations are needed to clarify the hemody-
namic effects of FD.

The effective metal surface area (EMSA) value of the FD
and the geometry and aspect ratio of the aneurysm generally
determine changes in intra-aneurysmal blood flow.8,12,13

EMSA values of the same-sized FDs may differ depending
on the parent artery’s anatomy and the FD’s wire configura-
tion.8,12–15 If the value of EMSA is too low, the FD will not
significantly decrease intra-aneurysmal blood flow. On the
other hand, overly increased EMSAwill further prevent blood
from flowing into the sac and may cause focal lowwall shear
stress (WSS) areas and an aneurysm rupture16,17; hence,
EMSA values can directly affect the treatment outcome.
These results suggest that in contrast to the pathogenic effect
of a highWSS in the initiating phase, a lowWSSmay facilitate
the growing phase and trigger the rupture of a cerebral
aneurysm by causing degenerative changes in the aneurysm
wall. The WSS of the aneurysm region may be of some help
for the prediction of rupture.16 In addition, FD’s pore density
values are proportionally affected by the EMSA values. This
means that the pore density effects would be the same as
those of the EMSA values.

In this study, the postdeployment changes in the
EMSA values were calculated for asymptomatic, large supra-
clinoid aneurysms. Besides, the intra-aneurysmal blood
flow with these EMSA values was investigated to under-
stand the effect of EMSA on blood flow behavior in the
aneurysm sac. Prediction of the EMSA values that will occur
after deployment of the FD may select the most effective FD
yielding a patient-specific solution. Furthermore, these
values can be used to predict treatment outcomes. The
additional benefit of this method is that patients who will
not benefit from FD can be identified, and unnecessary
periprocedural complications can be prevented for those
patients.

Materials and Methods

A 52-year-old female patient with a worsened headache in
the last 3 months was guided to the clinic. Although the
clinical neurological evaluation was routine, magnetic reso-
nance imaging showed an aneurysm in her supraclinoid
segment of the right internal carotid artery, as shown
in ►Fig. 1A and B. It was decided to continue with a FD of
FRED401718 because of the size and wide-necked nature of
the aneurysm. After the FD placement, immediate stagnation

was observed in digital subtraction angiography (DSA)
images. It was noticed that patient’s symptoms disappeared,
and the control angiography revealed total aneurysmal
occlusion in the third-month follow-up. Lastly, no recanali-
zation was observed at the sixth-month follow-up
angiography.

The aneurysm shown in ►Fig. 1B was virtually cut into
three identical volumes, as seen in ►Fig. 1C. Therefore, fluid
flow properties such as velocity vector fields and dynamic
viscosity contour plots at the aneurysm sac’s top, middle,
and bottom sections can be monitored in more detail.19

Once the three-dimensional geometry was obtained from
Digital Imaging and Communications in Medicine images,
the virtual stent deployment method was performed by
placing 64 wire-braid (i.e., 48 inner and 16 outer wires)
FRED401718 and 48 wire-braid Product A20 FD stents to the
aneurysm neck, one by one as given in ►Fig. 1D, while the
details of virtual stent deployment method into a patient-
specific data were discussed in some other studies.21–23 The
diameters of the inner and outer wires of FRED4017 are
22.5 and 56 μm, respectively. On the other hand, Product A
FD stent wires are identical to each other, and their diame-
ter is 25 μm. The patient’s average artery diameter where
the aneurysm was located was measured to be 3.5mm.
EMSA values of FRED4017 and Product A FD stents are
obtained to be 32 and 18.8%, respectively, when they are
placed in a 3.5-mm parent artery.18,20 Although these EMSA
values are described in product catalogs, it was discovered
that EMSA value could change drastically at the aneurysm’s
neck due to the parent artery’s curly and nonuniform
shape.19 Therefore, when FRED4017 is placed into the
patient’s aneurysm site, the stent’s EMSA value decreases
from 32 to 29.5% at the aneurysm neck. Similarly, the EMSA
value of Product A drops from 18.8 to 15.6% at the aneurysm
neck when this stent is positioned at the patient’s aneurysm
site.

In the numerical model, the working fluid was chosen as
blood with a density of 1047kg/m3 and a molar mass of
64.458 g/mol. Blood was introduced as a non-Newtonian
Bird-Carreau model with high and low shear viscosity
values of 0.0035 and 0.056 Pa.s, respectively.24–26 The usage
of antithrombotic drugs and their effects are neglected.27

The flow was assumed to be laminar since the highest
Reynolds number in the artery was only 321. An in-house
MATLAB code was generated to employ the Womersley
velocity profile to the inlet of the computational do-
main,28,29 while the artery outlets were defined as open-
ings, as seen in ►Fig. 1C with an 80mm Hg pressure. The
walls of the parent artery and aneurysm were defined as a
rigid wall. An XZ plane was created, as illustrated
in ►Fig. 1E, to provide a comparison between DSA images
with computational fluid dynamics (CFD) simulation
results.

Mesh independency tests were also performed for a half
cardiac cycle (0.4 seconds) long with 22, 27, and 35M
elements. In these tests, the 27M element numerical
model’s mesh size shown in ►Fig. 1F was chosen since
the difference in mean dynamic viscosities was less than
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5% compared with the 35M elements model. It is noted
that the average skewness was 0.23, while the average
orthogonal quality was 0.77. A time convergence test was
also performed, and the time step size of 0.005 seconds was
determined to be used since the blood flow in the artery
was defined as a time-dependent velocity profile. The total
simulation time was five cardiac cycles long, yielding
4 seconds after stent placement into the patient’s aneu-
rysm site.

Results and Discussion

DSA images of the patient before FD deployment are pre-
sented in the first column of ►Fig. 2, while tangential
velocity vectors and dynamic viscosity plots are provided
in the second and third columns of►Fig. 2, respectively, for 0,
0.2, 0.4, and 0.8 seconds of the 5th cardiac cycle of the
simulation. It is seen from the first and second columns
of ►Fig. 2 that blood flow first enters and fills inside the

Fig. 1 A 52-year-old female patient’s front skull view with aneurysm (A). Three-dimensional (3D) rendered view of patient’s parent arteries,
(B). 3D computational fluid dynamics (CFD) domain having one inlet and two outlets with three regions of the aneurysm (C). Enlarged
view of aneurysm neck and FRED4017 flow diverter (FD) stent’s wire mesh structure (D). Plane XZ was formed to provide a comparison between
digital subtraction angiography (DSA) images and CFD simulation results (E). Cross-section mesh view of the aneurysm site where FRED4017 FD
stent was virtually deployed (F).
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aneurysm; then, it leaves the aneurysm sac since incoming
flow pushes the blood already in the aneurysm. Dynamic
viscosity plots in ►Fig. 2 indicate that viscosity decreases in
places where blood flow is fast, implying that no stagnation
can be obtained at those high shear rate places.

FD stents are designed so that once they are placed into an
aneurysm site, most of the incoming flow is diverted into the
main vessel, and only a small portion of the blood is allowed
to enter inside the aneurysm. In this part of the study, mean
velocity (►Fig. 3A), viscosity (►Fig. 3B), WSS (►Fig. 3C), and
kinetic energy (►Fig. 3D) values are obtained to quantify the
effect of FD use inside the aneurysm for before and after

surgery at the top, middle, and bottom of the aneurysm sac.
First, the FD stent use drastically reduces the blood flow into
the aneurysm, as expected for both Product A and FRED4017.
Second, when the effect of these two FD stents is compared,
FRED4017 provides more FD into the main vessel compared
with that of Product A because FRED4017 has a higher EMSA
value than Product A. Use of FD stent also decreases flow
velocity inside an aneurysm by initiating a stagnation region
formation. Besides, when the shear rate declines inside the
aneurysm sac, blood viscosity increases due to the shear-
thinning behavior of blood. ►Fig. 3B indicates that viscosity
in FRED4017 use is nearly 50% more than that of Product A.

Fig. 2 Digital subtraction angiography (DSA) images before a flow diverter (FD) stent deployment (A). Tangential velocity vectors (B).
Dynamic viscosity contours (C) at plane XZ for 0, 0.2, 0.4, and 0.8 seconds of the 5th cycle of the simulation. Time values given at the top of
computational fluid dynamics (CFD) images indicate the time evolution of tangential velocity vectors and dynamic viscosity at the XZ plane of
the aneurysm sac.
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Furthermore, the maximal hydraulic resistance occurs
where thefibrinogen concentration is high.30 Sincehydraulic
resistance and dynamic viscosity are related to each other,
high-viscosity areas have a higher chance of starting the
blood clotting process.When an FD stent is implanted into an
aneurysm’s neck, WSS at the aneurysm wall is directly
decreased by reducing the bleeding or rupture risks. There-
fore, both Product A and FRED4017 exhibit excellent perfor-
mance in reducing WSS values inside the aneurysm sac, as
shown in ►Fig. 3C.

Lastly, themean kinetic energy inside the aneurysm sac is
calculated using . Here, K.E is the kinetic energy,
ρ is the density of blood, V is the volume of the interested
region, and ν is the mean velocity. ►Fig. 3D illustrates the
kinetic energy values inside the aneurysm sac before and
after the FD stent placement. Specifically, mean kinetic
energy inside the aneurysm sac was found to be 34.63,
0.631, and 0.118 J, respectively, for no-stent, virtually
deployed Product A, and FRED4017 FD cases. This implies
that if Product A was placed into the patient’s aneurysm
neck, blood flow would have nearly six times more kinetic
energy compared with that of FRED4017. Hence, the loss of
the kinetic energy inside the aneurysm sac can be directly
associatedwith stagnation region formation and, eventually,
blood coagulation initiation.

The first column of ►Fig. 4 shows DSA images taken just
after FRED4017 FD deployment in the clinic. While gray
regions inside the aneurysm sac marked as a nonstagnated
region indicate blood flow entering the sac, the black area
inside the sac shows a stagnated blood region. Therefore, it
can be seen that although blood flow enters inside the
aneurysm sac, it can hardly move on to the top part of the

aneurysm because there is already stagnated blood formed
at the top aneurysm region, as illustrated in►Fig. 4A. Since a
portion of blood enters the sac, the same amount must leave
the sac to satisfy the conservation of mass principle. Howev-
er, blood at the middle and top region of the aneurysm sac
cannot escape since blood at these locations has minimal
kinetic energy.

Velocity vector plots obtained from CFD simulations are
given in ►Fig. 4B. It is noted that the blood velocity after FD
stent placement isminimal comparedwith blood velocity for
the no-stent case. Furthermore, DSA images obtained after
FD stent placement (►Fig. 4A) agreewellwith velocity vector
plots (►Fig. 4B) in the identification of nonstagnated and
stagnated fluid regions. On the other hand, blood’s dynamic
viscosity shows large values (►Fig. 4C) in a placewhereblood
velocity is low.

In neurosurgery and neuroradiology clinics, the doctors
can plan to have a stagnation region inside the aneurysm sac
once s/he places an FD stent into the aneurysm site of a
patient because stagnation region formation is generally
associated with blood clotting initiation and healing time
of aneurysm. ►Fig. 5A shows a DSA reformat image of the
aneurysm sac taken after FRED4017 FD stent placement,
while ►Fig. 5B illustrates a high dynamic viscosity region at
0.1 seconds of the simulation’s 5th cardiac cycle. The stagna-
tion region’s volume is 265 and 242.2mm3 from the DSA
reformat image and dynamic viscosity contour plot, respec-
tively. It is noted that the difference between these two
volume calculations is less than 9%. Thus, CFD simulations
can provide promising blood flow behavior results in the
aneurysm sac for the interventional radiologist before an FD
stent placement.

Fig. 3 Computational fluid dynamics (CFD) results for mean velocity (A), mean dynamic viscosity (B), mean wall shear stress (WSS) (C), and
kinetic energy (D) for no-stent, virtually deployed Product A, and FRED4017 flow diverter (FD) stent cases in aneurysm sac regions (bottom, mid,
top). Note that all CFD simulations in ►Fig. 3 were taken inside the volume of the aneurysm sac at the 5th cardiac cycle.
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Fig. 4 Digital subtraction angiography (DSA) images just after FRED4017 flow diverter (FD) stent deployment in the clinic (A). Tangential velocity vectors
(B). Dynamic viscosity contours (C). Note that all computational fluid dynamics (CFD) simulations in ►Fig. 4 were run after a virtual FRED4017 FD
stent deployment case, shownatplaneXZ, and takenat0, 0.2, 0.4, 0.6, and0.8 secondsof the5thcycleof the simulation.Timevaluesgivenat thetopofCFD
images indicate the time evolution of tangential velocity vectors and dynamic viscosity at the XZ plane of the aneurysm sac.
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Conclusion

In this study, a large aneurysm of a 52-year-old female
patient was numerically investigated by placing two com-
mercially available FD stents with different EMSAvalues into
the aneurysm site. While the FRED4017 FD stent was
deployed into the patient’s aneurysm neck in the clinic,
both Product A and FRED4017 were virtually knitted inside
the patient’s aneurysm-carrying parent artery one by one. It
was realized that the EMSAvalue of FRED4017 declined from
32 to 29.5% at the aneurysm neck, yielding more blood flow
into the sac than intended. Numerical results also show that
Product A’s EMSA value dropped from 18.8 to 15.6% at the
aneurysm neck, allowing more massive blood flow into the
aneurysm sac than that of FRED4017.

On the other hand,meanvelocity and dynamic viscosity in
the aneurysm sac before and after FD stent placements were
obtained from numerical models to quantify the effect of
EMSA on the stagnation region formation in the aneurysm
sac. Therefore, blood viscosity values in the sac of the
FRED4017 case were calculated to be nearly 50% more
than that of Product A, indicating an initial phase of the
blood clotting process since the formation and evaluation of
the stagnation region in the sac are generally associatedwith
dynamic viscosity.19,26,31,32 Thus, a large stagnation region
was obtained in the patient’s aneurysm sac when the
FRED4017 FD stent was employed instead of Product A.

Although the FRED4017 FD stent was placed into the
patient’s aneurysm neck in the clinic, WSS, an indicator of
the aneurysm bleeding or rupture risk, was evaluated
to be low for both FD stents. Lastly, the volume comparison
of the stagnated zone of the DSA reformat image and high
viscous region of fluid flow gave less than a 9% difference,
implying that the shear thinning behavior of blood can be
used to identify stagnated fluid flow zones in the aneurysm
sac.
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