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Anticoagulants are prescribed to the flow diverter treated patients to diminish the risk of embolism in the
arteries. In the present study, digital subtraction angiography images of a 49-year-old female patient with
a left paraophthalmic aneurysm were used to build a numerical model to investigate the effect of an anti-
coagulant on hemodynamics at the aneurysm site. The Carreau-Yasuda viscosity model was utilized to
define blood viscosity, and the coefficients of the viscosity model were updated based on the usage of

ﬁey‘,’vords"l warfarin. The five-cardiac cycle-long numerical simulations were performed, and Lagrangian coherent
v\;l.:;;:;iu ants structures, hyperbolic time, and fluid particle analyses were also employed in the numerical models.

These analyses allowed us to evaluate the formation of stagnated regions, recirculation zones, and the
number of jailed particles inside the aneurysm sac following a flow diverter placement. It is realized that
anticoagulant use caused blood to be less viscous, yielding a substantial amount of incoming blood flow
to enter the aneurysm sac. Only 12% of the nearly 25,000 fluid particles seeded from the artery inlet have
stayed inside the sac. Furthermore, the deviation between warfarin added blood and normal blood flow
becomes more extensive, with every heartbeat undermining the effectiveness of patient-specific CFD

Flow diverter
Computational fluid dynamics
Lagrangian coherent structures

models when the use of anticoagulants is overlooked in the viscosity models.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Antithrombotic drugs usage in clinics is very common to sup-
port the circulation system and eliminate possible embolism in
the arteries. While antithrombotic drugs include antiplatelets
and anticoagulants, antiplatelets inhibit platelet aggregation,
whereas anticoagulants prevent the formation of fibrin monomers.
Antithrombotics, especially anticoagulants, have a very narrow
safety margin and are associated with aneurysm rupture and spon-
taneous intracranial hemorrhage [1,2]. Furthermore, anticoagu-
lants are used in the perioperative and early postoperative
period, while antiplatelets are preferred for the long-term preven-
tion of in-stent thrombosis [3,4]. However, there are multiple
comorbidities where anticoagulants are the standard of care, such
as atrial fibrillation, prosthetic heart valve surgery, pulmonary
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embolism, and deep vein thrombosis [5,6]. Given the high preva-
lence of these comorbidities, understanding the relationship
between anticoagulant therapy and flow diversion outcome is
imperative to avoid unnecessary interventions.

Flow diverter implants, as an example, have thrombogenic
potential, and presently, thromboembolic complications could
not be entirely prevented despite the recent advances in flow
diverter technology and routine use of antithrombotics [7]. For this
reason, both drugs are still indispensable in peri- and postopera-
tive patient management. Even though these drugs’ safety profile
and efficacy have been well investigated in the literature, neuro-
interventionalists have commonly omitted the effect of antithrom-
botics on aneurysm occlusion. A potent anticoagulant may signifi-
cantly reduce blood viscosity and thus can increase the intra-
aneurysmal blood flow. These changes in blood may jeopardize
the aneurysm occlusion; therefore, selecting an ideal anticoagulant
can prevent thromboembolic complications while not reversing
the effects of flow diverters.
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All the patient-specific numerical studies related to flow diver-
sion in the literature overlook the viscosity change of blood by
neglecting the anticoagulant effect. This can significantly enlarge
the gap between clinical findings and numerical model results.
Therefore, this study investigates the effect of warfarin being an
anticoagulant on the outcome of flow diverter-treated patients.
Warfarin is a potent anticoagulant that inhibits vitamin K epoxide
reductase, limiting the production of vitamin K-dependent clotting
factors. It thus prevents the formation of a thrombus [5,6]. Digital
subtraction angiography (DSA) images of a 49-year-old female
patient with a left paraophthalmic aneurysm were used to build
a computational fluid dynamics (CFD) model to investigate the
effect of warfarin on hemodynamics at the aneurysm site in the
present work. Furthermore, Lagrangian coherent structures analy-
sis was also employed in the CFD models to identify the stagnated
regions and number of escaped and jailed fluid particles inside the
aneurysm sac.

2. Materials and methods

A 49-year-old patient with a dizziness complaint arrived in the
hospital. After a careful examination, an aneurysm was identified
in the patient’s left internal carotid artery (LICA), as seen in Fig. 1
(A). Then, a 4-mm diameter Surpass brand FD with a 72 wire
was implanted into the patient’s aneurysm site in the clinic to
divert the main flow from the aneurysm sac to the parent artery.
Fig. 1(B) shows the aneurysm site and reduced height of the aneur-
ysm, implying that the FD stent successfully worked at the aneur-
ysm neck and caused a nearly 27% decrease in the height of the
aneurysm at the 4™-month control.

Although flow diverter treated patients are generally prescribed
with two antiplatelet agents (typically aspirin plus clopidogrel/pra
surgrel/ticagrelor), the long-term effects of anticoagulants on flow
diversion are still unknown [9]. Therefore, we aimed to address
how anticoagulant effects on blood viscosity can affect the flow
diverter outcome. While warfarin may not be considered as a
first-choice anticoagulant in the flow diverter treatment, warfarin
data were used in the present study because of two main reasons.
First, its effects on blood viscosity were previously studied in real
blood samples. Secondly, it is a highly potent anticoagulant that
is used in cases who experience refractory thromboembolic events
under long-term anticoagulant therapy. Although warfarin is com-
monly employed in various comorbidities such as atrial fibrillation,
deep vein thrombosis, pulmonary embolus [10,11], there is no
study investigating the effects of long-term warfarin use after flow
diverter deployment.

Fig. 1. DSA images of the aneurysm site: before the FD placement (A); four months
after the FD deployment (B).
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Blood viscosity varying with warfarin also depends on many
other parameters such as hematocrit, electrolytes, solutes, red
blood cells, white blood cells, and blood proteins (fibrinogen, albu-
min, globulin etc.). Although those parameters can affect blood vis-
cosity, they are part of the blood viscosity value for the patient.
Since whole blood viscosity (WBV) measurements were obtained
by collecting blood samples from people with warfarin [8], the val-
ues provided in the study [8] have a high potential to reflect the
effects of all these parameters into the blood viscosity values. On
the other hand, anticoagulation is not the component of blood that
can be prescribed to the patient during flow diverter treatment to
prevent clotting formation on stent surfaces. Therefore, WBV with
warfarin measurements were employed in a numerical model to
identify the effect of anticoagulation in blood flow inside the
aneurysm sac once a flow diverter stent is implanted into the
patient’s aneurysm neck.

In clinics, patients are generally required to use anticoagulants
starting from several days before an FD placement into their aneur-
ysm neck to the months after the treatment. It is known that the
use of anticoagulants causes blood to be thinner (i.e., less viscous).
Therefore, the effect of anticoagulants on blood viscosity should be
taken into consideration in hemodynamics analysis to correctly
mimic the blood flow in the artery since the use of anticoagulants
directly affects the blood’s viscosity property. Meanwhile, blood is
defined as a non-Newtonian fluid with the Carreau-Yasuda viscos-
ity model [12] given in equation (1) to capture its shear-thinning
behavior in the present study. Here, u, i, and p, are viscosity, vis-
cosity at high shear rate and viscosity at low shear rate, respec-
tively while 7 represents rate of deformation tensor and/, p and
n are constants. The new coefficients and constants in the the
Carreau-Yasuda viscosity model were obtained from the shear rate
versus blood viscosity values with warfarin [8] using the curve fit-
ting tool of MATLAB (MathWorks, Natick, Massachusetts, USA).
Then, the volumetric flow rate given according to the patient’s
age and gender information was selected as 297 ml/min [13].
The mean velocity value was obtained using the volumetric flow
rate equation by considering the patient’s vessel inlet diameter.
Although this velocity value was used for normal blood flow, the
Poiseuille law equation was used to find the average velocity value
of blood with warfarin case by assuming the blood to be Newto-
nian fluid. The pressure difference between two very close points
in the vessel was accepted as constant, and the Poiseuille Law
equations were equalized for both normal and blood with warfarin
cases. The mean velocity value for blood with warfarin was used to
obtain the Womersley velocity profile, and the patient’s blood
velocity profile was determined for blood with warfarin case. Out-
let pressure values were determined to be 115 mmHg based on the
patient’s arterial pressure. The flow regime was assumed to be
laminar inside the computational domain since the Reynolds num-
ber of the flow stayed below the critical Reynolds number.

N\ p®-1)/p
ﬂ:ﬂw(uo—ﬂx){H(wH (1)

Fig. 2 shows how the viscosity of blood varies with and without
warfarin. It is noticed that when the shear rate is over 200 1/s,
blood viscosity with warfarin is nearly 24% of the blood without
warfarin, implying that blood can flow with much less resistance
at those shear rates. Besides, blood density and molar mass were
adjusted as 1060 kg/m> and 64.458 g/mol, respectively [14].

The computational fluid dynamics model was prepared for the
one inlet and five outlets aneurysm carrying the parent artery, as
shown in Fig. 3(A). FD stent placed into the aneurysm neck of the
patient was modeled as a porous medium [15,16], as illustrated
in Fig. 3(A). Permeability, porosity, and internal resistance loss
coefficient values for the porous medium were calculated to be
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Fig. 2. Variation of blood viscosity versus shear rate for Carreau - Yasuda viscosity
model with and without warfarin cases.

3.88225E-10, 0.7255, and 46804, respectively [17,18]. Besides, the
porous medium thickness was set to the Surpass FD stent wire
diameter of 0.032 mm. Nearly 2.5 million tetrahedral elements
were placed into the CFD model, and a total of 4 s (i.e., five cardiac
cycles) long simulations were carried out with ANSYS 18.2 CFX
(ANSYS, Inc. Canonsburg, Pennsylvania, USA). The timestep size
was set to 0.001 s, yielding a total of 4000 runs [16].

After CFD simulations are completed, velocity and correspond-
ing location data on the curve plane, as shown in Fig. 3(B, C), were
exported to be processed further for Lagrangian analyses [19-25].
The Lagrangian approach concerned with the identity of individual
fluid particles keeps track of the changing velocity of individual
particles as they move through the flow [26]. The computation of
the finite-time Lyapunov exponent (FTLE) field is one of the most
common approaches for observing Lagrangian coherent structure
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(LCS). The Lyapunov exponent measures a fluid particle’s future
behavior sensitivity to its initial position in the flow field [26],
while The FTLE field’s spatial distribution can be utilized to identify
prominent flow characteristics [27,28]. Besides, the FTLE field is a
scalar quantity map computed at each point in a computational
region. It measures the maximal separation ratio between neigh-
boring particle orbits near each location, the average of the maxi-
mal expansion rate for a pair of particles in motion [25,29].

FTLE analyzes have recently been used to investigate vortex
structures, stagnation regions, and fluid residence times in biolog-
ical flows. The vortex structures formed by the movement of aortic
valves of different stiffness, the flow regions separated by these
structures, and the stagnation areas between the aortic valve and
the wall can be determined by FTLE analysis [23,24,30]. Different
flow regions in the aneurysm sac with and without stent implanta-
tion can be detected by FTLE analysis [21,22,31-34]. The time evo-
lution of different fluid flow regions within the aneurysm can also
be identified using hyperbolic time analysis [16,18]. The effective-
ness of flow diverter stents can be measured using particle FTLE
analysis to calculate the residence duration and density of flow
particles entering the stented aneurysm [18].

In this study, FTLE fields were calculated by using the velocity
results and location information obtained from a plane passing
over near the centerline of the combined aneurysm and artery
geometry. The particle movements in the computational domain
were examined using the particle residence time (PRT) method
to interpret LCS analysis results in more detail. Briefly, PRT is a dis-
crete approach used to calculate residence time using particle orbit
data. In this approach, massless particles are added into the bound-
ary used in the flow analysis, and these particles are allowed to
advance with fluid velocity magnitudes at their locations. PRT
measures the amount of time it takes for particles to exit the
pre-defined region and reach the time-varying starting location
of the released particle. The positions of these particles are deter-
mined using the directions of the velocity vectors obtained by
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Fig. 3. The computational fluid dynamics model (A); Curve plane views in two different perspectives (B,C).
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the flow analysis and the time step used in the flow analysis [21].
In the present study, LCS analyses were computed in a domain size
from —0.0016 to 0.0116 mm in horizontal and from 0.00096 to
0.0114 m in vertical directions. Besides, the domain was sliced hor-
izontally and vertically as 330 and 336 equal pieces, respectively,
yielding an element size of 4E-5 m in both directions. FTLE field,
drifter, and hyperbolic time calculations were evaluated for five
cardiac cycles long. Furthermore, massless particles were injected
into the aneurysm site to identify the number of particles staying
inside the aneurysm sac to determine the warfarin's effect on
hemodynamics at the aneurysm site.

While the use of anticoagulation is not a known risk factor for
flow diverter failure, the primary purpose of the present study is
to illustrate how aneurysm treatments with a flow diverter stent
would be affected with the use of blood thinner that can reduce
blood’s viscosity. Therefore, blood flow with a reduced viscosity
would have higher velocity than normal blood flow at the arteries.
Increased blood flow at the aneurysm site can cause more mobility
between the struts of the flow diverter stents and inside the aneur-
ysm sac, delaying stagnation fluid flow formation. Besides,
increased blood flow velocity can cause supraphysiological shear
stress between the struts of flow diverter stents which can trigger
mechanisms of delayed intracranial hemorrhages for the patient
with von Willebrand Disease [35]. Due to its high potency, warfarin
is commonly employed in clinical practice, especially in cases with
recurrent thromboembolic events due to atrial fibrillation, deep
vein thrombosis, and pulmonary embolus [10,11]. Current litera-
ture only covers the anticoagulants’ perioperative effects for flow
diverter treatment. However, unfortunately, some cases require
long-term anticoagulant treatment. Presently, the impact of
chronic warfarin use on flow diverter outcome is unknown. Our
CFD analysis suggests that warfarin’s effect on blood viscosity
may determine flow diverter treatment outcome. Of course, more
extensive clinical series are needed to validate our CFD findings.

3. Results and discussion

The first part of this section discusses the Eulerian approach
findings, while the second part extensively reveals Lagrangian
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analysis results. Fig. 4 illustrates the key features of the former
approach for normal and warfarin added blood results of aneurysm
site at systole and diastole instants. Velocity contour plots given in
the first row of Fig. 4 indicate that blood moves nearly 30% faster
for warfarin added blood cases than normal blood flow cases. This
means blood has higher kinetic energy when it enters the aneur-
ysm sac yielding more fluid movement in the aneurysm sac. This
may not be the preferred choice in the clinic since more blood flow
mobility inside the sac can delay possible stagnation fluid region
formations in the sac, requiring more time for occlusion.

On the other hand, the pressure contour plot shows an insignif-
icant difference between normal, and warfarin added blood flow,
implying that static pressure is dominant compared to dynamic
pressure in the aneurysm region. Finally, as the blood viscosity
decreases for the blood with warfarin case, the velocities in the
artery increase, causing increased velocity gradients and wall shear
stresses. Wall shear stress seems high at the aneurysm neck; how-
ever, it only reaches over 6 Pa at the systole instant of warfarin
added blood flow case.

In the present study, the LCSs analysis provided FTLE fields,
hyperbolic time (HT), and particle tracking results to precisely
quantify the effect of warfarin in blood flow. Since the time evo-
lution of FTLE and HT inside an aneurysm sac was investigated
by some other studies [16,36], FTLE and HT contour plots of
aneurysm site at the end of the 5™ cycle are presented here in
Figs. 5 and 6, respectively. Firstly, three distinct flow regions,
namely jailed, unjailed, and recirculation flow regions, can be
identified from FTLE contour plots of both normal blood (Fig. 5
(A)) and warfarin added blood flows (Fig. 5(B)). Secondly, decel-
erated blood flow creates a blocked zone named jailed flow
region due to an FD placement at the aneurysm neck for normal
blood (Fig. 5(A)). However, a certain amount of blood with less
viscosity keeps entering inside the aneurysm, allowing unjailed
flow region formation for blood with warfarin cases. Thirdly,
blood entering into the aneurysm sac forms vortex regions,
and the magnitude of these regions provide information about
the energy level of the blood that has already entered the aneur-
ysm sac. Therefore, larger vortex regions exist for the blood with
warfarin case than normal blood case since warfarin use makes

. Normal Diastole Normal Systole Warfarin Diastole Warfarin Systole
Velocity

Shear Stress.

-
P

SO NN LW B A B (OGS
SYITEERBILIBEBEEL

[Pa)

Fig. 4. Fluid velocity, pressure, and shear stress contour plots for simulation without and with warfarin at the systole and diastole instants.
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Fig. 5. Finite-time Lyapunov exponent (FTLE) fields at the aneurysm site for normal blood (A) and warfarin added blood flows (B) at the end of the 5™ cardiac cycle.
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Fig. 6. Hyperbolic time contour plot at the aneurysm site for normal (A) and warfarin added blood flow (B) at the end of the 5™ cardiac cycle.

blood less viscous, allowing larger blood velocity inside the
aneurysm sac.

Hyperbolic time analysis was also performed using Eulerian
velocity vector data to identify the time needed to form fluid zones
inside the aneurysm sac. Therefore, hyperbolic time contour plots
of normal and warfarin added blood flow was represented at the
aneurysm site at the end of the 5™ cardiac cycle in Fig. 6. The
regions in the aneurysm sac were numbered from 1 to 5 to illus-
trate formed fluid flow zones’ shapes and the amount of time
required for those zones’ to occur. For example, the regions named
with numbers 1, 2, 3, 4, and 5 emerge nearly at 0.5s, 15,2 s, 3 s,
and 4 s, respectively, for normal blood cases as shown in Fig. 6
(A). However, blood flow entering into the aneurysm sac occupies
a large portion of the sac as the green-colored region takes about
2 s for the warfarin added blood case, as given in Fig. 6(B). There-
fore, blood with less resistance to flow due to low viscosity enters
the sac and causes large recirculation zone formation in the aneur-
ysm sac for warfarin added flow case.

The last part of the LCS analysis is aimed to understand the
movement of fluid particles at the aneurysm site just after FD
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placement to the aneurysm neck. Therefore, blood initially inside
the aneurysm sac and below the FD stent were marked as red
and black colored fluid particles, respectively. Furthermore,
nearly 25,000 black-colored particles were seeded every 1/10"
of the cardiac cycle from the inlet of the numerical model to
visualize hemodynamics at the aneurysm site. Table 1 shows
the time evolution of fluid particles at the aneurysm site for
both normal and warfarin added blood cases. There is a clear
distinction between stagnated regions of normal and warfarin
added blood flow results starting from the end of the first car-
diac cycle. It is realized that red-colored particles representing
blood initially at the aneurysm sac resists staying (i.e., jailed)
near the inner wall of the aneurysm, indicating that incoming
flow passing thru FD stent does not have enough kinetic energy
to reach those regions. However, red-marked fluid particles of
warfarin added blood cannot withstand the incoming flow and
washed away from the aneurysm’s inner wall even just after
the 2™ cardiac cycle (i.e., 160th-time step). Therefore, the eval-
uation of stagnated regions based on CFD models can be incor-
rect if the numerical model does not account for the effect of
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Table 1

Particle visualization plots of the fluid flow for normal blood and blood with warfarin case.
Timestep Normal blood Blood with warfarin
15(

8 Oth

160"

240"

(continued on next page)
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Table 1 (continued)

Journal of Clinical Neuroscience 94 (2021) 86-93

Timestep Normal blood

Blood with warfarin

320t

400"

anticoagulants since warfarin added blood flow could show com-
pletely different hemodynamics in the aneurysm sac.

Although the time evolution of fluid particles at the aneurysm
site was discussed in the previous section, the number of cumula-
tive fluid particles inside the aneurysm was also monitored and
quantified to evaluate the effect of anticoagulants in the patient-
specific CFD models. Fig. 7 illustrates the number of fluid particles
that remained inside the aneurysm sac at the end of each cardiac
cycle, starting from the instant FD was implanted. Use of anticoag-
ulant with blood flow yields more blood in the sac to be pushed
away and only 12% of the nearly 25,000 fluid particles seeded from
the inlet artery of the CFD model to stay inside the aneurysm sac.
This implies that no stagnated region formation or jailed fluid par-

& 25000
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2 \
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-2 10000 S
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ni Stent first cycle second cycle third cycle fourth cycle fifth cycle

implantation
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# of cardiac cycle

Fig. 7. Variation of the total number of particles inside the aneurysm sac for normal
blood and blood with warfarin flow cases from the instant FD is placed to the end of
the fifth cardiac cycle.
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ticles can occur when warfarin is added into the blood flow. How-
ever, without taking account of anticoagulants, the CFD model
provides over 65% of the seeded particles to reside in the sac, indi-
cating the possibility of stagnated region formation or jailed fluid
particles’ existence. The deviation between two CFD models can
undermine the effectiveness of patient-specific CFD models since
the difference between blood and warfarin added blood flows
becomes more extensive with every heartbeat.

4. Conclusion

In this study, the effect of anticoagulants, namely warfarin, on
the hemodynamics of a 49-years-old female patient’s cerebral
aneurysm was investigated to reveal the formation of stagnated
and recirculation zones in the sac. While FTLE fields illustrated
stagnated or jailed particle regions and recirculation zones, hyper-
bolic time contours indicated the time required for these regions to
form. Lastly, particle analysis was performed to determine the
number of particles stays inside the aneurysm sac just after an
FD implantation for both normal blood and warfarin added blood
cases. Furthermore, the deviation between cumulative fluid parti-
cles in the aneurysm sac of normal blood and warfarin added blood
flow becomes larger with every heartbeat reaching 2942 fluid par-
ticles out of 24,341 initially injected fluid particles resided inside
the sac for warfarin added blood flow model. However, as many
as 16,083 fluid particles were inside the sac for the normal blood
flow model. This indicates that neuro-interventionalists and inter-
ventional radiologists relying on CFD models with no anticoagu-
lants consideration to choose the most convenient FD for the
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patient before treatment can face primarily mobile blood flow in
the sac while expecting a full occlusion. Therefore, the planned
recovery duration for the patient can be significantly different from
the actual one, causing more visits of the patient to the hospital,
which may raise concerns of FD stent choice. Hence, numerical
models need to include the effect of anticoagulants in their calcu-
lations so that patient-specific model findings can match with the
clinical results.

The present study can be extended by considering an anticoag-
ulation dosage for the FD-treated patients since anticoagulation
prescription in the clinic prevents platelets from clumping
together to form a clot and prevent possible embolism. However,
anticoagulation usage, on the other hand, causes the blood to
become less viscous fluid in the arteries. Therefore, identifying
the proper anticoagulant dosage has paramount importance since
using a large anticoagulant dosage can yield high blood velocity
at the aneurysm site, resulting in supraphysiological shear stress
formation at the FD stent’s struts. If a small anticoagulant dosage
is used prior to FD treatment, clotting may initiate at the FD stent
surfaces triggering the embolism risk. Therefore, the present
study’s findings can be extended to determine the proper anticoag-
ulant dosage for patients treated with flow diverter stents.
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