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ABSTRACT

BACKGROUND AND PURPOSE: Treatment of intracranial bifurcation aneurysms with flow-diverter stents can lead to caliber changes of
the distal vessels in a subacute phase. This study aims to evaluate whether local anatomy and flow disruption induced by flow-diverter
stents are associated with vessel caliber changes in intracranial bifurcations.

MATERIALS AND METHODS: Radiologic images and demographic data were acquired for 25 patients with bifurcation aneurysms treated
with flow-diverter stents. Whisker plots and Mann-Whitney rank sum tests were used to evaluate if anatomic data and caliber changes
could be linked. Symmetry/asymmetry were defined as diameter ratio 1 � symmetric and diameter ratio �1 � asymmetric. Computational
fluid dynamics was performed on idealized and patient-specific anatomies to evaluate flow changes induced by flow-diverter stents in the
jailed vessel.

RESULTS: Statistical analysis identified a marked correspondence between asymmetric bifurcation and caliber change. Symmetry ratios were
lower for cases showing narrowing or subacute occlusion (medium daughter vessel diameter ratio � 0.59) compared with cases with posttreat-
ment caliber conservation (medium daughter vessel diameter ratio � 0.95). Computational fluid dynamics analysis in idealized and patient-
specific anatomies showed that wall shear stress in the jailed vessel was more affected when flow-diverter stents were deployed in asymmetric
bifurcations (diameter ratio �0.65) and less affected when deployed in symmetric anatomies (diameter ratio �1.00).

CONCLUSIONS: Anatomic data analysis showed statistically significant correspondence between caliber changes and bifurcation asym-
metry characterized by diameter ratio �0.7 (P � .001). Similarly, computational fluid dynamics results showed the highest impact on
hemodynamics when flow-diverter stents are deployed in asymmetric bifurcations (diameter ratio �0.65) with noticeable changes on wall
sheer stress fields. Further research and clinical validation are necessary to identify all elements involved in vessel caliber changes after
flow-diverter stent procedures.

ABBREVIATIONS: DR � daughter vessel diameter ratio; FDS � flow-diverter stent; WSS � wall shear stress

Endovascular treatment of intracranial aneurysms by using a

flow-diverter stent (FDS) is a widely accepted technique for

complex proximal aneurysms. The successful use of FDSs in vo-

luminous carotid aneurysms was the motivation for extending

this treatment to complex lesions like hemorrhagic vertebral ar-

tery dissections, blister aneurysms, and complex MCA aneu-

rysms.1,2 From a review of 106 reported cases in which bifurcation

aneurysms were treated with FDSs, it was found that the bifurcat-

ing branch “jailed” by the stent remained unchanged in 30%–57%

of cases, narrowing occurred in 29%– 60.8% of cases, and occlu-

sion occurred in 8.27%–25% of cases.3-8 Although the sample size

is relatively small, it is worth noting that nearly two-thirds of jailed

arteries were narrower after FDS treatment, which can lead to

severe consequences. Depending on collateralization, permanent

neurologic impairment can appear after FDS treatment, affecting

0%–27% of patients. MR imaging–positive ischemic lesions were

detected in 43%– 64% of the patients.4,6
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Santo André, Brazil; PLADEMA-CONICET (I.L.), Universidad Nacional del Centro de
la Provincia de Buenos Aires, Tandil, Argentina; Mechanical Engineering Depart-
ment, INSIGNEO Institute for in Silico Medicine (C.M.P., A.M.), University of Shef-
field, Sheffield, United Kingdom; UMR “Imagerie et Cerveau,” Inserm U930 (F.P.,
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The reason some branches remain unchanged and others

are affected by a narrowing process is unknown. Iosif and col-

leagues6,9 have linked episodes of FDS-induced vessel occlusions

with the presence of collateral branches that would increase blood

supply to the target tissues when resistance to flow increases in the

occluding vessel. This would ultimately lead to the occlusion of

the jailed vessel. Supported by animal-model data, this theory

proposes collateral blood supply and endothelial cell coverage of

the stent at the ostium (where the stent jails the daughter vessel) as

a mechanism leading to complete vessel occlusion. However, this

would only explain some but not the entire cohort of cases report-

ing vessel subacute occlusion or narrowing. For instance, the same

theory cannot explain why FDS treatment of intracranial aneu-

rysms near the anterior choroidal artery, ophthalmic artery, and

some MCA bifurcations, all benefiting from collateral supply, of-

ten lead to the successful conservation of patency of the jailed

artery.5,10 It thus seems that other factors are at play in those cases.

Because it is well known that hemodynamics is a key element in

endothelial flow–mediated vasodilation and vasoconstriction, we

explored hemodynamic disturbance after FDS procedures in ide-

alized and patient-specific anatomies.

MATERIALS AND METHODS
The research hypothesis is that pretreatment hemodynamics are

perturbed in those cases showing partial or complete occlusion of

the unstented daughter vessel. The methodology of the study was

developed to test this hypothesis and structured within 3 different

phases: radiologic data analysis to identify possible associations

with clinical outcome in our patient datasets (phase I), idealized

geometry computational fluid dynamics study (phase II), and pa-

tient-specific computational fluid dynamics study to characterize

the influence of FDS on hemodynamics at bifurcations of differ-

ent types (phase III).

Phase I: Radiologic Data Analysis
Clinical data were collected cooperatively between the University

Hospitals of Tours, Toulouse, and Poitiers, France, and Alfried

Krupp Krankenhaus, Germany. A total of 25 patients with bifur-

cation aneurysms treated with FDSs between December 2010 and

December 2015 were identified retrospectively and followed pro-

spectively upon appropriate ethical approval and patient consent.

Only anterior communicating artery aneurysms with agenesis of

the contralateral anterior cerebral artery, basilar artery aneurysms

with bilateral hypoplasia of the posterior communicating arteries,

and MCA aneurysms were included.

Radiologic imaging data and clinical outcome at baseline and

at 3-month follow-up were obtained from the patient medical

records. The On-line Table shows the demographic constitution

of the study population along with anatomic information and

clinical outcome. Anatomic data represent the average values of

measurements performed on the pre-FDS imaging data, which

were assessed independently by 3 senior neuroradiologists who

were kept unaware of the study outcomes. Three vessel diameter

and angle measurements were taken along the initial part of each

bifurcating branch, reporting only its arithmetic average value

and their standard deviation to quantify interobserver variability.

Vessel diameters and angles were measured from 2D acquisitions

by digital subtraction angiography and 3D rotational angiography

images by using OsiriX (http://www.osirix-viewer.com). The re-

liability of these measures was assessed with 2-way, mixed intra-

class correlation coefficients showing high reliability (intraclass

correlation coefficients [3, �] � 0.971).

Statistical analysis included the comparison of the daughter

vessel diameter ratios (DRs; ratios between smaller and larger

diameters) and bifurcating angles for 2 groups: Group A (n � 14)

included cases where narrowing or subacute occlusion of the

jailed artery was observed at 3-month follow-up, and Group B

(n � 11) included cases showing no caliber changes of the jailed

artery at baseline or 3-month follow-up. Because data were not

normally distributed, a Mann-Whitney rank sum test was per-

formed to quantify statistical differences between DR and angle

distributions in the 2 groups.

Phase II: Idealized Computational Fluid Dynamics Study
We created a number of idealized 3D geometries representative of

patient-specific anatomies to allow a controlled analysis of the

sensitivity to factors influencing hemodynamics. For all idealized

cases, parent vessel diameter was set to 2.51 mm to represent the

average size of the population in the On-line Table. Inlet and

outlet lengths were set to 10 and 4 times the parent vessel diame-

ter, respectively.

DR was varied between 0.4 and 1 (DR � 1 � symmetrical).

Mutual bifurcation diameters were defined in accordance with

Murray’s law, an established theory in biomechanics regulating

the relationship of bifurcating vessel diameters and based on min-

imal energy consumption.11

Daughter vessel angles were fixed at 120°, except for some of

the symmetric bifurcation cases (DR � 1), in which the angle for

only 1 of the bifurcating vessels was set at 60°, 90°, 120°, and 150°

to capture their effect of the angles on flow distribution across the

bifurcation (Fig 1, line iv).

Stents were virtually deployed in the idealized geometries by

using an approach previously described by Larrabide et al,12 lead-

ing to a total of 3 configurations for each bifurcation type (un-

stented, stented along smaller daughter vessel d1, and stented

along larger daughter vessel d2). FDS models represent typical

geometries available on the market. In particular, these represent

48 wires (24 braids on each direction) and a wire thickness of 0.04

mm. The deployed stent diameter was set to fit the diameter of the

parent vessel, ensuring a proper apposition of the FDS to the

vessel wall.

Governing equations for steady flow were solved by using

ANSYS CFX (ANSYS, Canonsburg, Pennsylvania). Blood was as-

sumed incompressible, with attenuation � � 1050 kg � m�3, and

Newtonian, with viscosity � � 0.0035 Pa � s. The appropriate-

ness of the modeling approach and computational accuracy were

verified based on computational methodologies reported in the

literature.13,14 Fully developed parabolic velocity profiles were

imposed at inlet boundaries, resulting in typical volumetric flow

rates at peak systole and end diastole (Qsys � 3.71 mL/s; Qdia �

0.98 mL/s).15 Outlet boundaries were set to mimic typical resis-

tance to flow from the peripheral beds, and their values were

derived from predicted values of pressure and volumetric flow

data obtained with the 1D model developed and validated by Rey-
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mond et al.15 These were set as resistance

to flow rather than any a priori pressure

or velocity value that might adversely af-

fect, and overconstrain, posttreatment

flow redistribution across the bifurca-

tion. For the symmetric bifurcation case

(DR � 1), peripheral resistances where

varied within typical physiologic ranges

(50 – 60 mm Hg s/mL) encountered at

MCA bifurcations as previously de-

scribed by Reymond et al15 to study their

influence on pre- and posttreatment

hemodynamics.

Phase III: Patient-Specific
Computational Fluid Dynamics
Study
Six patient datasets were selected for the

patient-specific computational fluid dy-

namics analyses, all representing cere-

bral bifurcations but with different lev-

els of bifurcation asymmetry; these are

cases 6, 7, and 22–25 in the On-line Ta-

ble. The @neurIST computational tool

chain was used for medical image

segmentation and surface reconstruc-

tion.14,16 Blender was used for further

surface mesh manipulation and refine-

ment. Finally, surface meshes were su-

perimposed on the original images for

final check and validation.

Stents were virtually deployed by us-

ing the process described above along

the same bifurcating vessel in accor-

dance with clinical procedures. Compu-

tational analyses were performed following the same steady-state

computational approach described for phase II, but with inlet

boundary conditions set as average volumetric flow rate values

(rather than diastolic and systolic flow rates as in phase II) to

simulate the most representative flow condition at the bifurcation

locations15 (Qavg � 1.25 mL/s for patients 6 and 24; Qavg � 2.3

mL/s for patients 7, 22, 23, and 25).

RESULTS
Phase I
Fig 2 shows a box-and-whisker plot for the 25 datasets categorized

as cases where FDS treatment had no vessel caliber change (Group

B, n � 11) and cases where narrowing or sub-acute occlusion was

observed either at baseline or at follow-up (Group A, n � 14) and

their correlation with daughter vessel DR. These distributions al-

ready show a marked correspondence between nonsymmetrical

anatomies and vessel changes (Group A), with DR values between

the first and third quartile centered on the nonsymmetrical region

(DRmedian � 0.59; DR1st quartile � 0.52; DR3rd quartile � 0.65).

Conversely, a marked correspondence was observed between

symmetrical anatomies and lumen conservation, with DR values

centered on the symmetrical region of DR � 1 (DRmedian � 0.95;

FIG 1. Idealized 3D geometries used for study phase II. Line i indicates unstented geometries; line
ii, geometries with stent deployed along smaller daughter vessel; line iii, geometries with FDS
deployed along larger daughter vessel; line iv, geometries used to study the effect of bifurcation
angles, where � was varied while � was kept constant at 120°.

FIG 2. Whisker plot showing DR distribution within Group A (mean �
0.59; SD�0.0766), including datasets with events of partial (narrowing) or
complete occlusion, and Group B (mean � 0.935, SD � 0.0823), including
datasets reporting no constriction (patency). Each boxplot describes first
quartile values (bottom black line), median values (middle black line), and
third quartile values (top black line). Error bars show minimum (bottom
black bar) and maximum (top black bar) values. Solid circles denote
outliers identified by using the maximum normed residual test.
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DR1st quartile � 0.91; DR3rd quartile �

0.99). A maximum normed residual test

identified 1 outlier in each group. These

outliers are represented in Fig 2. The t

test confirmed a statistically significant

difference between the 2 groups’ mean

values, with P values �.001. No corre-

spondence of statistical significance was

observed between angle measurements

and artery diameter changes (Fig 3). The

On-line Figure shows a percentage de-

crease in the diameter of the jailed

daughter branch mostly distributed

around 50%.

Phase II
Computational results obtained for ide-

alized anatomies are reported in Figs 4

and 5. Fig 4 shows space-averaged wall

sheer stress (WSS) forces exerted by the

flow of blood on the endothelial layer

over the nonstented region of both

daughter vessels at diastolic flow rates.

FIG 3. Whisker plots correlating DR with angles between parent and jailed vessel (left) and with
angles between parent and stented vessel (right). Each boxplot describes first quartile values
(bottom black line), median values (middle black line), and third quartile values (top black line).
Error bars show minimum (bottom black bar) and maximum (top black bar) values. Solid circles
denote outliers identified by using the maximum normed residual test.

FIG 4. Space-average WSS calculated along the smaller daughter vessel (region A, left graphs) and larger daughter vessel (region B, right graphs)
for diastolic volumetric flow rates (0.98 mL/s) and 3 different configurations (solid lines, no stent; top graphs, dotted lines, stent along smaller
vessel d1; bottom graphs, dotted lines, stent along larger vessel d2).
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WSS values computed over the smaller daughter vessel (Fig 4,

region A) for both stent configurations show a 2 Pa (10%) de-

crease in WSS after stent deployment in nonsymmetric bifurca-

tions (DR � 0.41) and less pronounced changes when DRs ap-

proach symmetric values (0.65 � DR � 1). WSS calculated along

the larger daughter vessel (Fig 4, region B) is less affected by the

flow diverter, with changes in WSS values confined to less than 0.1

Pa (4%) across all ranges of DR values. Results for peak systolic

flow rates (Fig 5) showed similar trends, with WSS fields mostly

affected in nonsymmetrical bifurcations in both regions. Volu-

metric flow rates predicted at the daughter vessel outlets and pres-

sures computed along the same vessels showed that stent deploy-

ment only marginally affects flow redistribution and pressure

fields across the bifurcation, with maximum FDS-induced changes

in flow rates of approximately 0.01 mL/s and pressures of approxi-

mately 2 mm Hg at peak systole. When we analyzed the influence of

varying peripheral resistance within physiologic ranges and angles,

we did not find any noticeable effect.

Phase III
Computational fluid dynamics results for patient-specific analysis

are reported in the Table and Fig 6. In accordance with phase II

observations, the patient-specific analysis showed how hemody-

namic effects become larger when flow diverters are deployed in a

nonsymmetrical configuration. Contour plots of WSS show some

hemodynamic effect along the unstented daughter vessels for pa-

tients 22 and 25, where a decrease in WSS is qualitatively perceiv-

able compared with the unstented configuration. A more quanti-

tative analysis of the WSS space-averaged values over the same

vessels is reported in the Table, with higher hemodynamic changes

(decreased WSS) for the nonsymmetrical bifurcation and a compar-

atively smaller hemodynamic effect for the symmetric ones. The only

exception is represented by patient 6 (Table), in whom a bifurcation

with DR�0.7 showed no hemodynamic differences between stented

and unstented configurations. Patient 6 presented acute occlusion

(the only case) and jailed vessel complete recanalization with pre-

served diameter at 3-month follow-up.

FIG 5. Space-average WSS calculated along the smaller daughter vessel (region A, left graphs) and larger daughter vessel (region B, right graphs)
for peak systolic volumetric flow rates (3.71 mL/s) and 3 different stent deployment configurations (solid lines, no stent; top graphs, dotted lines,
stent along smaller vessel d1; bottom graphs, dotted lines, stent along larger vessel d2).

Space-averaged WSS values computed over the unstented
(jailed) daughter vessel before and after stent deployment

Patient DR

SP-AVG
WSS (Pa)

%
Difference Outcome

No
Stent Stent

6 0.71 16.8 16.8 0.0 No narrowing
7 0.90 15.4 15.2 �1.3 No narrowing
22 0.47 7.2 6.8 �5.6 Narrowing
23 0.52 8.9 8.7 �2.2 Narrowing
24 0.90 1.9 1.9 0.0 No narrowing
25 0.50 11.5 11.2 �2.6 Narrowing

Note:—SP-AVG indicates space-averaged.
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DISCUSSION
Wide-neck bifurcation aneurysms present an unfavorable config-

uration for endovascular treatment. Balloon remodeling, stent-

assisted coiling, and other complex procedures such as double-

stent placement are often applied to provide more support to coil

packing, with permanent neurologic impairment estimated in ap-

proximately 10% of cases.5 A number of bifurcation aneurysms

have been treated by using FDS procedures, and results are worse

than in proximal aneurysms, with lower occlusion rates (33%–

97%) and higher permanent neurologic impairment (0%–27%).

In the published series of bifurcation an-

eurysms treated with FDSs, approxi-

mately two-thirds of the arteries jailed

by the FDS were affected by a narrowing

process or complete subacute occlu-

sion.3-8 In the 25-aneurysm dataset re-

ported in this study, narrowing or com-

plete subacute occlusion was observed

in 56% of cases. Only 1 patient (patient

6) presented acute arterial occlusion

and complete artery recanalization at

3-month follow-up, keeping a normal

diameter. The main hypothesis is that

acute occlusion was caused by a throm-

botic process because occlusion was im-

mediate (during the procedure) and

completely reversible. Occlusion and

narrowing processes by permanent flow

changes seem to be subacute events and

not reversible.

Causes and mechanisms underlying

FDS-induced artery caliber changes have

not been elucidated. An analysis of ana-

tomic and radiologic data for the study co-

hort reported here found a statistically sig-

nificant correspondence between levels of

bifurcation asymmetry and narrowing or

subacute occlusion of the jailed artery.

These correspondences were found for a

25-dataset cohort; a larger cohort size

would be needed to enhance the signifi-

cance of these findings.

Insertion of an FDS in asymmetric

idealized bifurcations led to more

changes in daughter vessel hemodynam-

ics, in particular a reduction in WSS,

compared with symmetric cases, regard-

less of whether the FDS was deployed

along the larger or smaller branch.

Deploying the FDS along the smaller

bifurcating vessel led to more pro-

nounced alterations in the hemody-

namic parameters investigated. Patient-

specific simulations confirmed previous

results from the idealized geometry

study, with observable hemodynamic

changes in the asymmetric group. Al-

though changes in WSS values seem

modest to definitely suggest a role played by hemodynamics, our

findings have to be taken in a qualitative way and in view of the

limitations of our approach. The computational fluid dynamics

analysis was performed by using typical boundary conditions (eg,

inlet flow rates). A more patient-specific approach would be nec-

essary to fully understand in a quantitative way the significance of

WSS alterations with respect to caliber changes and endothelial

behavior. Nonetheless, the study identified an important trend

demonstrating that hemodynamics is mostly perturbed by an FDS

FIG 6. Computational fluid dynamics results for patient-specific analyses (phase III). WSS con-
tours and anatomies were investigated.
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when deployed in a nonsymmetric bifurcation. It seems that

changes in the forces to which endothelial cells are exposed may

lead to vasomotor reaction in cerebral arteries.17-19 Considering

that this study does not include biologic events analysis (eg,

thrombosis) and in view of current knowledge, it is audacious to

link small WSS changes to vasoconstriction as the main explana-

tion. The role played by hemodynamics in the endothelial-medi-

ated constrictive mechanisms needs further investigations.

The study of idealized cases identified a symmetry ratio threshold

(DR � 0.65) below which hemodynamic changes were noticeable.

This threshold is similar to the value found in our 25-patient dataset

that encompasses most cases within the group with narrowing or

subacute occluding vessels (DR �0.7). Further research and a statis-

tically relevant number of datasets are necessary to fully validate and

handle confidence in this association. However, this study affirmed

the possibility that the phenomenon of FDS-induced vasoconstric-

tion may be explained not only through the presence or absence of

collateral vasculature,6,9 but also through changes induced on the

local bifurcation hemodynamics.

As previously stated by Peach et al,20 successful use of an FDS

in the treatment of intracranial aneurysms can only be achieved

when the FDS creates sufficient resistance to flow entering the

aneurysm so as to promote thrombosis while minimizing any

alteration of the pre-existing hemodynamic stability and vessel

homeostasis in the extra-aneurysm regions. We have found that

hemodynamic changes were minimal when FDSs were deployed

in symmetrical bifurcations and became progressively more sig-

nificant as the level of asymmetry increased.

FDS-induced changes to flow and pressure were not signifi-

cant, though alterations to local distributions of flow velocities

were observed and justified changes in WSS. We only observed

minor changes to pressure and flow redistribution upon stent

deployment. This is somewhat in disagreement with other com-

putational studies reported in the literature,21,22 where more sig-

nificant alterations in flow and pressure data were observed be-

tween the unstented and stented configurations. This can be

explained by the fact that in our approach, where we coupled the

fluid solver to a 1D resistance model effectively imposing outlet

pressure as a function of flow rate, we could impose, and keep

constant, physiologically realistic values of peripheral resistance

across our bifurcations. This guaranteed consistency on the im-

position of peripheral resistance, which cannot be guaranteed by

the imposition of constant pressure outlet boundary conditions

because a different redistribution of flow, caused for example by

the presence of a flow-diverting device, would lead to a different

value of outlet resistance if pressure is maintained constant. The

same findings are also somehow in disagreement with previously

published data from experimental studies, where arguably pe-

ripheral resistance would have been kept constant. However,

these studies do not provide any information on the peripheral

resistances set for the experiment and only vaguely refer to the

experimental model being connected to a “flow loop with flexible

chloride tubing.”23,24 In these studies, the significant changes in

pressure caused by the presence of low-porosity FDSs might have

been affected by much lower than physiologic values of peripheral

resistance, in the presence of which the local resistance of the FDS

might be much greater and inevitably expected to induce large

changes in flow redistribution and, therefore, pressure. We be-

lieve that our multidimensional resistance-based approach could

offer a viable boundary condition option, other than pressure-

based approaches, for the type of studies presented in this study,

as also elegantly elucidated by Vignon-Clementel et al.25 How-

ever, a deeper understanding of the different physiologic condi-

tions modeled by the 2 approaches and their suitability to inves-

tigate flow through stented bifurcation would require further

research.

To evaluate the change in bifurcation angles that may have

been induced by the deployment of a relatively stiff device, we

studied the influence of angle changes on symmetrical idealized

bifurcations without stents. This study did not produce noticeable

changes in distal vessel hemodynamics to justify a subsequent

study on the influence of angles on stented bifurcations. This is

also confirmed by other studies reported in the literature.26,27

One might question the applicability of the theory identified

by this study to sidewall arteries. Indeed, asymmetric bifurcations

present similar anatomies to sidewall arteries, albeit with much

higher percentages of parent arteries in the follow-up because

ophthalmic and anterior choroidal arteries do not seem to suffer

the same clinical fate when covered by FDSs.28,29 This could be

explained by a different influence that peripheral vascular resis-

tance has on local hemodynamics at different locations in the

vascular network. Vascular resistance can be described as the im-

pediment to blood flow in a vessel and is well described by the

Hagen–Poiseuille relationship. This equation shows that resis-

tance, or impediment to flow, increases with higher values of

blood viscosity (hematocrit), vessel length, and smaller vessel ra-

dius. It should also be noted that, by far, the most important

influence on resistance to flow is given by vessel radius, which

appears to the power of 4 in this relationship. This strong influ-

ence of vessel radius on flow was one of the main reasons we

decided to focus our study on reciprocal vessel diameters at bifur-

cations. In the systemic circulation, resistance to flow exerted by

small peripheral vessels is known to have a significant influence

on overall systemic blood flow.30 When we have studied the in-

fluence of peripheral resistance and varied it within physiologic

ranges reported for MCA bifurcations, we have noticed little in-

fluence compared with the changes induced by FDS. This might

not be the case at other vascular locations where the level of pe-

ripheral resistance is different. In fact, Reymond et al15 reported

2- to 3-fold higher values of peripheral resistance distal to the

ophthalmic and choroidal arteries compared with known periph-

eral resistance after MCA bifurcations. It is therefore possible that

the presence of an FDS in proximal vessels, which can also be

considered as an impediment to flow, would not affect a flow that

is predominantly dominated and influenced by a much higher

peripheral resistance at these locations. This aspect requires fur-

ther research to fully explain why FDS treatment at these locations

does not seem to lead to vessel caliber changes.

CONCLUSIONS
This study identified a statistically significant correlation between

nonsymmetrical bifurcations and narrowing or subacute occlu-

sion in a patient dataset, showing that bifurcation anatomies be-

low a certain level of symmetry (DR �0.65) are more likely to
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become narrower or occluded. A FDS induced modest hemody-

namic changes (decreased WSS) when bifurcations were not sym-

metrical, but these were comparatively higher than those ob-

served in symmetric bifurcations. Upon further research and

clinical validation, this knowledge has the potential to guide and

motivate further studies to reduce risk in complex aneurysm en-

dovascular treatment, with the prospect of extending minimally

invasive procedures to vascular regions that are currently deemed

unsafe for FDS treatment.
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