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ABSTRACT

The purpose of this work is to evaluate the influence of coil

diameters on the hemodynamics of intracranial aneurysms by

using computational fluid dynamic (CFD) simulations. Three

virtual treatments were performed varying packing density

and coil surface area, by changing coil diameter. Hemody-

namic parameters such as wall shear stress (WSS), average

velocity and dye concentration at the aneurysm site were qual-

itative and quantitatively analyzed. Simulations with same

coil area (958 mm2) but different packing density (21.0% and

41.6%) show similar hemodynamic alterations. Besides, the

treated model with the highest coil area (1596 mm2) and in-

termediate packing density (33.2%) exhibited the highest re-

duction in the studied hemodynamic variables. Our findings

show that coil area plays an important role in the resistance

(pressure and frictional drags) of blood flow through the coils.

Index Terms— intracranial aneurysms, endovascular

coiling, CFD, coil surface area, hemodynamics

1. INTRODUCTION

Endovascular treatment of intracranial aneurysms using coil

embolization techniques has been a common practice in the

last decades [1]. This treatment involves guiding a micro-

catheter to the aneurysm site to insert biocompatible wires

of microscopic dimensions, better known as coils. They are

meant to promote a hemodynamic environment suitable for

thrombosis inside the aneurysm cavity, which would subse-

quently lead to parent vessel patency and lessen rupture risk.

Clinicians attempt to insert as many coils as possible since
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packing density (the ratio between the inserted coil volume

and aneurysm volume) has been related to reduced aneurysm

recanalization [2, 3]. However, the risk of aneurysm perfora-

tion, coil migration or mass effect constrains greatly the final

packing density. It has been reported that a mean of 23% and

a maximum of 40% can be achieved with standard Guglielmi

detachable coils [3].

There are several types of coils available in the market [4]

and most of their features are meant to improve both opera-

tive performance (coil flexibility) and packing density. How-

ever, the influence on intra-aneurysmal hemodynamics due to

the presence of different coil types, in particular different coil

diameters, has not been considered yet. Pressure and fric-

tion drags exerted by blood flow onto the coil depend on the

contact surface; and therefore, similar drags may occur if the

same area is used at different packing densities, which can be

achieved by varying the coil diameter. The purpose of this

work is to evaluate the influence of coil diameters, packing

density, and coil surface area on intra-aneurysmal hemody-

namics by using CFD simulations.

2. MATERIALS

A saccular aneurysm, located on the ophthalmic segment of

the left internal carotid artery, of a 42-year-old woman was

studied in this work. A three-dimensional rotational angiog-

raphy (3DRA) image of the aneurysm was captured with an

AXIOM Artis (Siemens Medical Solutions, Erlangen, Ger-

many). The 3DRA field of view used was 194.75 mm with a

reconstruction matrix of 512x512x442 (Figure 1(a)). The di-

mensions of the aneurysm were 6.6 mm for neck diameter, 7.5

mm for dome depth and a volume of 280 mm3. According to

patient condition and current clinical practice, the aneurysm

was suitable for endovascular coil treatment.
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Model M0 M1 M2 M3
Coil diameter [mm] – 0.508 0.254 0.254

Length [mm] – 575 1165 1835

Area [mm2] – 958 958 1596

Packing density [%] 0.0 41.6 21.0 33.2

Table 1: Description of the models used in this study.

3. METHODS

3.1. Image Processing

The medical images were used to reconstruct the vascu-

lar region of interest, which includes the aneurysm, the

internal carotid artery, and the vessels immediately distal

to the aneurysm. From this region of interest, a surface

mesh was extracted using a segmentation algorithm based on

geodesic active regions [5]. The surface mesh was cleaned

and smoothed using in-house software, GIMIAS [6].

3.2. Virtual Coiling

The aneurysm geometry was virtually treated with endovas-

cular coils. An untreated (M0) and three coiling models were

considered in this study (see Table 1). The first coiling model

(M1) considered a high packing density of 41.6% using six

0.508 mm-diameter coils. The second model (M2) has the

same coil area as M1, but uses thinner coils of 0.254 mm

of diameter. These thinner coils provide a packing density

of only 21.0%. Finally, the third coiled model (M3) uses the

same coil diameter as M2, but with a packing density between

the ones of M1 and M2 (33.2%).

To create the coils, a technique based on a dynamic path

planning was used [7]. Basically, the technique deploys

the coils one-by-one until the desirable packing density is

achieved. Aneurysm perforation, coil collision and migra-

tion are not allowed. Additionally, the technique is able to

retract and redirect the tip of the coil being inserted when

it is blocked by previously inserted coils. To preserve the

coils inside the aneurysm, a surface is added at the aneurysm

ostium making it a closed surface. Figure 1(b-d) shows the

final configuration of the coils for each coiling model.

3.3. Meshing and CFD

Volumetric meshes, composed of unstructured tetrahedral and

8-node prism elements, were generated for each of the mod-

els using ANSYS ICEM CFD v12 (Ansys Inc., Canonsburg,

PA, USA) commercial software. Maximum global element

size was 0.3 mm, where elements of the mesh would grad-

ually refine themselves towards the wall into a size of 0.15

mm. The element size around the coils was 0.06 mm. The to-

tal number of volumetric elements generated for models M0

Fig. 1: (a) Volume rendering of the vessel. (b - d) Vascular

models of treatments 1, 2, and 3, respectively.

through M3 were 0.74 million, 6.75 million, 7.59 million,

10.96 million, respectively.

Using ANSYS CFX v12, continuity and momentum

equations were solved throughout the volumetric mesh. The

vessel wall and coils were set to be rigid with no-slip bound-

ary condition. Blood was considered as an incompressible

Newtonian fluid with a viscosity of 0.0035 Pa·s and density of

1066 kg/m3. Flow boundary conditions were imposed accord-

ing to a one-dimensional mathematical model of the systemic

tree, which was developed within the @neurIST project [8].

A mass flow rate was imposed at the inlet, whereas pressure

was imposed at the outlets. Three cardiac cycles of 0.8 s

each were computed, but the first one was considered only

to achieve numerical stability. Each cardiac cycle period was

divided into time steps of 0.005 s.

To simulate an injection and transport of a contrast dye,

a massless scalar field was solved using a transport equation

obtained from literature [9]. The propagation of the contrast

dye started at the beginning of the second cardiac cycle at a

constant rate of one, and continued until the beginning of the

third cycle which allowed visualization of the washout phase.

Data from the last two cardiac cycles was stored to ana-

lyze intra-aneurysmal hemodynamic alterations after coiling.

The hemodynamic activity was evaluated from WSS, average

velocity and dye concentration inside the aneurysm. These

variables were considered since changes in hemodynamics

have been correlated with physiological response [10, 11].

Quantitatively, variations throughout the third cardiac cy-

cle were obtained for WSS and velocity inside the aneurysm

dome. Dye concentration was evaluated from the start of the

injection to the end of the third cycle. Qualitatively, WSS and
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Fig. 2: WSS distribution and velocity contours in a cut plane, at peak systole for all models.
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Fig. 3: Variations of intra-aneurysmal hemodynamic parame-

ters throughout time.

velocity were observed at peak systole.

4. RESULTS

4.1. Qualitative results

Figure 2 shows contour plots for WSS and velocity on the four

models. M0 presents high WSS (>40 Pa) at the distal side of

the aneurysm wall, which is associated to the impingement of

the blood flow jet at that zone. Flow inside the aneurysm is

characterized by a singular vortical structure.

In the treated models, it is visualized that both variables,

WSS and flow velocity, were decreased after coiling. Also,

they show similar flow alterations compared to M0, although

local singularities in the WSS distributions (especially at the

aneurysm neck) and velocities inside the aneurysm appear

due to the particular coil distribution of each treated model.

4.2. Quantitative results

Figure 3 shows the variations of WSS and velocity along

one cardiac cycle and dye concentration during filling and

washout phases. Compared to M0, all parameters have been

reduced after coiling.

Time-averaged reductions in WSS induced by coiling

were 55.5%, 69.5%, and 70.5% for M1, M2, and M3, respec-

tively. Regarding time-averaged velocity inside the aneurysm

volume, both M1 and M2 have similar velocity reduction of

88.8%. M3 has reduced velocity by 92.3%.

Dye concentration curves show that all treated models

have a similar dye concentration evolution in time. In gen-

eral, the amount of dye entering the aneurysm was reduced

and its stay was prolonged.

5. DISCUSSION

In this work, CFD simulations were performed on a patient-

specific cerebral aneurysm model. The purpose was to in-
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vestigate the influence on intra-aneurysmal hemodynamic

alterations due to different coil diameters. We found that

qualitative differences among the treated models are negli-

gible and similar tendencies appear when hemodynamic pa-

rameters are observed throughout time. In general, all treated

models present reduction of the intra-aneurysmal velocity

and WSS, as well as decrease of the dye concentration enter-

ing the aneurysm and increase of its residence time. These

hemodynamic alterations after coiling have been visualized

in experiments with phantoms [12, 13, 14].

For M1 and M2, both having the same coil area of contact

with flow but different packing density (M2 has half the pack-

ing density of M1), similar hemodynamic alterations were

found. These results confirm that coil area plays an impor-

tant role in the resistance (pressure and frictional drags) of

blood flow through the coils. Furthermore, M3, presenting the

highest surface area of coils among all models and a packing

density (33.2%) lower than the one of M1 (41.6%), exhibited

a higher reduction for velocity and dye concentration. This

finding shows that the coil area is an important parameter to

have in consideration when treating an intracranial aneurysm

with endovascular coiling.

Although all parameters have been greatly reduced for the

treated models, we can not establish if these hemodynamic

conditions are the ones that trigger the coagulation cascade.

The use of CFD studies in correlation with clinical events

(e.g., aneurysm occlusion/recanalization in follow-up) is one

way to overcome these issues.

6. CONCLUSIONS

Using CFD along with the virtual coiling algorithm provides

a mean to study the hemodynamic alterations induced by dif-

ferent treatment options. It is observable that all treatment

options reduced the intra-aneurysmal velocity, WSS, and dye

concentration in comparison to the untreated computational

model. For this aneurysm in particular, changes in hemody-

namic condition depend on packing density as much as on coil

surface area in contact with blood flow. A high coil surface

area increases pressure and frictional drags, leading to flow

stasis (low velocity and high dye residence time). Thereby,

it should be taken into account for endovascular coil treat-

ment. Further studies performed on a larger dataset of patient

aneurysm models are required to better understand the impli-

cations of using different coil diameters.
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