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ABSTRACT
Coiling is the most common endovascular therapy for cerebral

aneurysms. In this work, the influence of coil embolization

on intra-aneurysmal hemodynamics was studied using two

techniques for modeling coils. The first technique repre-

sented each coil explicitly and the second one approximated

the coil structure with a porous medium. CFD simulations

of pre- and post-treatment conditions were compared for one

anatomically realistic cerebral aneurysm model. We observed

a larger decrease in time- and space-averaged velocity in the

aneurysm with the explicit model (92.3%) than with the

porous medium model (71.4%). The difference between the

two techniques was also demonstrated using virtual contrast

injection. Whereas with the explicit model there was a large

decrease in the amount of contrast entering the aneurysm

and an increase in washout time, these phenomena were not

observed with the porous medium model.

Index Terms— Cerebral aneurysm, endovascular coiling,

hemodynamics, CFD, virtual treatments.

1. INTRODUCTION

Coiling is the most common endovascular therapy for cere-

bral aneurysms. It involves the insertion of small biocom-

patible metal wires inside the aneurysm through a catheter.

The goal is to promote the intra-aneurysmal hemodynamic

condition that triggers the coagulation cascade to reduce the

risk of aneurysm rupture. Such hemodynamic conditions in-

clude low velocities and high residence times [1]. However,

the intra-aneurysmal hemodynamic alterations induced by en-

dovascular coiling are yet not fully understood.

The research leading to these results has received funding from the

European Union Seventh Framework Programme (FP7/2007-2013) under

grant agreement nr 223920, VPH-NoE project, has been partially funded

by the Industrial and Technological Development Center (CDTI) under the

CENIT-cvREMOD program and the Catalonian Department of Innovation,

Universities and Enterprise (DIUE), through the EndoTreat project (exp.

VALOR2010-00064). Alejandro F. Frangi is partially funded by the ICREA-

Academia programme.

To model the effect that coils have on blood flow, sev-

eral techniques have been developed that can be clustered

in two groups. The first one explicitly represents the coils

and solves the incompressible Navier-Stokes equations us-

ing computational fluid dynamics (CFD) [2][3]. The sec-

ond group approximates the presence of the devices implicitly

with a porous medium, which effectively adjusts the equa-

tions used by the CFD solver [4][5].

The purpose of this study is to investigate the influence of

endovascular coil on intra-aneurysmal hemodynamics using

two coil modeling techniques.

2. MATERIAL

A cerebral aneurysm on a 42-year-old woman was used in this

study. The aneurysm was located on the ophthalmic segment

of the left internal carotid artery (ICA). The aneurysm had a

neck of 6.6 mm and a depth of 7.5 mm, which were measured

after a three-dimensional rotational angiography (3DRA) im-

age acquisition. The medical image was obtained with a AX-

IOM Artis (Siemens Medical Solutions, Erlangen, Germany).

The volumetric image consisted of 512x512x442 voxels cov-

ering a field of view of 194.75 mm. Aneurysm dimensions

and morphology, and patient condition indicated that the case

was suitable for endovascular coiling.

3. METHOD

3.1. Image and Surface Mesh Processing

A surface mesh of the aneurysm and parent artery lumen were

obtained by segmentation of the medical image. The segmen-

tation was done using a geodesic active region method [6].

After segmentation, small vessels were removed, superficial

holes were filled and the final surface of the vasculature was

smoothed to simplify the further CFD analysis. Surface mesh

edition was done using in-house software, GIMIAS [7].
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3.2. Virtual Treatment

The aneurysm geometry was virtually treated using two coil

modeling techniques. Both techniques required to isolate the

aneurysm from the parent artery by delineating its neck and

closing its ostium. The isolated aneurysm had a surface of

199.27 mm2 and a volume of 280 mm3. Ten coils with a

diameter of 0.254 mm and a total length of 200 cm were in-

serted. With these coils, a theoretical packing density of 36%,

considered the coils as straight cylinders, was obtained. Pack-

ing density is defined as the ratio between the volume of the

inserted coils and the aneurysm volume and the one imposed

is considered to be high in clinical practice using standard

coils [8].

3.2.1. Explicit Virtual Coiling

The first coiling technique explicitly represents the endovas-

cular devices. The coils were generated using a dynamic path

planning algorithm [9]. Briefly, this coiling technique sequen-

tially places the coils inside the aneurysms until the desired

packing density is achieved. Each coil is progressively placed

by advancing its tip. Aneurysm perforation, coil collision and

migration are not allowed. When the coil tip cannot move

further because it is blocked by other coils, it is partially re-

tracted and redirected toward an empty region. The ten coils

previously defined were used and a packing density of ap-

proximately 33% was achieved.

3.2.2. Implicit Virtual Coiling

The second technique uses a porous medium model to con-

sider the present of the coils inside the aneurysm. This

method adapts the Navier-Stokes equations inside the aneurysm

by imposing the Darcy porous medium model [10]. In these

equations, the porosity of the medium (ε) (the void space

through which the fluid flows) and pressure loss SM due to

the motion of the blood flow through the medium are consid-

ered. In this model ε=67%.

∂(ερ)
∂t

+ ∇(ρKU) = 0 (1)

∂

∂t
(ερU) + ∇(ρKUU) = −ε∇p −∇(Kτ) − SM (2)

where ρ is the density of the fluid, t is the time, K is the

porosity tensor, which was assumed isotropic. The term U is

the fluid velocity, p is the pressure and τ is the stress tensor.

The pressure loss SM is defined by

SM =
μ

k
U +

ρCd√
k
|U |U (3)

where, k is the permeability of the porous medium and Cd

is drag coefficient factor. In this work, the capillarity the-

ory of Kozeny was used following the CFD study in coiled

aneurysms of Kakalis et al.[4]. In the Kozeny theory k is de-

fined by [11]:

k =
ε3

cS2
(4)

where c = 2 for cylinders and S is the specific surface area

(ratio between the coil surface and the aneurysm volume).

The coil surface was derived from the ten inserted coils and a

value of k=7.204·10−5 m−2 was obtained. Finally, the term

Cd was taken from a Reynolds number-Cd chart [12], under

the assumption that the flow is perpendicular to the longitudi-

nal coil axis and that that a coil can be considered as a very

thin cylinder (length>>diameter). In our porous medium

model, we implemented Cd as a function of local Reynolds

number.

3.3. Volumetric Mesh Generation and CFD Modeling

To solve the governing equations of fluid flow in the untreated

and coiled models, the fluid domain was discretized using the

commercial software ANSYS ICEM CFD v12 (Ansys Inc.,

Canonsburg, PA). The volumetric meshes for each coiling

technique were different since the explicit coils requires small

elements around the them to obtain a mesh-independent CFD

calculation. As a result, the mesh with the explicit coils was

an order of magnitude larger than the mesh with the porous

medium (11·106 and 0.74·106 for the explicit and implicit

technique, respectively).

The commercial software ANSYS CFX v12 was used as

CFD solver. Blood was considered an incompressible New-

tonian fluid with a density of 1066 kg/m3 and a viscosity

of 0.0035 Pa·s. The flow regime was laminar. Vessel and

aneurysm surfaces, as well as the coils of the explicit model,

had no-slip boundary conditions. A time-dependent physio-

logical flow waveform was imposed at the inlet and pressure

waveforms were imposed at the outlets. These in- and outlet

conditions were taken from a 1-D model [13].

Three CFD simulations were performed in total, namely

untreated, with explicit coils and with porous medium. In

each simulation, three cardiac cycles of 0.8 s, discretized in

time steps of 0.005 s, were computed and the first one was

discarded to remove numerical errors from the initial transient

conditions.

At the beginning of the second cycle, the passive transport

equation of a massless scalar field was solved following the

approach used by Sun et al. [14]. This was done to simulate

the injection and propagation of a contrast material through

the vasculature. The injection was done during the whole sec-

ond cycle at a constant value equal to one. The third cardiac

cycle was done to visualize the washout phase of the contrast.

Wall shear stress (WSS) at the aneurysm wall, spacial-

averaged velocity inside the aneurysm and contrast concen-

tration were calculated during the last two cardiac cycles.
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4. RESULTS

Figure 1 depicts the CFD simulations performed at peak sys-

tole. Qualitatively, both coiled simulations decrease the intra-

aneurysmal velocity as well as the WSS at the aneurysm wall.

However, with the porous medium, there is more flow going

into the aneurysm as is visualized with the streamlines in fig-

ure 1(A).

Figure 2 shows the spatial-averaged intra-aneurysmal ve-

locity and WSS at the aneurysm wall during the third cardiac

cycle. The time-averaged velocity values were 0.287 m/s,

0.082 m/s and 0.022 m/s, for the untreated, porous medium

and explicit coil model, respectively. The velocity decreases

more with the explicit coils (92.3%) than with the porous

medium (71.4%). The WSS curves are similar, although there

are differences in their distributions (figure 1(C)).

Fig. 1. Hemodynamics variables at peak systole. (A) In-

stantaneous streamlines color-coded by velocity magnitude.

(B) Velocity contour plot on a cut plane in the center of the

aneurysm.(C) WSS distribution on the aneurysm wall.

Finally, figure 3 presents the contrast concentration in-

side the aneurysm along time (figure 3(A)) and for some time

points during filling and washout phases (figure 3(B)). For

Fig. 2. (A) Average intra-aneurysmal velocity and WSS dur-

ing one cardiac cycle.

Fig. 3. (A) Contrast concentration inside the aneurysm during

two cardiac cycles. (B) Visualization of contrast in some time

steps during filling and wash-out phases.

both coiled models, a reduction in the amount of contrast

concentration entering the aneurysm is observed, but for the

porous medium one, the contrast does not reside as long in

the aneurysm as for the explicit model.

5. DISCUSSION

Both coiled simulations reduced WSS and intra-aneurysmal

velocity (figures 1 and 2). Velocity reductions have been re-

ported in a experiment with a phantom coiled aneurysm [15].

Additionally, it has been observed in phantom aneurysms that

coils decrease the amount of contrast entering in the aneurysm

and increase its residence time [16][17]. These phenomena of

the contrast after coiling are only well captured by the explicit

coils. This and the simpler Navier-Stokes formulation used in

this technique make us believe that it is more reliable than the

porous medium and can be consider as our gold standard.

The underestimation of the coiling effect in the porous

medium may be due the assumed permeability k. Cha et

al. [5] stressed the importance of permeability. Here, k was

found with the Kozeny theory following the strategy of a pre-

vious work [4]. From equation 3, it is known that with a lower

k, the pressure loss SM will be higher. This leads to lower ve-

locities that should decrease the amount of contrast inside the

aneurysm and increase its residence time.

Regarding some features of each coil modeling technique.

The porous medium is faster to implement and smaller num-
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ber of elements are required, which reduces the computational

cost. However, its large disadvantage is the assumed parame-

ters such k. The explicit model, which uses the simpler form

of the governing equations of fluid flow, allows us to inves-

tigate the effect of coil distribution (heterogeneous for exam-

ple) and different coil diameters on the hemodynamics.

In future work, the implementation of a more general ex-

pression for the permeability [18] can be use such as

k =
ε3d2

p

a(1 − ε)2
, (5)

where, dp is the characteristic length of the solid material in

the porous medium and a is a constant that parameterizes the

microscopic geometry. Both parameters, dp and a, or the ratio

d2
p/a could be derived from the explicit coil model.

6. CONCLUSION

Two virtual coiling techniques were evaluated for one anatom-

ically realistic cerebral aneurysm using CFD simulations.

The explicit coils greatly reduce the intra-aneurysmal veloc-

ity, decrease the amount of injected contrast and increase its

residence time inside the aneurysm as it has been observed in

experiments with phantoms of coiled aneurysms. The porous

medium was faster to implement and compute but does not

fully catch the effect of decreasing the amount of contrast and

increasing its residence time inside the aneurysm.
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