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Abstract Coil embolization of cerebral aneurysms with
inhomogeneous coil distribution leads to an incomplete
occlusion of the aneurysm. However, the effects of this
factor on the blood flow characteristics are still not fully
understood. This study investigates the effects of coil con-
figuration on the blood flow characteristics in a coil-embo-
lized aneurysm using computational fluid dynamics (CFD)
simulation. The blood flow analysis in the aneurysm with
coil embolization was performed using a coil deployment
(CD) model, in which the coil configuration was con-
structed using a physics-based simulation of the CD. In the
CFD results, total flow momentum and kinetic energy in
the aneurysm gradually decayed with increasing coil pack-
ing density (PD), regardless of the coil configuration attrib-
uted to deployment conditions. However, the total shear
rate in the aneurysm was relatively high and the strength of
the local shear flow varied based on the differences in coil
configuration, even at adequate PDs used in clinical prac-
tice (20-25 %). Because the sufficient shear rate reduction
is a well-known factor in the blood clot formation occlud-
ing the aneurysm inside, the present study gives useful
insight into the effects of coil configuration on the treat-
ment efficiency of coil embolization.
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1 Introduction

Coil embolization is a popular clinical method used to
treat cerebral aneurysms. In this procedure, several coils
are deployed in the aneurysm to stagnate blood flow and
enhance blood clot formation, occluding the aneurysm
inside. A high packing density (PD) of the coils in the
aneurysm (>20-25 %) is generally desirable to maintain
long-term stability [31, 32], and this amount has been
widely used for an evaluation index in clinical prac-
tice. However, recent clinical statistics have shown that
the degree of PD cannot be the only factor in predicting
stability for any clinical case [28, 29]; instead, the spa-
tial distribution or configuration of the coils, especially
in the neck region, has gradually become a mainstream
index [13, 29, 35, 36] in terms of the prevention of the
aneurysm inflow [7]. Because the incomplete prevention
of the inflow induces the risk of aneurysm recurrence,
a detailed evaluation of the effects of the coil configu-
ration on the blood flow characteristics in the aneurysm
is required to increase the treatment effectiveness of coil
embolization.

Computational fluid dynamics (CFD) is an effective
tool used to reveal the detailed characteristics of the blood
flow in the coil-embolized aneurysm, and various kinds of
CFD studies have been attempted [1, 3, 5, 6, 12, 15-17,
20-23, 25-27, 30]. In clinical practice, several coils are
manually deployed in the aneurysm using a microcatheter,
and a complex structure is constructed. To avoid having to
deal with such geometric complexity in the CFD studies,
simplified approaches using the porous media (PM) model
have been developed, in which the blood flow in the coil-
embolized aneurysm is assumed to be a flow in a homo-
geneous porous medium [6, 16, 17, 20, 25]. The blood
flow analyses using the PM model give an understanding
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of the effects of PD on global flow stagnation; however,
the PM model has a critical limitation when analyzing the
local flow characteristics in the coil-embolized aneurysm
because of the implicit expression of the presence of the
coil.

To address this issue, several CFD approaches using
realistic coil configurations have been proposed [1, 5,
15, 21-23, 26, 27, 30]. Morales et al. [21, 22] proposed
a rule-based technique to represent a realistic coil config-
uration called dynamic path planning, in which the path
of the coil is generated using a potential field based on
a geometric constraint. According to CFD studies using
their model, variations of the spatiotemporally aver-
aged velocities in the aneurysm gradually decreased with
increasing PD [21]. Also, Babiker et al. [1] analyzed the
blood flow in the aneurysm based on coil deployment,
where the coils were deployed using a solid deformation
analysis comprising beam elements. In the CFD stud-
ies, they investigated the effects of the PD, the neck size
of the aneurysm and the flow in the parent artery, on the
reduction of the inflow and spatial-averaged velocity in
the coil-embolized aneurysm. These existing CFD studies
using realistic coil configurations essentially focused on
the overall flow stagnation rather than the local flow char-
acteristics. Otani et al. [26, 27] focused on the local flow
characteristics in the aneurysms following coil deploy-
ment and found it was highly disturbed around the coils,
especially in the neck region of the aneurysm. This sug-
gests that a difference in coil configuration also gives rise
to a difference in local flow characteristics, i.e., local stag-
nation and shear flow reduction, which is believed to play
an important role in sustaining long-term stability [13, 29,
35, 36] and be a key component in the process of blood
clot formation [4, 10, 32, 36], occluding the aneurysm
inside. Therefore, a reliable CFD simulation that aims
to reveal the effects of the coil configuration on the local
flow field is necessary to fully understand the treatment
effectiveness of coil embolization.

In the present study, we investigate the effects of
the coil configuration on the blood flow characteristics
through a case study analysis of the CFD simulation
using patient-specific geometry of the cerebral aneurysm.
Various flow fields in the aneurysm with various coil con-
figurations are obtained using the coil deployment (CD)
model, in which the coil deployment is obtained through
a physics-based simulation that takes account of force-
balances between stretching, bending and repulsive forces
between the coil-aneurysm and coil—coil contacts [26]. To
clarify the effects of the coil configuration more vividly, a
flow analysis with the PM model [25] is also carried out,
and the results are compared in both models. Through the
comparison, we also discuss the utility and limitations of
the PM model.

@ Springer

2 Methods

2.1 Construction of the patient-specific aneurysm
model

A patient-specific geometry of the cerebral aneurysm was
acquired from clinical CT images in Osaka University
hospital. The aneurysm was formed in the internal carotid
artery, and its longest diameter was approximately 7 mm.
The clinical CT image stack consisted of 145 slices of
512 x 512 pixels, where the pixel size was 0.1875 mm and
voxel depth was 0.625 mm.

The three-dimensional (3-D) reconstruction of the
aneurysm geometry was done using the Amira 5.4.2 (Vis-
age Imaging, Berlin, Germany). The aneurysm surface
was given by 3-D triangle meshes based on the uncon-
strained smoothing function of Amira (Fig. 1a). To reduce
the remaining spatial irregularity in the obtained surface
meshes, a physics-based surface smoothing process was
carried out (Fig. 1b), in which the stretching and bend-
ing resistance were applied to each edge of the mesh and
pair of the adjacent meshes, respectively. We evaluated
the volume and surface area of the whole aneurysm geom-
etries between the aneurysm geometries prior to and after
smoothing processing. We confirmed that both changes
were less than 2 %, and thus concluded that the smoothing
processing satisfactorily preserved the characteristics of the
original surfaces.

2.2 Coil deployment simulation

The coil deployment simulation was implemented based
on the physics-based approach [26]. In the coil deployment
simulation, the coil was constructed by assuming that it
was an elastic wire with stretching and bending resistances
(Fig. 2a). The coil was discretized by a set of line elements
with an initial length L, and linear springs with a spring
constant k; for stretching, and k,, for bending. We assign the
index of each element and node withj (j =1, 2, ..., M) and
i(i=1,2,...,N), where M and N indicate the total number
of elements and nodes, respectively.

The elastic energy for stretching of the coil, W, is
defined by

N\'—‘

M
Zl—lo ’ ()

where /; is the current length of the line element. In the
same manner, the elastic energy for bending the coil, W,

is defined by

N
1
W=7k§ 0; — 60)2,
b 2bi=1(1 o) 2
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Fig. 1 Process of the construc-
tion of the aneurysm geometry
from clinical CT images. The
patient-specific geometry of the
aneurysm is extracted from a
medical CT image and surface
meshes are constructed (a).
The surface smoothing is done
by a physics-based surface
smoothing process (b). The
inlet and outlet regions are set,
and volumetric meshes are con-
structed for flow analyses (c).
The aneurysm region in green is
defined for the coil deployment
simulation of the CD model
and flow analyses with the PM
model (d)

Fig. 2 Schematic drawing of
the coil deployment simula-
tion (a) and the volumetric coil
configuration (b)

(a) Aneurysm extraction

(c) Computational mesh construction

(b) Smoothing

(d) Definition the
aneurysm region

(b)

Aneurysm

where 6, and 6, are the angles between neighboring line
elements at the reference and current states, respectively.
Here, we assume a straight coil at the reference state, i.e.,
Oy =m.

The total elastic energy of the coil is given by

W =W, + W, 3

According to the virtual work theory, the elastic force at
the node i, F,, is written by

ow

Fi=——,
T @

Closed surface

where x; is the position vector of node i.

The mechanical interactions from a coil-aneurysm
contact and coil-coil contact are modeled by the linear
spring-dashpot model, which is widely employed in dis-
crete element methods, e.g., [19]. In the contact between
node i of the coil with position vector X; and an arbitrary
node constituting the triangle mesh of the aneurysm sur-
face with position vector x,, the repulsive force F_; is
described by

D
[xi — Xt.ll <7
otherwise

Foi= { ](;con(xi — Xq) + NeonXi (5)
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where k., is the spring constant, D is the diameter of the
coil, the dot over X means the material derivative and 7,
is the dumping coefficient derived from the energy loss
upon collision [19] such that

Meonkcon
= -2 ln e, T 6
Ncon con 22+ (In econ)z (6)

where e, is the coefficient of restitution and m, is the
mass given by

miny
Mcon =

(N

77
my + my

where m; and m, are the masses assigned at two contact
nodes. Equation (5) indicates that a repulsive force is gener-
ated when the distance between the coil and the wall is lower
than the radius of the coil. Here, the aneurysm wall is assumed
to be rigid; i.e., the surface meshes of the aneurysm are fixed
even if an interaction force is exerted on the surface from the
coils. In this case, the mass of nodes in the aneurysm surface
is assumed to be negligibly large, and thus the m,,, can be
expressed as the mass m assigned at each node of the coil.

We insert several coils in a step-by-step manner and
deploy them. Thus, we address self-self and self—other
coil interactions. Now, we introduce the repulsive force F_;
exerted on node i as

k)

®)

F. — keon(Xi — X)) + Neon (Xi — Xx) |x; —x¢| <D
S0 otherwise

FC,k = _FC,iv (9)

where x, is the position vector of another node (i = k) in the
inserted and already deployed coils. F_, is the counterpart of
the interaction forces attributed to the principle of action and
reaction, and thus induces the motion of already deployed
coils. Here, the mass assigned at the node was set to be same
(m = m; = m,), so m,, can be calculated to be m/2.

With the forces defined in Egs. (4), (5), (8) and (9), the
equation of motion for node i is described by

mi; +vx; = F; + F,; + F.; + Fo, (10)

where v is the damping coefficient and F, is the external
force used to insert the coil into the aneurysm. The coil
deployment simulation is done by solving Eq. (10) in a
step-by-step manner. Using a semi-implicit Euler scheme,
the discrete form of Eq. (10) is given by

t+1)'(, — 1%,
milm - +'% = "Fi + 'Foi + 'Fe; + 'Fo, Y
tHly, _ Iy,
i ity
Mg 12
. i 12)
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Table 1 Parameters used in the coil deployment simulation

Spring constant (stretching) k, (N/m) 1.0 x 10°
Spring constant (bending) ki, (N/rad) 1.0 x 1073
Spring constant (contact) keon (N/m) 1.0 x 10°
Coefficient of restitution (contact) Ceon (—) 0.1

Mass assigned a the node m (kg) 1.84 x 1077
Damping coefficient v (kg/s) 1.0 x 1073
External force IFol (N) 1.8 x 107°
Coil diameter D (mm) 2.54 x 107!
Total initial coil length L (mm) 3 x 10?
Initial element length Iy (Lm) 2.54 x 107!
Time increment At (s) 8.5 x 1078

where At is the time increment. Velocity and position vec-
tors are solved by iterating Eqgs. (11) and (12), respectively.

The parameters used for the deployment simulation are
shown in Table 1. The shape of the practically used coil
is a single helix consisting of a platinum wire. Thus, the
tensional resistance of the coil is composed mainly of the
longitudinal and torsional resistances of the platinum wire,
which makes it difficult to determine the tensional prop-
erties of the coil itself. Thus, in this study, the physical
parameters are empirically determined to perform the real-
istic behavior of the coil. The initial total length of the coil
L and the diameter of the coil D are determined from the
information of a practically used coil [38]. The number of
nodes (or elements) is determined such that the initial ele-
ment size of a coil [, is around the coil diameter D.

To avoid moving the coil out of the aneurysm in the
process of coil deployment, a closed surface consisting of
the triangle meshes is constructed between the aneurysm
region (Fig. 1d) and arterial region. The initial coil con-
figuration is set to be straight, and the head of the coil is
located at the arbitrary place in the aneurysm region. To
drive coil motion, the external force F, is imposed at the
nodes outside of the aneurysm in the axial direction until
all the nodes on the coil are entered into the aneurysm
region. Then, a steady-state solution is obtained after the
coil motion is negligibly small; i.e., the force balance of the
right-hand side term in Eq. (10) is enough to satisfy a dis-
cretization level.

Once the 3-D distribution of the one-dimensional (1-D)
coil is obtained from the deployment simulation, the volu-
metric coil configuration for the blood flow analysis is con-
structed by taking the coil diameter/length, as the central
axis of the coil configuration is assigned to the distribution
of the 1-D coil obtained in the coil deployment simulation
(see Fig. 2b). Here, we neglect a change of coil diameter/
length along the axial extension based on Poisson’s effect,
because the axial extension might be small in practical situ-
ations and its contribution to the diameter change is also
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Case 1l

Case 2

Case 4

Fig. 3 Four cases of coil deployment simulation by changing the
deployment orientation and position. Red circles show the nodes of
the coil

small. Thus, in this study, the coil is uniformly expanded
with the given coil diameter D. Triangle meshes are used to
represent the coil surface geometry.

The coil PD is calculated by the same methodology in
clinical practice, given by

D2L
PD[% ] = 1007~ = (13)
4V

where 7 is the number of coils and V is the volume of the
aneurysm. Three coils were deployed in total, with PDs of
approximately 9, 18 and 27 %, respectively. To investigate
the effects of coil configuration on blood flow, four cases
of coil deployment simulation were conducted by changing
the deployment orientation and position (Fig. 3).

2.3 Mesh construction

Volumetric meshes for fluid analyses were generated using
the commercial software STAR-CCM + 6.04.014 (CD-
Adapco, Yokohama, Japan) (Fig. 1c). Both the surface tri-
angular meshes of coils and the aneurysm constructed in
Sect. 2.2 were used for the mesh construction. Polyhedral
meshes with five prism layers near the wall were used,
in which the mesh parameters were determined such that
the base size of the mesh was approximately 0.25 mm
(minimum proximity was 10 % of the base size) and the

thickness of the prism layer was approximately 20 % of the
base size. The numbers of volumetric meshes in the PD of
0, 9, 18 and 27 % were approximately 600,000, 2,400,000,
3,500,000, and 7,200,000, respectively. It should be noted
that we checked mesh size dependency on the solutions
through comparison with a solution using a finer base size
of 0.2 mm and found that the differences in the solutions
we will discuss were quite small, lower than 3 %. Thus,
we determined that the ideal mesh size is approximately
0.25 mm, from the viewpoint of computational cost.

2.4 Blood flow analysis
2.4.1 Governing equations and calculation conditions

We assume that the blood is an incompressible Newtonian
fluid, because the non-Newtonian features were reported
to be insufficient to alter the main flow pattern in the coil-
embolized aneurysm [23]. Our preliminary analyses also
showed that the non-Newtonian features were secondary
for the solution we will discuss (data not shown). Although
blood flow should be basically treated as a pulsatile flow,
flow is assumed to be steady, because this assumption is
a reasonable approximation to allow us to understand the
temporally averaged flow characteristics in a cardiac cycle
for blood flow analysis in cerebral aneurysms [14]. The
steady incompressible Navier—Stokes equations are given
by

p(u-Vu) = —Vp + uVu, (14)

V.ou=0, (15)

where u is the velocity vector, p is the pressure, p
is the density, and w is the viscosity. In this study,
p =105 x 10° kg/m® and . = 3.5 x 1073 Pa s are used.
The Egs. (14) and (15) were solved with coupling using the
SIMPLE algorithm, and its convective term was treated by
the second-order upwind scheme.

We impose the following conditions on the boundaries
of the artery and aneurysm (Fig. 1c): a uniform velocity
at the inlet; zero pressure and zero velocity gradient at the
outlet; no-slip condition at the fixed walls of the artery and
aneurysm. The Reynolds number at the entrance of the inlet
is approximately 230 [2]. The equations are solved by the
SIMPLE algorithm with the finite volume method using
STAR-CCM + 6.04.014.

2.4.2 Blood flow analysis with PM model
Blood flow analyses with the PM model used in [25]
were also performed to compare the results. In this anal-

ysis, we imposed the PM model only on the aneurysm
region (Fig. 1d), where the flow was modeled as a flow in
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a homogeneous porous medium that obeys Darcy’s law.
The pressure is modeled as locally balanced in these flow
regions with resistance forces such that

0=-Vp—Ku, (16)

where K is the permeability of the porous medium. The
permeability K is assumed to be a quasi-linear function of a
flow velocity magnitude such that

K = alul + B, (17)

where o and B are coefficients. According to the Ergun
equation [9] that describes the pressure drop in flow
through homogeneous PM with spherical pores, the coef-
ficient values of « and 8 are given by

1.75p(1 — k)

- «D, (18)
1501(1 — k)2

:7,&0; , (19)

where « (0 < « < 1) is the porosity of the PM, and Dp is
the diameter of the spherical pores, which is set to the coil
diameter D. The PD is given by PD = 100 (1 — «) using
the porosity «. In this study, the PD is set from 10 to 30 %
in increments of 5 %.

3 Results

3.1 Coil configuration

Typical solutions for the coil configurations with PDs of 9,
18 and 27 % are shown in Fig. 4a—c, respectively. The coils
fill in the aneurysm from the surface to center with increas-

ing PD. The coil was initially placed around the surface
of the aneurysm, and thus a large space remained in the

(a)

center region at a low PD of 9 %. An additional coil was
deployed, with the existing (initially inserted) coil at a PD
of 18 %. The final coil deployed in the aneurysm filled the
center region and pushed the other coils aside. As a result,
the coils filled the entirety of the aneurysm.

To measure the distribution of the coils quantitatively,
the coils were implicitly defined as a discrete indicator
function on 3-D Cartesian meshes, using the method of
[34]. Here, we used a mesh resolution of 0.05 mm. The
center of the Cartesian meshes corresponds to the gravity
point of the aneurysm. The local PD in the range of the
radial thickness Ar of 0.25 mm is calculated by

local PDiy[%] = 1002L°(Xg), for|xg| € [mAr, (m+ 1)Ar],
> g#a(xe)

(20)

(m=1,2,...), where X, is the central point of the mesh
and ¢, and ¢, are the indicator functions of the coil and
aneurysm, respectively.

Figure 5 shows the radial distribution of the coils from
the aneurysm center with respect to each PD. At a low PD
of 9 %, the averaged local PD was lower than 3 % with a
radius from 0 mm to 2 mm, whereas it stayed at approxi-
mately 10 % with a radius from 3 mm to 4 mm. It became
approximately 0 % for r > 4.25 mm. This inhomogeneity
grew gradually milder with increasing PD. However, the
variation of PD caused by differences in the deployment
conditions remained, particularly in the center region of the
aneurysm (r < 1 mm), even at a high PD of 27 %.

3.2 Blood flow analysis

Flow characteristics in the coil-embolized aneurysm were
investigated using flow analyses with both the CD model
and the PM model. Figure 6 shows the magnitude of the
flow velocity in the cross-sectional plane of the aneurysm.

Fig. 4 Configuration of the coils in the aneurysm at a packing density of 9 % (a), 18 % (b) and 27 % (c) in case 1

@ Springer



Med Biol Eng Comput (2017) 55:697-710

703
(@) (b) (c)
150 _ " sop
: z z i
z z 2 i
2 10f < g 204
v © ©
" ® g
c £ 10 5 M
~3 vy -
S st S S 10H
o = oy
r— © ©
@© O Q
S o <]
3 ) - 0 ] - 0 ]
09 1 2 3 2 5 0 1 3 g 5 0 1 2 3 2 5

Radius (mm)

Radius (mm)

Radius (mm)

Fig. 5 Local packing density in a volume with a radial thickness Ar = 2.5 x 10~ m at a packing density of 9 % (a), 18 % (b), and 27 % (c).
Error bars show the maximum and minimum values of the results of the coil deployment simulation (n = 4)
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Fig. 6 Magnitude of blood flow velocity in the cross-sectional plane
of the aneurysm before coil embolization (a). Blue arrows show the
flow direction. The results of the CD model at the packing densities
of 9, 18 and 27 % are illustrated in b—d, respectively. The arrow p

Prior to the coil embolization, the flow entered the distal
neck region of the aneurysm, swirled around the aneurysm
wall with decreasing velocity magnitude, and finally flowed
out of the aneurysm into the proximal neck region (Fig. 6a).
In the results of the CD model (Fig. 6b—d), the flow entered
through a space in the existing coils, and its velocity
decreased in the inner region (shown by arrow p in Fig. 6b).
The swirling flow found prior to the coil embolization
vanished at the low PD of 9 %. The flow velocity globally

P (e)

shows the inner region of the aneurysm. The bottom panels show the
results of the PM model at packing density 10 % (e), 20 % (f) and
30 % ()

decreased with increasing PD, whereas a relatively high
magnitude of flow velocity remained in the neck region of
the aneurysm even at the high PD of 27 %. In the results of
the PM model (Fig. 6e—g), the magnitude of the flow veloc-
ity globally decreased from the middle to the inner region of
the aneurysm, even at PD = 10 %. Flow stagnation occurred
throughout the whole aneurysm with the increase of PD.

A change of the shear flow field in the aneurysm was
investigated by introducing the shear rate defined by
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(e)

Shear rate (s)
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Fig. 7 Shear rate of the blood flow in the cross-sectional plane of the
aneurysm before coil embolization (a). Blue arrows show the flow
direction. The results of the CD model at the packing density of 9,
18 and 27 % are illustrated in b—d, respectively. Arrows p and g show

y = 2+/Ilp, 1)

where [I} is the second invariant of the strain rate tensor D,
given by

D= %(Vu + vu'), (22)

Figure 7 shows the shear rate in the cross-sectional plane
of the aneurysm. Prior to coil embolization, a shear rate
higher than 100 s~' was found around the aneurysm wall
because of the swirling flow. In the results of the CD model,
the shear rate around the aneurysm wall was locally dimin-
ished, particularly in the inner region (shown by arrow p
in Fig. 7b), whereas a high shear rate region formed in
the middle region of the aneurysm (shown by arrow ¢ in
Fig. 7b) at a PD of 9 %. With increasing PD, the shear rate
dramatically decreased in the inner region of the aneurysm
to lower than 10 s~'; however, it locally increased around
the coil surfaces from the neck to the middle region at a PD
of 18 %. This tendency was also shown at a PD of 27 %.
The results of the PM model show different tendencies
compared with the results of the CD model. At a low PD
of 10 %, the shear rate gradually decreased from the neck
to the center region, and thus, the shear rate in the inner

@ Springer

the inner and middle regions of the aneurysm, respectively. The bot-
tom panels show the results of the PM model at the packing density
10 % (e), 20 % (f) and 30 % (g)

region was lower than 10 s~!. The value of the shear rate in
the neck region decayed with increasing PD.

For quantitative evaluations of the flow stagnation
based on the coil embolization, we focused on changes of
momentum and kinetic energy of the flow in the aneurysm
by introducing the flow momentum ratio (FMR) [25] and
flow kinetic energy ratio (FER) as

Jy pluldv

FMR [%] = 100V 23
Jy olugldV @9
1
s .udV

FER [%] = 1002 Jvpu-u 24)

3 Jy puo - ugdV’

where V is the coil-embolized region of the aneurysm, u,
and u are the velocity vector before and after coil emboli-
zation, respectively. In the analysis by the PM model, the
coil-embolized region used to evaluate FMR and FER is
identical to the aneurysm region shown in Fig. 1d. How-
ever, in the analysis by the CD model, the coil-embolized
region is not determined in the same way; its boundary in
the aneurysm is not explicitly represented because of the
inhomogeneous coil distribution in the neck region. Thus,
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Fig. 8 Coil-embolized aneurysm region defined in pink used in the
evaluations for FMR (Eq. 23), FER (Eq. 24) and FSR (Eq. 25)

the coil-embolized region is manually determined as shown
in Fig. 8.

Figure 9 shows the FMR and FER against the PDs
obtained by the flow analyses with the CD model and the
PM model. The blue region in each figure illustrates the
range obtained by the CFD studies using various idealized
geometries of the aneurysm with the PM model [25]. In
the CD model, the FMR gradually decayed with increasing
PD and reached 15 % at PD =~ 27 %. The range between
maximum and minimum values based on the difference of
the coil configuration also gradually decreased and finally
reached approximately 7 % at PD & 27 %. Minimum val-
ues were in the range based on the idealized geometry,
whereas maximum values exceeded this range for all PDs.
Conversely, the PM model gave FMRs in the range based
on the idealized geometry for all PDs. The FMR in the
PM model dramatically decayed with increasing PD, and
its values were always lower than those of the FMR in all
CD model cases regardless of PD. Similar to the FMR, the
FERs decreased as PD increased, the rates of decrease were
different between the CD model and PM model, and the
variations attributed to the coil configuration became small
in the CD model with the increase in PD.

To evaluate the change in the shear flow field in the
aneurysm, the flow shear rate ratio (FSR) is defined as

Jy pydv

FSR [%] = 100-Y-""
Jy pyodV

(25)

where 9 and y are the shear rate before and after coil
embolization, respectively.

Figure 10 shows the FSR against the PDs obtained by
flow analyses using the CD model and the PM model. The
FSR of the CD model mildly decreased with increasing PD
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obtained by changing the deployment position and angle (n = 4). The
blue regions show the range of the CFD results in various idealized
geometries of the aneurysm in the study [25]
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Fig. 10 Flow shear rate ratio (FSR) against the packing density.
Black and open circles show the results of the PM and CD models,
respectively. Error bars of the results of the CD model show the max-
imum and minimum values based on the differences in the coil con-
figuration obtained by changing the deployment position and angle
(n=4
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in all coil configurations. Its average and the range of the
minimum and maximum remained at approximately 30 and
20 % even at the high PD ~ 27 %. In contrast, the FSR
of the PM model dramatically decayed with increasing PD
and reached approximately 4 % at PD = 30 %.

4 Discussion

4.1 Effects of coil configuration on the flow
characteristics

In the present study, CFD studies of the blood flow in an
aneurysm with realistic coil configurations were carried out
using the CD model. We discuss the validity of the coil con-
figuration in the CD model. Morales et al. [24] measured
2D coil distributions in aneurysms in rabbits by observ-
ing histological slices. They reported that the coil tends
to be located near the aneurysm periphery for PD < 20 %,
whereas the radial distribution becomes more homogene-
ous for PD =~ 30 %. These tendencies are in good agree-
ment with the results of the CD model (Fig. 5) and suggest
the validity of the constructed coil configuration in the CD
model.

An increase in PD progressed the flow stagnation in the
aneurysm, which was found in the results using both CD
and PM models, as shown in Figs. 6 and 9. These global
flow characteristics with increasing PD showed good
agreement with the results of existing CFD studies [1, 21].
Moreover, the effects of the coil configuration on the global
flow stagnation were also consistent with Morales et al.
[21], which found that variations in the spatiotemporally
averaged velocities gradually decreased with increasing
PD and that the effects of differences in coil configuration
were sufficiently small at a PD of approximately 30 % [21].
Therefore, we believe that the global flow characteristics in
the coil-embolized aneurysms shown in this study are con-
sistent with those from existing studies, although a quan-
titative comparison between our CFD results and existing
studies is difficult because of the differences in aneurysm
geometries and boundary conditions.

For further evaluations of the flow characteristics of the
coil-embolized aneurysm, we focused on the shear rate
defined in Eq. (18). As shown in Figs. 7 and 10, the shear
rate dramatically decreased in the inner region (shown
by the arrow p in Fig. 7b) because of the coil emboliza-
tion, while it locally increased around the coil surfaces in
the entrance neck region regardless of PD, which was not
observed in the results using the PM model. The FSR and
its variation based on the difference of the coil configura-
tion mildly decreased with increasing PD. This result indi-
cates that the presence of the coil enhances the strong shear
flow and that the characteristics of the shear flow depend
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on the coil configuration even at a PD adequate for clini-
cal practice [31, 32]. In the present case, the shear flow is
induced by the no-slip velocity on the coil surfaces in the
neck region, while its strength gradually decreases with
the increasing degree of flow stagnation in the aneurysm
based on the coil embolization. These characteristics are
influenced by the specific configuration of the coils, which
therefore produce the variations in the FSR.

Generally, sparse packing in the entrance neck region
(clinically called the neck remnant) increases the risk of
inducing aneurysm recurrence [13, 29, 35, 36]. As men-
tioned above, the coil configuration is closely related to
the strength of the shear flow in the neck region. It is com-
monly known that the strength of the shear rate plays an
essential role in blood clot formation [4, 10, 33, 37]; e.g.,
Tipple and Miiller-Mohnssen [33] observed blood clot
formation in the low shear rate region (<15 s~!). Accord-
ing to our findings, we speculate that the strong shear flow
induced by insufficient coil embolization in the neck region
of the aneurysm may prevent the blood clot formation
required to keep the treatment effective.

5 Utility and limitations of the PM model

The present results also demonstrate the utility and limita-
tions of the PM model through comparing the results of the
CD and PM models. As shown in Fig. 9, FMRs and FERs
in both models decreased with increasing PD, whereas
the maximum values of both FMRs and FERs exceeded
the ranges defined by the idealized geometry with the PM
model in the previous study [25] regardless of PD. In the
PM model, the effects of coil embolization are explained by
the assumption that the coil-embolized region, including the
neck region, has identical PD. However, in the CD model,
the coil distribution, especially in the neck region, is locally
sparse and inhomogeneous; thus, relatively high blood veloc-
ity remains in the neck region, which may cause FMR and
FER to exceed the range obtained in the previous study [25].

The difference between the CD model and PM model
is more clearly shown in the results of the distribution and
value of the shear rate. The shear rate distribution and the
FSR showed different tendencies between both models, as
shown in Figs. 7 and 10. The strong shear flow found in
the results of the CD model was not found in that of the
PM model, and moreover, the FSR in the results of the PM
model dramatically decayed with increasing PD. Given that
the presence of the coil is implicitly represented in the PM
model, it is difficult to represent the shear flow formation
that is mainly induced by the no-slip velocity of the coil
surface.

From the medical/clinical application viewpoint, blood
flow analysis with the PM model is an attractive approach
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to evaluate the degree of flow stagnation after coil emboli-
zation, without paying heed to the geometric complexity of
coil configuration. However, our results show that a model
explicitly incorporating the coil configuration, as in the pre-
sent blood flow analysis with the CD model, is necessary
for the fundamental understanding of the effects of coil
embolization on the blood flow characteristics, resulting in
further predictions of treatment effectiveness.

6 Further considerations

There are three areas in the present approach that can be
discussed and improved upon. First, the CD model is cur-
rently limited in its ability to express the physically con-
sistent behavior of actual coils. The physical parameters of
the coil that expressed the dynamics of the coils were set
empirically; moreover, only two elastic resistances, stretch-
ing and bending, were taken into account. The coil con-
figuration was determined by three independently defined
resistances, i.e., the stretching, bending and torsional resist-
ances. To express the coil dynamics accurately, the tor-
sional resistance needs to be considered. In future work,
a more physically accurate coil model is required for the
detailed evaluation of the variation of the coil configuration
available in the aneurysm. Furthermore, the adequate set-
ting of the reference state of the coil is also an important
point. The reference state of the coil was set to be straight
in the present simulation, and thus the coil was distributed
around the aneurysm surface to maximize its curvature in
the coil deployment simulation. In clinical practice, coils
with a two-dimensional helical or a 3-D loop structure are
generally used for efficient coil deployment [38]. In the
procedure of coil embolization, the first coil is selected
such that its loop size is near to that of the diameter of the
aneurysm, and subsequent coils with relatively small loop
sizes compared with existing coils are deployed in the
aneurysm to increase the PD and the homogeneity of the
coil distribution. The consideration of the reference state
of the coils is also required to obtain a more realistic coil
distribution. Eventually, the difficulty of the experimental
validation of the computational model of the coil emboli-
zation makes these further improvements highly challeng-
ing. 3-D measurement of the coil configuration in vivo is
limited because of the spatial resolution of current medical
imaging. Furthermore, coils are manually deployed using a
trial-and-error process in clinical practice, and thus the final
coil configuration in the aneurysm seems to be different in
each situation. To address these issues, both the develop-
ment of a 3-D in vitro measurement technique and a large
coil configuration dataset would be required. Second, the
pulsatility of blood flow was not considered in the blood

flow analyses. Geers et al. [14] reported that the steady
flow assumption can approximate the temporal average of
the unsteady flow for the blood flow analysis in a cerebral
aneurysm. We also examined the effects of flow pulsatility
on the CFD results by imposing a pulsatile flow at the inlet
of the coil-embolized aneurysm with a PD of 9 and 27 %.
Here, the time course of flow rate in one cardiac cycle was
determined by the measurement results from Ford et al.
[11]. Temporally averaged solutions showed good agree-
ment with those in the steady flow condition, and these
differences were remarkably small compared with the tem-
poral variations because of the pulsatility, approximately
2 and 6 % for flow momentum and 3 and 7 % for shear
rate at both the PDs, respectively. Thus, we concluded that
the steady flow simulation in this study also satisfactorily
approximated the temporally averaged flow characteris-
tics of the pulsatile flow simulation in cerebral aneurysms.
However, the temporal oscillation of blood flow based on
the pulsatility might not be negligible around the coils,
where vortex shedding may appear by entering the blood
flow directly in the aneurysm and causing a disturbance
around the coils. In terms of the biological aspect, this tem-
poral oscillation (e.g., expressed by the wall shear stress)
induces a biological reaction in the endothelial cells such
that they remodel the arterial tissues [8]. A more detailed
evaluation of the effects of coil embolization with the CD
model will enable the prediction of this biological reaction
based on the specific flow characteristics caused by coil
embolization. Third, sensitivity analyses of the coil config-
urations, patient-specific aneurysm geometry and hemody-
namics are limited in this study. Although we believe that
the shear flow generally appears in the neck region because
of the existence of the embolization coils, its strength and
spatial distribution are influenced by numerous factors.
To evaluate what and to what extent is the quantitative
effect of the coil embolization on the blood flow charac-
teristics, numerical experiments using large patient sam-
ples and variations of the coil configuration should be con-
ducted as a next step. Fourth, the experimental validation
of the detailed flow characteristics in the coil-embolized
aneurysm is still challenging because of the lack of medi-
cal imaging techniques to capture the microflow field in
complex-tangled coils in the aneurysm. Meanwhile, the
in vivo experimental measurement of the microblood flow
in the brain is expected in many fields such as neurobiol-
ogy and tumor research, and attractive measurement tech-
niques have been subsequently developed, e.g., [18]. These
techniques may be capable of measuring the microblood
flow fields in coils, which has huge potential for not only
the experimental validation of our CFD study but also the
improvement of the computational modeling of the effects
of coil embolization on the blood flow in the aneurysm.

@ Springer



708

Med Biol Eng Comput (2017) 55:697-710

7 Conclusions

In the present study, we investigated the effects of coil con-
figuration on blood flow characteristics in coil emboliza-
tion for a patient-specific cerebral aneurysm. The coil con-
figurations deployed in the aneurysm were obtained using
coil deployment simulation, and blood flow simulation was
carried out. The increase in PD increased the homogene-
ity of the coil distribution in the aneurysm. The increase
of these factors enhanced the overall flow stagnation and
diminished the effects of the coil configuration attributed to
the difference of the coil deployment condition, which was
illustrated by the reduction of the total momentum mag-
nitude and kinetic energy. However, the shear rate around
the coils in the entrance neck region was relatively high,
and its total reduction ratio in the aneurysm showed a large
variation based on differences in coil configuration even at
the high PD (> 25 %). These local effects of coil configura-
tion were obviously not represented by the homogeneous
PM model of the blood flow in the coil-embolized aneu-
rysm. Because the sufficient shear rate reduction is a key
factor in inducing the blood clot formation associated with
the treatment effectiveness, the present case study exhib-
ited an interesting speculation in that the coil configuration
affects the local shear flow field in the aneurysm even at a
clinically adequate PD. Further considerations using large
sample data, variations of the coil configuration and PD
would be beneficial for understanding to what extent the
embolized coils disturb the local flow characteristics and
promote blood clot formation in the aneurysm.
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