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A Virtual Coiling Technique for Image-Based
Aneurysm Models by Dynamic Path Planning
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Abstract—Computational algorithms modeling the insertion
of endovascular devices, such as coil or stents, have gained an
increasing interest in recent years. This scientific enthusiasm is
due to the potential impact that these techniques have to support
clinicians by understanding the intravascular hemodynamics and
predicting treatment outcomes. In this work, a virtual coiling tech-
nique for treating image-based aneurysm models is proposed. A
dynamic path planning was used to mimic the structure and distri-
bution of coils inside aneurysm cavities, and to reach high packing
densities, which is desirable by clinicians when treating with coils.
Several tests were done to evaluate the performance on idealized
and image-based aneurysm models. The proposed technique was
validated using clinical information of real coiled aneurysms. The
virtual coiling technique reproduces the macroscopic behavior
of inserted coils and properly captures the densities, shapes and
coil distributions inside aneurysm cavities. A practical application
was performed by assessing the local hemodynamic after coiling
using computational fluid dynamics (CFD). Wall shear stress and
intra-aneurysmal velocities were reduced after coiling. Addition-
ally, CFD simulations show that coils decrease the amount of
contrast entering the aneurysm and increase its residence time.
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I. INTRODUCTION

C OILING is the most important and popular endovascular
therapy to treat cerebral aneurysms since their invention

in the early 1990s [1]. The procedure involves the insertion of
small and thin biocompatible metal wires that partially fill the
aneurysm cavity. Coils alter intra-aneurysmal hemodynamics
by reducing flow velocities and increasing blood residence
times, which may trigger thrombus formation [2]. Nonetheless,
around 15%–25% of aneurysms treated with coils recanalize
[3], [4], which means the reestablishment of blood flow in the
aneurysm lumen. Recanalization can be caused by either coil
compaction or aneurysm regrowth [3], [5], [6], both associated
to the hemodynamic forces acting on coils and the aneurysm
wall over time [7], [8]. Moreover, little is known about reliable
predictors that identify which aneurysms are prone to recanalize
due to hemodynamics and what coiling strategy carries a lower
risk for the patient.
Clinical reports suggest that the packing density, which ex-

presses the percentage of the aneurysm volume that is occupied
by coils, is a good predictor of coiling success. The higher the
packing density, the better the output [9]–[11]. Another clin-
ical predictor of coiling performance is the aneurysm occlu-
sion rate [10], [12]. This indicator classifies how obliterated the
aneurysm is by coils using 2-D medical images such as digital
subtraction angiography (DSA). Still, none of these indicators
are fully reliable, accurately measured, or consider the postop-
erative hemodynamics [11], [13].
To study endovascular coiling and its effect on local hemody-

namics, several computational techniques have been proposed.
These techniques can be clustered according to how coils are
modeled. The first group implicitly represents the coils by
adapting the governing equations of fluid flow in the coiled
region [14]–[18]. The second group, explicitly represents the
coils and solves the incompressible Navier–Stokes equations
in the fluid domain [19]–[22].
In this work, we propose a virtual coiling technique for

treating image-based aneurysm models that explicitly repre-
sents endovascular coils. The goal is to create a computational
tool that provides accurate information to support clinicians
in the treatment optimization and the assessment of both
coil geometrical features, packing density and postoperative
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Fig. 1. Schematic description of potential fields. (a) Coil being inserted (blue), candidate locations (green dots) at coil tip and the coiling domain, which is
represented by the aneurysm model (close volume) and an inserted coil (red). (b) The set (black dots) defined by the yellow sphere of radius around the
coil tip. (c). Representation of the field for one of the candidate locations. (d) Representation of the field and coil tip direction (red arrow). (e) A scheme
of coil pull-back field .

hemodynamics. To this end, the virtual coiling technique aims
to capture the macroscopic structure of the coils, to keep the
particular features of each device, and to reproduce the coil
densities and distributions inside aneurysm cavities. To mimic
clinical reality, the technique aims to achieve high packing
densities (around 30% [11], [23]) and to generate different coil
configurations.

II. METHOD: VIRTUAL COILING TECHNIQUE

The proposed virtual coiling technique uses a dynamic path
planning algorithm to mimic coil insertion and to obtain a
similar distribution and structure of endovascular coils inside
image-based aneurysmmodels. An explanation of the algorithm
is presented in the following section. A previous description
of the technique and results, which include a test in a sphere,
a hexahedron and in image-based aneurysm models, can be
found elsewhere [24].
The virtual coiling technique inserts one by one the desired

coils inside the aneurysmmodel as is done in clinical practice. It
uses as treatment input both the aneurysmmodel and the coils to
be inserted. Moreover, the virtual coiling technique has its own
parameters, which are evaluated in Section II-C. Any change in
either treatment inputs or the parameters of the technique affect
the results.

A. Dynamic Path Planning Algorithm

A virtual coil model, from here on called a coil is a 3-D
tubular structure with a fixed radius and length . A coil
is defined from a group of ordered points that are consecutively
added in a set . This set is defined as

(1)

where denotes the coil currently being inserted, which ranges
from 1 to the total number of coils . The index indicates the
points of coil and the number of its segments. The integer
is defined as , where and are provided as

treatment inputs.
To add a new point in , a set of candidate locations
is created around the latest inserted coil point , called coil

tip. This set is defined as
[Fig. 1(a)]. The parameter of the technique,

determines the number of candidate locations around the coil
tip. The element that satisfies (2) is selected as

(2)

The potential field was established by observing the be-
havior of coils during real interventions. These observations in-
cluded the facts that coils would neither cross the aneurysmwall
nor protrude outside the aneurysm, they change its direction in
the presence of an obstacle and coils are pulled back by the clin-
ician if no more available space inside the aneurysm is found.
These observations lead to three rules that are evaluated on each
candidate location , namely: coiling domain, coil flexibility
and coil pull-back, which mathematically define the potential
field as follows:

(3)

1) Coiling Domain: It represents the region where a coil is
allowed to move and is defined as the sum of two potential fields

(4)

The first term, , is defined by the
aneurysm model to be filled with coils. The aneurysm model
is a treatment input and needs to be a closed volume. If the can-
didate location is inside the aneurysm model, is
zero, otherwise it is one [Fig. 1(a)]. The second term,

, avoids coil crossings. It also accounts
for the distance between coils such that the newly inserted coil
avoids dense areas. The field is defined as follows:

if

otherwise
(5)
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where . The set [see (6)] is a subset of all
neighbor coil points around the coil tip within a distance
[Fig. 1(b)], i.e.,

(6)
The distance limits the size of . By setting ,

we take into account the closest coil points that could potentially
produce coil crossings. Fig. 1(c) shows a schematic representa-
tion of how is evaluated.
2) Coil Flexibility: It considers the local deformation of the

coil during insertion by comparing the angle of a candidate
location and coil tip with respect to the coil direction. The
coil direction is defined as [Fig. 1(d)]. The potential
field is formulated as

(7)

where .
3) Coil Pull-Back: It is meant to solve the situation when the

coil advance is blocked by either others coils or the aneurysm
wall, i.e., , (becoming a dead-end). In
such situation, the algorithm pulls back and relocates the coil
tip to the position , being the number of consecutive
dead-ends. Then a potential field, is assigned to the
candidate location previously selected for (blocking this
position for selection). An schematic representation of the coil
pull back is presented in Fig. 1(e).
To initialize , a particular set of initial candidate lo-

cations is required. This set is defined as
, where is the center of the

aneurysm bounding box and . The number of elements in
is defined by . The initial candidate location that satisfies

(2) in is selected as .
To evaluate of the first coil, one extra parameter is

required. This parameter corresponds to a user-defined initial
direction, for instance . After this iteration, the coil direction is
updated to . Note that the first coil follows the user-defined
direction. If this direction changes, then a new coil configuration
will be obtained.

B. Algorithm Construction

The sets and were created from the nodes of a hemi-
and a complete sphere, respectively. The hemisphere of is
always oriented in the coil direction [Fig. 1(d)], while the com-
plete sphere of is oriented in the -axis.
Finally to generate a volumetric representation of the coils,

a 3-D tubular structure is created of which the centerline corre-
sponds to the connected elements of the set . The sequence
of point insertion in is important to ensure a proper repre-
sentation of coils as a tube, without coil crossing or migrations
outside the aneurysm model.
The algorithm in the pseudocode 1, describes the sequence of

steps followed to generate the virtual coils.

TABLE I
SENSITIVITY ANALYSIS OF VIRTUAL COIL PARAMETERS

ON IDEALIZED ANEURYSM MODELS

C. Sensitivity Analysis on Idealized Aneurysm Models

To assess the results of the virtual coiling technique and its
parameters, two experiments were performed on idealized ge-
ometries. Experiment #1 aims to understand the influence of
the paraments of the technique using a sphere as the aneurysm
model. Experiment #2 was performed to see the behavior of
coils when the aneurysm has a bleb. In experiment #2, a small
spherical protrusion was added to the sphere used in the first ex-
periment.
In both experiments, treatment inputs were four 0.254-mm-

diameter coils, each of them with a length of 100 mm. These
coils provided a packing density of approximately 30%. A sum-
mary of the experiments is presented in Table I.
Experiments were performed on a Intel Core2 Quad CPU

Q6600@2.40 GHz, 2.40 GHz, 8.00 GB of RAM.
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Fig. 2. Three tests performed on the sphere increasing number of candidates
from S1 to S3. Columns present the percentage of insertion for each coil.

1) Experiment #1: Four tests were performed (S1–S4) to
evaluate the parameters of the technique. A 5-mm-radius sphere
was used as the aneurysm model. The size of the sphere corre-
sponds to a typical mean aneurysm size found in literature [25].
In this experiment, only the number of candidate locations ,
and , which controls the size of were studied. Table I shows
the values imposed for these parameters. The initial coil direc-
tion was and was not changed due to the symmetry of the ide-
alized aneurysm model. Additionally, the parameters and ,
which control , were kept equal to 10 and 342, respectively.
These two parameters were not modified since they just affect
the initial candidate locations.
Fig. 2 shows the results of three tests in the sphere: S1, S2, and

S3. It is noticeable that, when (the number of candidate lo-
cations) is increased, the coil bends became smoother and were
better adapted to follow the aneurysm surface. However, more
candidate locations also increased the required computational
time (Table I). Test S4 provided a different coil configuration
and a higher computational time compared to S2, which has the
same but with a reduced .
2) Experiment #2: Three tests were performed here (S5–S7)

to evaluate the behavior of the parameters when the aneurysm
model has a bleb. A 5-mm-radius sphere with a 0.5-mm-radius
bleb was used here as the aneurysm model. The center of the
bleb was located in the intersection between the sphere and the
-axis. In this experiment, only was evaluated (see Table I).
The initial coil direction was .
Fig. 3 depicts the final results of experiment #2. It is notice-

able that there are always coils inside the bleb, regardless the
value of , even though the initial direction was not pointing to
the bleb.

D. Experiments on Image-Based Aneurysm Models

Sixteen image-based aneurysm models were considered to
evaluate the algorithm performance in complex morphologies
with different sizes and volumes. All aneurysms were suit-
able for coil embolization. To extract the aneurysm models,
a three-dimensional rotational angiography (3DRA) image of
the aneurysm before coiling was acquired with a AXIOM Artis
(Siemens Medical Solutions, Erlangen, Germany). The images
were segmented with a geodesic active region (GAR) algorithm
[26]. The aneurysm sac was isolated by manually defining the

Fig. 3. Three tests performed in a sphere with a bleb. Here, the number candi-
dates was incremented from S5 to S7. Initial coil direction was .

neck and placing a surface at the aneurysm ostium. To quantify
the variability of size and shape in this aneurysm population,
the volume and the nonsphericity index (NSI) were calculated
[27]. NSI characterizes the deviation of the aneurysm shape
from that of a perfect hemisphere, and it is calculated according
to [27] as

(8)

Aneurysm models were virtually coiled with treatment inputs
presented in Table II. A packing density of around 30% was
aimed for all cases, which is considered high in clinical practice
[11], [23]. In aneurysms with a volume greater than 500 mm ,
0.355-mm-diameter coils were used, otherwise 0.254-mm-di-
ameter coils were selected. Both coil diameters are currently
manufactured and used in clinical proceedings. The number of
coils per case was arbitrary designated. To simplify the virtual
treatments of each case, all coils were set to the same length
which was calculated using the packing density, the coil di-
ameter and the number of coils. This resulted in coil lengths
which do not necessarily correspond to the ones available in the
market. Different coil lengths and diameters currently manufac-
tured, are later evaluated in the clinical assessment section.
The parameters of the technique were set for all cases to
, , , and , and the initial coil direction

was .
As a result, the mean aneurysm volume was mm
mm , in a range from 12 mm to 689 mm . These values

cover a wider range of aneurysm volumes compared to a pre-
vious report with a larger population [28]. Mean NSI was 0.166
0.057, ranging from 0.035 to 0.248. These values are similar

to published data in larger aneurysm databases [27], [28].
Fig. 4 shows the results of the virtual coiling technique in six-

teen image-based aneurysm models. It illustrates that our tech-
nique produces homogeneous filling and a good compliance of
the coils in all aneurysmmodels, independently of their volume,
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TABLE II
TESTS ON IMAGE-BASED ANEURYSM MODELS

Fig. 4. Virtual coiling technique applied to 16 image-based aneurysms models.
Coils were colored to differentiate them from each other.

morphology, or the presence of blebs. In all cases, a packing
density of approximately 30% was achieved (Table II).

III. VALIDATION

Two evaluations were performed to validate this virtual
coiling technique. First, a clinical assessment of the technique
and an overall impression of the results were carried out using
real coiling data. Second, an incisive validation was performed
by looking at the intra-aneurysmal coil density and distribution
in the same way as it was done with histological images of real
coiled aneurysms [29].

A. Clinical Assessment

In this section, the technique was evaluated when clinical
scenarios of endovascular coiling were imposed as input. This

TABLE III
SUMMARY OF THE REAL TREATMENT INFORMATION

PERFORMED IN FIVE ANEURYSMS

means that for each image-based aneurysm model under evalu-
ation, the geometrical specifications of virtual coils correspond
exactly to the ones used in the real aneurysm. Additionally,
the macroscopic behavior of the virtual coiling technique was
tested by presenting the results in an angiogaphic fashion,
which helped to compare the results with DSA images of these
aneurysms. This comparison provides an angiographic-like
assessment of the results as clinicians are used to visualize and
evaluate the performance of coiling and other endovascular
therapies.
1) Material: Five image-based aneurysm models were used

here, corresponding to cases P11–P15 presented in Section II-D.
The aneurysms were densely packed by clinicians using coils
summarized in Table III. This information is the real treatment
performed in these aneurysms. Case P12 is an exception, since
its available data corresponds to an incomplete stage of coiling.
Once the coils were inserted in the real aneurysms, a DSA image
sequence was captured with a biplane equipment. This image
acquisition provided two view points of the coils and the vascu-
lature.
2) Method: Aneurysm models were virtually coiled fol-

lowing the real treatment data described in Table III. The param-
eters of the technique were the same as before (Section II-D).
After virtual coiling, 3DRA images and virtual coils were

manually registered on the DSA images to get similar points
of view for qualitative assessment. Both, vasculature and vir-
tual coils, were visualized together using volume rendering to
generate angiographic-like images of both arteries and virtual
coils. Additionally, the theoretical and the virtual packing den-
sity were measured for each case. The theoretical packing den-
sity was calculated by considering coils as straight cylinders,
while the virtual one uses the volume of inserted coils.
3) Results: Cases P11–P15 were successfully coiled with the

virtual coiling technique using the real treatment input, which
included different diameters and lengths. Fig. 5 depicts the re-
sults of the virtual coiling in these cases. Projections in two di-
rections were compared between DSA images of the real coiled
aneurysms and the corresponded angiographic-like images con-
taining the virtual coils.
The theoretical and the virtual packing density results are pre-

sented in Table IV. Virtual coiling underestimates the theoretical
values. The mean percentage of differences between packing
densities was less than 3.7%.

B. Validation of Intra-Aneurysmal Coil Distribution

This validation used previous findings of the coil shape,
density and distribution reported from histological images of
real coiled aneurysms [29]. The authors found that most of
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Fig. 5. Comparison of DSA images and real and corresponded angiographic-
like images containing the virtual coils for cases P11–P15.

TABLE IV
COMPARISON OF THE THEORETICAL AND THE VIRTUAL

PACKING DENSITY FOR CLINICAL ASSESSMENT

the coil cuts were transversal than longitudinal. Additionally,
by defining several regions inside the aneurysm cavity, they
demonstrated that coils tend to be located near the aneurysm
periphery when few are inserted. Moreover, when more coils
are added, the radial coil distribution becomes more homoge-
neous. They reported that coils were equally distributed along
the aneurysm longitudinal axis (neck to fundus).
1) Material: Six image-based aneurysm models of our pop-

ulation were used. The cases corresponded to P1, P2, P3, P4,
P5, and P9 and were selected considering their different mor-
phologies and volumes. Cases with same number of coils such
as P2 and P4, treated with two coils; and P5 and P9, treated with
five coils were evaluated to see results under different aneurysm
morphologies.
2) Method: Each of the selected aneurysmmodels was virtu-

ally treated with six coil configurations. Same treatment inputs

Fig. 6. Six coil configurations of case P3 made of three 0.254-mm-diameter
coils of 64 mm of length. A packing density of 29% was obtained for all con-
figurations.

Fig. 7. Histology-like image generation and processing for three coils inserted
in case P3, produced with initial direction . (a) Definition of the cut plane. (b)
Intersection of the cut plane and the aneurysm model and coils. (c) Histology-
like image with one to three coils, with their partitions and normalized in-slice
densities at each region.

and parameters of the technique presented in Section II-D were
used here, with the exception of the initial coil direction that was
modified to generate different coil configurations. Fig. 6 shows
coil configurations generated for case P3.
To get histology-like images from the 3-D geometries, the

aneurysm model and coils where cut with a plane. The cut plane
was placed at the aneurysm center and oriented along the longi-
tudinal direction of the parent artery [Fig. 7(a)]. Histology-like
images were generated after the insertion of each coil and for
all coil configurations, leading to a total of 6 number-of-coils
images per each case. Fig. 7 shows the resulting histology-like
images of case P3 for one to three inserted coils in one config-
uration.
An automatic image processing was done as it was performed

in the followed histology-based study. Briefly, the aneurysm
cavity was partitioned and evaluated in two ways. The first par-
tition was done by dividing the aneurysm cavity along the lon-
gitudinal axis into three regions, called fundus, dome and neck
[Fig. 7(c)]. The second partition splits the aneurysm cavity into
two regions by defining the periphery and the aneurysm core.
The region within one coil diameter from the aneurysm contour
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Fig. 8. Periphery-core density ratio versus total in-slice coil density
. Dashed line comes from a fitted linear function of data extracted of real

coiled aneurysms, of which valid interval is highlighted.

was considered as the periphery and the remaining area as the
core [Fig. 7(c)]. Aneurysm contour was defined as the intersec-
tion of the aneurysm model and the cut plane.
The in-slice coil density of each region (fundus, dome, neck,

periphery, and core), and the total coil density, denoted as ,
were calculated as follows:

(9)

The densities of fundus, dome, neck, peripheral and core re-
gions were normalized by and denoted as , , , ,
and , respectively.
Statistical tests were done to analyze the level of significance

of the differences in densities among regions for each partition.
A Friedman’s two-way ANOVA by rank test was done using
, , and , while a Wilcoxon matched-pair signed-rank

test was performed using and .
3) Results: From visual inspection of the histology-like im-

ages, two aspects can be highlighted. First, the aneurysm core
presents large voids in some cases and coils are usually touching
the aneurysm wall. However, as more coils were added, the
aneurysm core was progressively filled [Fig. 7(c)]. Second, most
of cross sections of the coils were circular or nearly-circular
(transverse coil cuts) and very few were elongated shapes (par-
tially longitudinal coil cuts).

Fig. 9. Boxplots of densities per region of aneurysm models treated with six
coil configurations. -values were calculated for each partition. Vertical dashed
line separates the partitions, while the horizonal line corresponds to the normal-
ized density at one.

Fig. 8 shows the relationship between peripheral-core den-
sity ratio and . In general, this ratio was inversely
proportional to and tended to one for all coiled aneurysm
models when was around 30%. This means that when more
coils were added, the radial distribution becomes more homo-
geneous. A linear function (dashed line in plots of Fig. 8), fitted
from data of real coiled aneurysms was included to compare our
results. This function is described by

(10)

where and . These values were taken from
the followed histology-based study [29].
Fig. 9 presents coil density for each region considering all

inserted coils (around 30% of packing density). It was found
that coils tend to be located near the peripheral region instead of
the core region. Along the longitudinal axis, coils were equally
distributed. Results of statistical tests were presented in Fig. 9
( -values).

IV. ASSESSMENT OF INTRA-ANEURYSMAL HEMODYNAMICS
AFTER COILING

The success of coiling is intimately related to the hemody-
namic alterations that the devices induce and whether or not
the aneurysm is isolated from blood circulation. Such hemody-
namic conditions include low flow velocities and high blood res-
idence times [2]. Moreover, hemodynamic forces acting on coils
may compact them over time, causing aneurysm recanalization
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TABLE V
NUMBER OF ELEMENTS FOR CFD SIMULATIONS

[7], [8]. Using computational fluid dynamics (CFD) solvers and
the proposed virtual coiling technique, it is possible to eval-
uate postoperative intra-aneurysmal hemodynamics to predict
the output of a particular coiling scenario before the real inter-
vention takes place.
In this section, CFD simulations were performed using

image-based aneurysm models treated with our virtual coils.
These simulations rely on the fact that the mechanical resis-
tance of coils has a strong influence on intra-aneurysmal blood
flow [30].

A. Material

Cases P3, P9, and P16 were used in this section. Cases
were selected for their differences in volume and shape, and
to be located in the internal carotid artery. Sharing parent
vessel facilitates the CFD setup and analysis, since similar flow
boundary conditions were imposed in all of the simulations.
Vascular models were obtained after segmentation of 3DRA
image before treatment using a GAR algorithm [26]. The
arterial segment between the carotid siphon and the internal
carotid bifurcation was used. All side branches, i.e., ophthalmic
segment, posterior communicating artery and choroidal artery
were included if they were segmented.

B. Method

Cases were virtually treated with a packing density of 33%
using 0.254-mm-diameter coils. This high packing density was
used to ensure homogeneity of the coil distribution but also to
neglect the influence of coil configuration on hemodynamics
[31].
To solve the governing equations of fluid flow in the untreated

and coiled models, the fluid domain was discretized with tetra-
hedral elements generated by the commercial software ANSYS
ICEM CFD v12 (Ansys Inc., Canonsburg, PA). Element size at
the artery and aneurysm wall was 0.12 mm and maximum el-
ement size was 0.4 mm. The volumetric meshes of the treated
models required small elements around the coils to obtain mesh-
independent CFD calculations. About 12 elements around coils
were sufficient to reach independence of the volumetric meshes
on flow calculations. Table V summarizes the required number
of elements for each case.
The commercial software ANSYS CFX v12 was used for

the CFD simulations. Blood was considered an incompressible
Newtonian fluid with a density of 1066 and a viscosity
of 0.0035 . These values of viscosity and density are com-
monly used in the literature [17], [31]. The flow regimewas lam-
inar. Coils, vessel and aneurysm surfaces have no-slip boundary
conditions. A time-dependent physiological flowwaveformwas
imposed at the inlet and pressure waveforms were imposed at
outlets. The inlet and outlet conditions were taken from a vali-
dated 1-D model [32].

Fig. 10. Spacial average WSS and intra-aneurysmal velocity during one car-
diac cycle for case P3, P9, and P16.

Two CFD simulations, untreated and coiled, were performed
per case. In each one, three cardiac cycles of 0.8 s were com-
puted and the first cycle was discarded to remove numerical er-
rors due to the initial transient conditions. The cardiac cycles
were discretized in time steps of 0.005 s.
At the beginning of the second cycle, the passive transport

equation of amassless scalar was solved. This was done to simu-
late the injection and propagation of a contrast material through
the vasculature. The injection was performed during the whole
second cycle at a constant value equal to one. The third cardiac
cycle was considered to visualize the washout phase of the con-
trast. This modeling approach of a contrast injection and prop-
agation has been previously validated by virtual angiographies
and time-density curves [33], [34].
Wall shear stress (WSS) at the aneurysm, spatial-averaged

velocity magnitude and contrast concentration inside the
aneurysm were calculated during the last two cardiac cycles.
Additionally, the turnover time (TOT) was measured. TOT is
defined as the aneurysm volume divide by the mean inflow rate
through the aneurysm neck over one cardiac cycle and indicates
the time that is required to refresh an equivalent aneurysm
volume with new blood.

C. Results

Fig. 10 shows the spatial-averagedWSS at the aneurysm (first
row) and the intra-aneurysmal velocity (second row) for studied
cases. All coiled models reduced both hemodynamic variables.
Case P3 (first column) has higherWSS and velocity magnitudes
inside the aneurysm than other two cases.
Fig. 11 presents the contrast concentration inside the

aneurysm along time for studied cases. Besides, some time
points during filling and washout phases were depicted. A
reduction in the amount of contrast concentration entering the
aneurysm and an increment in its residence time was observed
for all cases. These phenomena were especially well captured
in case P16 since after 2.4 s of computation (end of the third
cardiac cycle), there was still contrast inside the aneurysm
fundus.
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Fig. 11. Contrast concentration inside the aneurysm during two cardiac cycles
(first row) and visualization of the contrast in some time steps during filling and
wash-out phases of cases P3, P9, and P16. Coils were hidden to improve the
visualization of the contrast inside the coiled aneurysms. White arrows indicate
the aneurysm location.

TABLE VI
TURN OVER TIME (TOT) [S]

Finally, Table VI presents the TOT for untreated and coiled
models. TOT increased in all cases after coiling.

V. DISCUSSION

In this work, a virtual coiling technique was presented,
tested, validated and applied in combination with CFD, in
image-based aneurysm models. The technique is a clinic-ori-
ented tool for understanding endovascular coiling and its effects
on intra-aneurysmal hemodynamics.
The proposed technique uses dynamic path planning tomimic

the coil structure and their distribution inside aneurysms as oc-
curs in clinical practice [29], [35]. Reproducing the position
and orientation of a sole coil exactly as it happens inside a real
aneurysm is challenging. This is due to the limited control that
clinicians have during coil deployment, but also to the unrepeat-
able position and shape that coils adapt when aneurysms are
treated.
The proposed technique aims to understand the macroscopic

behavior of the coils, while considering the geometrical features
of each device such as the diameter. The simplicity of our tech-
nique, in terms of concept and development, allows reproducing
realistic inserted coils and their distribution inside the aneurysm

cavity under real treatment scenarios. Nonetheless, this tech-
nique is not designed for training, where a physics-based coiling
is essential [36]. The main difference between our technique
and a physics-based coiling is during deployment. The latest ap-
proach takes into account the collisions, object deformation and
potential displacements of the coils inside the aneurysm. In any
case, both techniques should obtain what it is reported about
clinically-reached packing densities [11], [23] and postopera-
tive coil distributions [29].
The required computation time of the technique for

real-world cases is in the order of minutes (Table I). The
number of candidate locations has the most impact on the
computation time of the technique. Elevating the number of
candidate locations increases this time but also enhances the
smoothness of the coils and allows a better compliance of coils
at the aneurysm wall. A better compliance produces higher
densities at the aneurysm periphery for few inserted coils,
although additional coils will fill the aneurysm core.
An experiment in sixteen image-based aneurysm models was

done to show the capability and reliability of the technique to
reach realistic high packing densities in complex morphologies.
The descriptive statistics of both volume and NSI, show that our
aneurysm models cover a wide range of sizes and shapes com-
pared with other studies with larger aneurysm populations [27],
[28]. As a result of this experiment, all aneurysm models in-
cluding their blebs were successfully coiled, independently of
their volume or superficial irregularities. Such aneurysm occlu-
sions are visualized with DSA images (Fig. 5) and observed in
dissected aneurysms [35].
After testing, the technique was validated in two ways. First,

an overall impression of the macroscopic coil behavior was
evaluated using clinical data of endovascular coiling performed
in five aneurysms. With this validation, we proved that the tech-
nique is able to work with real inputs and achieves the highest
packing densities obtained by clinicians (excepting case P12 of
which data corresponds to a partial status during coiling). The
results show that some particular wires can be found due to
the unique and unrepeatable coil dispositions of both real and
virtual treatments, as can be is expected. Nevertheless, similar
occlusion rates as well as remand necks can be seen in Fig. 5.
Virtual coiling underestimates the theoretical packing densities,
which is due to the assumption of straight tubes in the theoretical
evaluation. Still, the mean percentage difference between real
and virtual packing densities was small ( 3.7%). This differ-
ence may not produce important changes on the velocity mag-
nitude and WSS if the packing density is high (around 30%)
[31].
The second validation was more incisive and demonstrates

that the coil shape, density and distribution inside the aneurysm
cavity correspond to what has been found in histological images
of real coiled aneurysms [29]. When few coils are inserted, a
higher coil density was found at the aneurysm periphery than at
the core region. Then, when more coils were added, de-
creases until it gets close to one (for ). This aneurysm
filling by coils was recently confirmed to occur in real cases
[29]. The first coils generate a frame near the aneurysm wall,
while coils added later fill the aneurysm core as previously spec-
ulated [10], [37].
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Similar to real treatment, virtual coils are evenly distributed
along the longitudinal axis. Moreover, we found more circular
than longitudinal coil cut in our histology-like images has been
seen in real coiled aneurysms [29].
When the technique is combined with a CFD solver, the

intra-aneurysmal hemodynamic alteration induced after coiling
can be investigated. Here, CFD simulations in three aneurysms
showed that WSS and intra-aneurysmal velocity magnitudes
were reduced after coiling (Fig. 10) as previously reported
in coiled aneurysm phantoms [38]. Additionally, it has been
observed in phantoms that coils decrease the amount of con-
trast entering the aneurysm and increase its residence time
[39], [40]. Both phenomena were well captured by our CFD
simulations, especially in case P16. Postoperative TOTs were
higher in all cases after treatment, because coils increase the
resistance to flow inside the aneurysm cavity. The high velocity
magnitude (and thereby high WSS) found in case P3 was due to
its particular morphology, which has a reduction of the arterial
diameter just before the aneurysm. This sudden change in the
arterial diameter produced an increase in the flow jet speed that
penetrates the aneurysm.
Previous computational models that explicitly simulate coils

for further CFD analysis, are fully-user dependent and are lim-
ited to idealized geometries of either the aneurysm or coils [19],
[20], [22]. Moreover, the use of randomly distributed coils does
not guarantee to reach high packing densities and a good com-
pliance of the coils with the aneurysm wall [21].
In contrast with the explicit coils in our CFD simulations, an

implicit approach using a porous medium can be considered to
assess the postoperative hemodynamics [14]–[17]. The required
spatial discretization in the coiling domain of these models is
simpler than ours, and thereby, CFD solutions are faster to com-
pute. However, the main limitations of these models are the
isotropy and homogeneity of the medium and the need to make
assumptions on the permeability and pressure loss. Our tech-
nique does not have such limitations, since it is explicit and
it models real coil distributions. Moreover, there is no need to
solve additional equations or to assume certain parameters to
estimate flow motion in the coiled region. Recently, both ap-
proaches were compared [41]. It was concluded that the porous
medium approach may underestimate the influence of coils if
the permeability is derived from the Kozeny’s theory. To im-
prove the porousmediummodel, our explicit coils could be used
to find experiment-based values for the permeability and pres-
sure loss.
The proposed technique neglects both coil mechanical prop-

erties and preshape for deployment, which are important limita-
tions to properly understand coils during their insertion. Never-
theless, the macroscopic coil behavior was reproduced and coil
density and distribution inside aneurysm cavities were prop-
erly validated. Additionally, the interaction of the coils with the
aneurysm wall was not considered. The definition of a surface
to keep the coils inside the aneurysm also limits the technique.
However, other computational approaches that models coils as
the porous medium, also require the neck definition to separate
the porous and nonporous domains.
Although higher packing densities are achievable with our

technique compared to real coiled aneurysms, the dynamic path

planning also has an upper limit. In general, packing densities
over 40% are difficult to obtain with our technique unless the
parameters are particularly modified for the aneurysm model
under evaluation.
Limitations of the CFD simulations are related to the assump-

tion of rigid walls of the arteries, Newtonian viscosity of the
blood, and constraints in the coil motion (solid and rigid obsta-
cles). The last issue is an interesting topic for future work, since
a fluid-structure interaction model of coils and blood flow can
help to understand the mechanisms of coil compaction.

VI. CONCLUSION

In this work, a virtual coiling technique for treating image-
based aneurysm models was proposed. The technique uses dy-
namic path planning to mimic the coil structure and distribu-
tion inside aneurysm cavities and to reach high packing densi-
ties. The technique was tested and validated using information
from the literature and clinical data. We found that our virtual
coiling technique reproduces the macroscopic behavior of the
coils by occluding completely the aneurysm model, indepen-
dently of aneurysm volumes, morphologies or the presence of
blebs. In addition, coil distribution, shape, and density inside the
aneurysm were properly captured with the technique. Finally, a
practical application of the proposed technique was shown by
assessing the local hemodynamic changes due to coils using
CFD. Coils reduced both WSS and intra-aneurysmal velocity.
Moreover, coils decrease the amount of contrast entering the
aneurysm and increase its residence time.
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