Neuroradiology (2008) 50:341-347
DOI 10.1007/s00234-007-0334-x

INTERVENTIONAL NEURORADIOLOGY

Haemodynamic simulation of aneurysm coiling
in an anatomically accurate computational fluid

dynamics model: technical note

Aristotelis P. Mitsos - Nikolaos M. P. Kakalis -
Yiannis P. Ventikos - James V. Byrne

Received: 10 July 2007 /Accepted: 17 October 2007 /Published online: 28 November 2007

© Springer-Verlag 2007

Abstract

Introduction Computational fluid dynamics (CFD) is a
numerical technique that is used for studying haemo-
dynamic parameters in cerebral aneurysms. As it is now
possible to represent an anatomically accurate intracranial
aneurysm in a computational model, we have attempted to
simulate its endosaccular occlusion with coils and demon-
strate the haemodynamic changes induced. This is the first
attempt to use this particular porous medium-based method
for coiling simulation in a CFD model, to our knowledge.
Methods Datasets from a rotational 3-D digital subtraction
angiogram of a recently ruptured anterior communicating
aneurysm were converted into a 3-D geometric model and
the discretized data were processed using the computational
technique developed. Coiling embolisation simulation was
achieved by impediment of flow through a porous medium
with characteristics following a series of embolisation coils.
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of Science in Interventional Neuroradiology (University of Oxford, 2006)
and part of it was presented as an oral presentation at the European
Society of Neuroradiology Symposium (ESNR 2006 - Geneva).

A. P. Mitsos (D<) - J. V. Byrne

Department of Neuroradiology, John Radcliffe Hospital,
University of Oxford,

Level 1 - West Wing, Headley Way, Headington,
Oxford OX3 9DU, United Kingdom

e-mail: aristotelis.mitsos@wolfson-oxford.com

N. M. P. Kakalis - Y. P. Ventikos

Department of Engineering Science, University of Oxford,
Parks Road,

Oxford OX1 3PJ, United Kingdom

A. P. Mitsos

Wolfson College, University of Oxford,
Linton Road,

Oxford OX2 6UD, United Kingdom

Haemodynamic parameters studied were: pressure distri-
bution on the vessel wall, blood velocity and blood flow
patterns.

Results Significant haemodynamic changes were detected
after deployment of the first coil. Similar, but less dramatic
changes occurred during subsequent stages of coiling. The
blood flow patterns became less vortical in the aneurysm
sac as velocity decreased to stagnation and the wall pres-
sure at the fundus was gradually reduced. Furthermore,
the haemodynamic characteristics developed at the area
of the neck remnant could form the basis for assessing
the likelihood of delayed coil compaction and aneurysm
regrowth.

Conclusion Appropriate computational techniques show
great promise in simulating the haemodynamic behaviour
of the various stages in coil embolisation and may be a
potentially valuable tool in interventional planning and
procedural decision-making.

Keywords Computational fluid dynamics -
Aneurysm model - Porous medium - Coiling - Technical note

Introduction

Computational fluid dynamics (CFD) is a numerical method
for modelling haemodynamics, which has been applied to
the study of intracranial aneurysms. Image-based simu-
lations of blood flow dynamics have been reported in dif-
ferent types of cerebral aneurysms [1-3] and a number of
haemodynamic parameters studied to understand the influ-
ence of flow on their natural history [4—7]. More recently,
researchers have attempted to simulate the haemodynamic
consequences of endovascular interventional procedures
using data from clinical cases [8—11].
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In this study, we used a novel computational method,
based on CFD, to simulate the endovascular coil embo-
lisation of a recently ruptured cerebral aneurysm in an
anatomically accurate 3-D computer model representation
derived from a clinical case. The method used to model
the coiling process of this aneurysm involved simulation of
a porous medium within the aneurysm and decreasing
its porosity as coils are inserted. The characteristics of the
porous medium were modelled on the coil chart used in
clinical practice. Subsequently, the haemodynamic changes
induced during the different stages of the coiling process
were analysed, as well as the local haemodynamic con-
ditions which develop following aneurysm occlusion with a
residual neck remnant. To our knowledge, this is the first
report of such a study.

Material and methods
Aneurysm realistic computer model

The clinical data used for modelling purposes were derived
from a ruptured large and wide-necked bifurcation aneu-
rysm (11x9.4x7.8 mm) arising from the anterior commu-
nicating artery (Fig. 1). A series of 15 GDC-10 detachable
platinum coils (Boston Scientific, Target, Fremont, Calif.)
were deployed (Table 1). A packing density of 26.5% (i.e.
percentage of sac lumen occupied by metal) was simulated
but leaving a small aneurysm remnant at the neck area
to ensure unobstructed flow through both distal anterior
cerebral arteries (Fig. 2). 3-D imaging data were obtained
using a Siemens Axiom-Artis angiography system (Siemens
Medical Solutions, Erlangen, Germany). 3-D subtraction
angiography images were reconstituted from a rotational
acquisition. The protocol used included a 200° spin over 6 s

Fig. 1 Left ICA digital subtraction angiogram showing the ruptured
anterior communicating artery aneurysm
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at 40°/s and imaging at 1.5°f/s, followed by intraarterial
injection of 15 ml of a nonionic iodinated contrast agent
(Niopam 300 mg/ml, Nycomed, France) using an automat-
ically triggered pump injection through a catheter positioned
in the left internal carotid artery (ICA). The X-ray exposure
parameters were: 70 kV, 155 mA, pulse width 10 ms and
1.20 uGy/pulse. A total of 150 mask and angiography
images were acquired in 1,024> matrices and reconstituted
on a Leonardo workstation (Siemens) for 3-D display. The
anonymized datasets were processed using Amira 3.1
(Mercury Computer Systems, Chelmsford, Mass.), a visu-
alization system able to represent 3-D aneurysm imaging
data as a triangular surface and create volumetric tetra-
hedral grids suitable for numerical simulations (Fig. 2).
The data created were then imported into the Gambit 2.2.30
(Fluent, Lebanon, N.H.) software for surface and volume
discretization.

Porous medium modelling and CFD

The main objective of this study was to model the endo-
saccular deployment of the platinum coils with the develop-
ing thrombus in the aneurysm volume as a porous medium
of decreasing porosity. This idea was based on the uni-
formity and randomness of the coiling process and the
relative scales involved. Moreover, it seems to be the only
feasible option—within current and projected computa-
tional resources—since it can yield self-consistent numer-
ical results (grid-independent).

Mathematical models describing transport phenomena
through porous regions depend on a set of constituent
characteristics of the porous medium. The methodology
presented here requires the specification of the porosity,
inverse permeability and the drag factor for flow through
the porous medium. The porosity of the medium represents
the volume occupied by the pores to the total volume
of the system, while permeability is a measure of the fluid
conductivity through the porous medium, representing the
surface area to volume ratio of the porous matrix. Our
porous media model followed the theory of Kozeny [12]
and all changes in porosity, interstitial surface area and
permeability during the coiling process (Table 2) were
derived following the clinical coil chart (Table 1). The
corresponding drag factor in the porous medium was
estimated at Cp=2.2 [13]. The orthogonal dimensions of
the aneurysm were axial 9.4 mm, sagittal 7.8 mm and coronal
11 mm, giving a total volume of V,,;=4.22293x10"7 m’.
All the coils used were size 10, having a diameter, d, of
2.54x10"* m. Assuming that blood flow has an average
velocity of V,,=0.1 m/s, the Reynolds number (Re) at
the inlet of the vasculature is 213 varying up to 363 close
to the aneurysm (flow conditions appropriate to the anterior
communicating artery [14]).



Neuroradiology (2008) 50:341-347 343

Table 1 Coiling procedure for

occlusion of our anterior com- Coil Circular memory Diameter Length (m) Surface Volume Packing

municating artery aneurysm (mm) (m x107) (m* x107) (m’ x1077) density
1 10 2.54 0.30 23.9491 15.2012 0.036
2 9 2.54 0.30 23.9491 15.2012 0.072
3 8 2.54 0.30 23.9491 15.2012 0.108
4 8 2.54 0.20 15.9694 10.1341 0.132
5 7 2.54 0.20 15.9694 10.1341 0.156
6 7 2.54 0.10 7.98978 5.06707 0.168
7 6 2.54 0.20 15.9694 10.1341 0.192
8 6 2.54 0.10 7.98978 5.06707 0.204
9 5 2.54 0.15 11.9796 7.60061 0.222
10 5 2.54 0.10 7.98978 5.06707 0.234
11 4 2.54 0.08 6.39385 4.05366 0.244
12 3 2.54 0.06 4.79792 3.04024 0.251
13 3 2.54 0.04 3.20199 2.02683 0.256
14 2 2.54 0.04 3.20199 2.02683 0.260
15 2 2.54 0.04 3.20199 2.02683 0.265

A haemodynamic model was subsequently developed
to describe the flow, pressure and force fields of the
system. This was implemented on CFD-ACE software
(ESI Group, Rungis, France) [15] assuming a Newtonian
liquid of density p=1069 kg/m3 and constant dynamic
viscosity p=0.0035 kg/m-s, nonpulsatile flow, noncom-
pliant walls and constant outlet pressure.

Results

We report the results of computational haemodynamic
calculations for three different stages of the coiling pro-
cedure: following deployment of the 1st coil, the 7th coil
(intermediate stage of the coiling simulation), and the 15th
and final coil, leaving a small residual neck remnant. For
every simulation, blood flow patterns and velocity as well
as wall pressure distribution were computed and compared
with the pretreatment simulation.

Introduction of the first coil had a dramatic effect on the
blood flow pattern, although it occupied only 3.6% of the

a b

Fig. 2 Aneurysm computer model with partition of its volume into a
porous medium (blue) and a pure fluid part (red). Notice also the
accommodation of the neck remnant (arrow)

aneurysm volume (porosity 0.964, Tables 1 and 2). This
first coil, as represented in the simulation by the porous
medium, changed the endosaccular flow pattern from
complex vortical to a concentrated inlet/outlet mode with
more organized and defined streaming (Fig. 3). Similar
changes in blood flow velocity were also detected at this
stage (Figs. 4b and 5b).

At an intermediate stage in the coiling simulation, i.e.
during deployment of the 7th coil, the aneurysm occlusion
was 19.2% and a significant decrease in blood flow velocity
was noted with stagnation in some areas (Figs. 4c and 5c).
At the end of the coiling simulation, a packing density of
26.5% (represented by a porosity of 0.735 in the porous

Table 2 Porosity characteristics for our anterior communicating
artery aneurysm

Coil Porosity Interstitial surface Permeability
area (m?) (m* x107%)
1 0.964 567.119908 144.470
2 0.928 1134.23982 33.4705
3 0.892 1701.3597 13.7441
4 0.868 2079.51966 8.71154
5 0.844 2457.67959 5.89683
6 0.832 2646.87954 4.94042
7 0.808 3025.03947 3.56737
8 0.796 3214.23943 3.06661
9 0.778 3497.91937 2.47361
10 0.766 3687.11933 2.15812
11 0.756 3838.52729 1.94164
12 0.749 3952.14325 1.79691
13 0.744 4027.96722 1.70780
14 0.740 4103.79119 1.62413
15 0.735 4179.61516 1.54548
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Fig. 3 Flow patterns before (a) and after (b) simulation of the
deployment of the first coil. A significant change to a more constructed
mode is identified

medium, Tables 1 and 2) was achieved and the decrease in
flow velocity was so profound that large areas, especially
around the aneurysm dome, showed blood flow arrest and
stagnation (Fig. 4d). At the same time, flow was still
detected at the coil mesh/parent vessel interface, i.e. at the
aneurysm neck area (Fig. 5d). This was despite a simulation
of packing density above the average (a mean packing
density of 24-25% is suggested as enough for a stable
occlusion by most authors) [16, 17].

Although the gradual introduction of coils results in a
stepwise relief of wall pressure at the aneurysm dome, a
redistribution of wall pressure was identified at the aneu-
rysm inflow zone during the intermediate stage of coil
packing. This was also evident at the end-of-treatment
simulation (Fig. 6) and may be a factor in determining if
aneurysm recurrence and regrowth subsequently occurs.

Fig. 4 Velocity (m/s) contours
at a sagittal slice before (a) and
after simulation of the deploy-
ment of the 1st (b), 7th (¢) and
15th (d) coils. A gradual reduc-
tion in blood flow velocity up to
stagnation is obvious

@ Springer

Discussion

The main purpose of this study was to examine whether
a porous medium approach, with porous characteristics
derived to simulate the coils actually used during treat-
ment, is capable of simulating the haemodynamic con-
sequences of coiling. The porous medium representation
of the coil mesh allows the simulation of blood flow cir-
culating through the coil basket during all coiling stages and
even after achieving a satisfactory packing density level.
This seems to be close to a realistic representation of
the in vivo situation, in which the coil mesh does not act
as a solid barrier but rather obstructs and slows intra-
aneurismal blood flow circulation, to promote blood stag-
nation and clot formation.

Further validation and encouragement for our modelling
approach is derived from observed consistency with clinical
observations and practice. Follow-up clinical series [18-22]
have consistently shown significant recurrence and/or re-
canalization rates (17-20%), especially in large wide-
necked aneurysms, but low rebleeding rates (0.5-0.8%).
The favourable haemodynamic environment created by the
coiling process facilitates intraaneurysm thrombosis, pro-
tecting the vulnerable aneurysm dome area and preventing
rebleeding. However, the redistribution of wall pressure to
the neck area and the persistent flow through the coil mesh,
especially if a neck remnant coexists, may contribute to the
relatively high rate of coil compaction and recanalization.

V| (m/sec)
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Fig. 5 Velocity (m/s) contours
at a coronal slice before (a) and
after simulation of the deploy-
ment of the 1st (b), 7th (¢) and
15th (d) coils. There is still
marked blood flow velocity at
the coil mesh interface in the
neck area (arrow), even after
coiling is completed (d)

It is obvious though that the complex phenomena of
aneurysm thrombosis, recanalization and growth cannot be
oversimplified and explained in haemodynamic terms only
[23]. Furthermore, we know that the haemodynamic
parameters can be seriously affected by many factors such
as different aneurysm geometries and local haemodynamic
conditions and thus general conclusions cannot be drawn
from a single case only.

In the literature there have been attempts to simulate
aneurysm coiling using different methods, but obtaining
qualitatively similar results to ours. Byun and Rhee [24]
reported CFD calculations for artificially constructed models
focusing on different parent vessel geometries and coil
placement assuming coils to be a sphere of blocked cells.

Fig. 6 Wall pressure (Pa)
contours before (a) and after
(b) coiling simulation. Although
the high pressure at the aneu-
rysm dome has been relieved
(b straight arrow), an extension
of the high pressure area to the
neck remnant is also noted

(b curved arrow)

IV (mis)

l 700601
196000
102E0N

Groden et al. [25] also employed an artificial CFD model
using blocked cells to represent individual coils. Our meth-
odology, based on porous media, follows a randomized
process of coil simulation in the aneurysm lumen, elimi-
nating the uncertainty introduced by the level of local grid
refinement around individual coils and is therefore compu-
tationally efficient and self-consistent, since it leads to grid-
independent solutions.

Most modelling attempts to simulate clinical situations—
including the one described here—suffer from simplifying
assumptions such as rigid walled vasculature, blood being
considered as a Newtonian fluid, and use of steady-state
blood flow. We adopted the last compromise in order to
reduce the computational effort required for the simulations

@ Springer



346

Neuroradiology (2008) 50:341-347

since the aim of the study was to test the utilization of the
porous medium representation of the coil complex. However,
our team has performed further additional simulations using
the same method with different aneurysm geometries, porous
media parameters and blood flow velocities, which resulted
in similar haemodynamic alterations, enhancing further our
confidence in the reliability of the proposed method.

By simulating a coiling scenario for a particular aneu-
rysm, we obtained an overview of the haemodynamics in
order to test the feasibility of porous media as a means for
modelling coils in CFD. The use of porous media in this
context is the novelty of this study and this method has not
been used previously. The results of the simulations are
encouraging and we plan to continue with further CFD
studies using this technique. These will include induction
of pulsatile flow, in addition to steady flow, as well as a
series of aneurysm models based on different clinical cases.
Furthermore, additional developments regarding the simu-
lation of the coagulation process are also in progress by our
team [26], which will further enhance the reliability of the
modelling approach.

Conclusion

This study demonstrates that a computational simulation
technique applied to patient-specific aneurysm geometry
can be used to model the haemodynamic consequences of
coiling. Although it seems that porous media may be a
promising method for simulating coiling in such CFD
models, it is obvious that there is a long way to go before
simulations can be used as a basis for clinical decisions.
However, it seems likely that in the future simulation
studies will become a valuable tool in interventional treat-
ment planning and decision-making.

Conflict of interest statement We declare that we have no conflict
of interest.
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