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Abstract—Recurrence of aneurysm rupture can be attributed to Coil compaction and migration is one of the majauses of

coil migration and compaction. In order to verifijet effects of
hemodynamics on coil compaction and migration, wealyze the
forces and displacements on the coil bundle usimgraputational
method. Lateral aneurysms partially filled coilee anodeled, and
blood flow fields and coil deformations are simathtconsidering
fluid and solid interaction. Effects of aneurysnthksize and parent
vessel geometry are also investigated. The reshiltsved that coil
deformation was larger in the aneurysms with a witkck. Parent
vessel geometry and aneurysm neck size also affectan pressure
force profiles on the coil surface. Pressure fokere higher in wide
neck models with curved parent vessel geometryulgition results
showed that coils in the wide neck aneurysm wittueved parent
vessel may be displaced and compacted more easily.

aneurysm recanalization, but hemodynamic study oih c

compaction has not been performed. In this studyanalyze
the forces and deformations on the coil bundle edury blood
flow in order to verify the effects of hemodynamias coll
compaction and migration. Effects of aneurysm r&zk and
parent vessel geometries on coil compaction andatidgn are
also explored.

Il. METHODS

A. Aneurysm models

The lateral aneurysm models in the intracraniatepaere
modeled in this study. Pear shaped saccular armasrygere

Keywords—Hemodynamics, Aneurysm, Coil compaction, Fluidformed on the lateral side of a straight and a edirparent

Structure Interaction (FSI)

|. INTRODUCTION

vessels. Since the size and shape of aneurysmsrebral
artery are different for individuals, the averagelues of
aneurysm sac and internal carotid artery sizeschlwhiere

EREBRAL aneurysm is a vascular disease characterized fmeasured and analyzed statistically [16], were u§kd dome

local dilatation of the arterial wall in the intraoial space.

diameter, dome height, and parent artery diametepear

It may rupture and cause subarachnoid hemorrhalgiehvis aneurysms were 5.3, 4.3 and 3.6 mm. In order ima## the
associated with high mortality and morbidity [1][3 effect of aneurysm neck size, the neck size was(normal)
Endovascular treatment of saccular aneurysms withli@mi  and 5.3 (wide) mm. For curved parent vessel the of the
detachable coils (GDC) has been used as a propitylagarent vessel diameter to the radius of curvatug @17. The
treatment since early 1990s. Coils packed intatfeirysm sac coil was modeled as a sphere, and the inserted oaire

induce flow stasis and thrombus formation [4]-[B]erefore,
completely obliterate the aneurysm sac. Howeverrence
of subarachnoid hemorrhage after coiling has beparted [7],
[8]. The aneurysm recanalization can be attributedcoil
compaction and aneurysm regrowth [9]. Completéngjliof
aneurysm sac with coils are difficult, and coil kiag density,
which is defined as the ratio between the voluménsérted
coil and aneurysm, higher than 20% has been recoeeakto
prevent coil compaction [10]. Compaction of thel drelated

assumed to be densely packed. The diameter ofesiesjgh95%
of aneurysm dome diameter.

B. Numerical Analysis

Numerical analysis was performed using a commeficiia
element package (ADINA 8.5, Watertown, MA) whichas
capable of solving the fully coupled fluid structuinteraction
(FSI) problems. The governing finite element equrai for
both the solid and

to the deformation and migration of coils due toe thNewton-Raphson iteration method. Blood was assutndie

hemodynamic forces.

Hemodynamic analyses of aneurysm filled with cbidse
been performed by previous researchers. Hemodysaofic
partially blocked aneurysms was analyzed by using
computational fluid dynamic (CFD) method
Intra-aneurysmal  hemodynamics  was
investigated by modeling coils as a porous mediligj, [[14].
Thromboembolization inside of coils was simulateihg the
viscosity model defined as a function of both resick time
and clotting fluid concentration [15]. Most of preus
aneurismal hemodynamic studies focused on the ffiatterns,
intra-aneurismal flow and vessel wall shear stiessrder to
elucidate the hemodynamic role of thromboemboliwratnd
aneurysm regrowth.
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[11], [12]
computationally

incompressible, laminar flow. The density of blosds 1060
kg/m®. The non-Newtonian viscosity characteristics afdul
were incorporated by using the Carreau model, whiels
expressed as follows [17]:

where rheological values of human bloodwgre 0.056Pe&s, 1,
= 0.00345P&, A= 3.313s, g= 0.356 is viscosity,y is shear
rate.

fluid models were solved by

0=+ -na)i+ /‘ZVZF%] @)
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Fig. 1 Area average velocity at the inlet of agoa vessel during a flo
cycle

The solid domain watreated as linear elastic with Youn
modulus of 3 and 5 kPa. Poisson's ratir 0.35 and density
was 1060 kg/M[18]. The elemensize of fluid and soliwas
0.1 mm, 4-node and Bade rectangular elements were L.
Further refinemenbdbf grid did not affect thecomputational
results. The coil was modeled as siodid usin¢the formulation
with large displacement and small strains in theda&ulation.
Continuity and NavieStokes equationwere solved for the
fluid. Wall boundary conditions wer@posedon the vessel
walls. Parabolic velocity profilesvere applied at the inlet
boundary,and normal traction conditiowere applied at the
outlet boundary. A physiological flowaveform was use
[11]. The area average velocity profdethe inlet of the pare
vessel for a flow cycle is shown in Fig.Unsteady simulatior
were performed with theime step sizeof 0.002 s, and the
solution was converged after three flaycles. Computation
were performed using 3.4 GHz Intel core CPU and>B50f
RAM with Window 7 64 bit operating systt.

. RESULTS

In order to estimate coil compactieaused by hemodynarr
force, coil area changewere calculated.The coil area
reduction was calculated by dividing the reduceidl @®a by
the undeformed coil area. The coil area reductidmsng a
flow cycle are shown in Fig. 2. Theaximum reductios of coll
area in the straight parent vessel modetse less than 1.5%
and 3% in the normal and widgeeck models, respectivelln
the curved parent vessel models, thaximum reductios of
coil area wereless than 8.5% and 8% in the normal
wide-neck models, respectively. Coils in the cunparent
vessel model exhibited more deformatiarmich wa: probably
due to the high inflow and pressure forces caugecentrifugal
force. The effect of aneurysm neck size on
deformation was large in ttstraight parent vessel modelt
not significant in thecurved parent vessel moc Mean
pressure force on the coil surface (MPF) was catet
because it might be related to coil compaction. elasticity

did not affect the MPEignificantly, butaneurysm neck size

and parent vessekegmetry affected the MPF profile (Fi3).
MPFs were higher in wide neck modmimparing to those i
regular neck model, and they showsghnificant differenc in
the straight parent vessel model comparing to tineeciparent
vessel model.
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Fig. 2 Area changes of the coil on parent vessangtries: (a) 4mr
neck of a straight parent vessel, (b) 5.3mm necksifaiht parent
vessel (c) 4mm neck of a curved parent vessel.8iis neck of a

curved parent ves:
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models with co#. Computational metho considering fluid
amm_heck e structure interactionswere employe. Simulation
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showed thaparent vessel geometry and coil elasticity affe
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% A n_neck_ coil deformation. Kineticenerg' was highest in the no-coil
£ n —5.3mm_neck_5kPa model and the lowest in the rigid coil model. Heryrmaimics it
§ ooz i A aneurysm was affecteay coil elasticit, aneurysm neck size,
2 F Y and parent vessel geomettiyerefore elastic coils in the wide
g Al neck aneurys with a curved parent vessel may be displ:

and compacted more easily.
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Fig. 3Mean pressure force on the coil surface: (a) Sttgqigrent essel,
(b) Curved parent ves:
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The timeaveraged mean kinetic energy (MKE) inside

aneurysm was calculated. The MKEs were highesthi
no-coil model and the lowest in the rigicodel as shown in Fig.
4. MKEs of the normal and wide-neck-noil models with the
straight parent vessel models watgout 1: and 6.7 times of
those in the rigid coil. Irthe curved parent vessel modi
MKEs of the normal and wide-neck roil models were about
10 and 6 times of those in the rigid cIKEs were higher ir
the elastic coil models than in the rigid modMoreover, the
elastic coil model with the lower Yourgymodulus showed a
higher MKE in aneurysm sac. ©
Computational results show that caika reductiois higher
in elastic coil model; thereforelastic coil modelsare more
prone to be compactedThe aneurysm neck size a
parent vessel geometry influences the pressuree
significantly; therefore, coils in the wigeck aneurysmrwith a
curved parent vessel miglkperience moi coil compaction.
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IV. CONCLUSIONS ggggzﬂ
Incompletefilling of coils inside of the aneurysm sac cau

dioero0s
. . . . 7&7 IS st - = —
coil migration and compaction, and they may betee to the q
hemodynamic forcesln order to investigate these effe, ()

computational analyse on coil deformatic caused by Fig. 4 Thekinetic energy contour at 0.5sec: (a-coil (b) rigid coil

hemodynamic forcavere performed in thilateral aneurysm bundle (c) Youngs modulus of 3kPa coil bundle (d) Yors modulus

of 5kPa coil bundl
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