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Abstract

The purpose of our study was to demonstrate the feasibility of using patient-specific 3-D rotational angiography
(3DRA) image data from clinical studies to construct corresponding realistic patient-specific computational fluid

dynamics (CFD) models of cerebral aneurysms. Using these models, the intra-aneurysmal flow patterns are char-
acterized and their possible associations to the clinical history of aneurysmal rupture are explored. Finally, these models
are used to analyze the alterations in the flow dynamics precipitated by endovascular procedures.
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1. Introduction

Cerebral aneurysms are pathological dilatations of the
arterial wall that frequently occur near arterial bifurca-
tions in the circle of Willis [1]. The most serious

consequence is rupture and intracranial hemorrhage into
the subarachnoid space, which carries high mortality
and morbidity rate [2]. Intra-aneurysmal hemodynamics

is thought to be an important factor in the genesis,
progression and rupture of cerebral aneurysms [3]. The
purpose of our study was to construct patient-specific
computational models of cerebral aneurysms for the

analysis of the intra-aneurysmal flow patterns, to
explore possible correlations to aneurysmal rupture, and
to study the flow alterations produced by endovascular

procedures.

2. Methods

2.1. Modeling pipeline

Realistic patient-specific models of cerebral aneurysm
were constructed from 3DRA images using the follow-

ing pipeline [4]: (1) filter the images to reduce noise (blur
+ sharpen operations), (2) seeded region growing

segmentation, (3) iso-surface extraction, (4) deformable
model to match vessel boundaries, (5) surface smooth-

ing, interactive truncation and extrusion of arterial
branches, (6) finite element grid generation using
advancing front technique, (7) numerical solution of the

unsteady incompressible Navier-Stokes equations, and
(8) post-processing and flow visualization. Pulsatile flow
conditions were derived from phase-contrast magnetic

resonance (PC-MR) measurements of blood flow velo-
city in the circle of Willis of a normal subject.
Volumetric flow rate curves were obtained by integra-
tion of the velocity profile over the vessel cross section

and fully developed Womersley velocity profiles were
mapped to the inflow boundary.

2.2. Modeling aneurysms with multiple avenues of flow

Models of aneurysms with multiple feeding vessels
were constructed from multiple 3DRA images obtained

during contrast injection in each of the feeding vessels.
The corresponding arterial trees are independently
reconstructed. The images are co-registered using a
manual rigid registration. The reconstructed models are

then translated and rotated accordingly and merged
using an adaptive voxelization technique [5]. Figure 1
illustrates the process and shows flow visualizations in

an anterior communicating artery aneurysm.
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2.3. Modeling endovascular devices

The simulation of blood flow patterns in the presence
of endovascular devices used to treat cerebral aneurysms
such as coils and stents is a challenging problem due to
the geometrical complexity of the devices. These devices

operate by blocking the blood flow into the aneurysm,
thus promoting clot formation and thrombosis, and
reducing the risk of future rupture. Knowledge of the

intra-aneurysmal hemodynamics after the device
deployment is useful to evaluate, optimize and perso-
nalize the treatment options (e.g. selecting the optimal

amount of coils for a given aneurysm). Preliminary
simulations of blood flow dynamics in the presence of
complex endovascular devices have been carried out
using an adaptive embedding technique with very pro-

mising results [6]. The basic idea of this approach is to
impose a wall boundary condition in the edges of the
finite element grid that are intersected by the surface of

the device. Coils and stents are modeled as a sequence of
overlapping spheres that are then used to identify the
edges of the mesh that are cut by the device. The mesh is

adaptively refined in the proximity of the devices in
order to resolve the flow features around the devices.

3. Results

3.1. Database of aneurysm models

A total of 65 patient-specific cerebral aneurysm
models have been constructed. A database that contains

anatomical images, reconstructed models, finite element
grids, blood flow visualizations and clinical information
has been created. Examples of aneurysm eight models

and corresponding hemodynamic visualizations are

shown in Fig. 2 (from left to right: 3DRA images,
anatomical model, peak pressure, mean wall shear

stress, oscillatory shear index, velocity pattern). A large
variety of flow patterns have been observed indepen-
dently of aneurysm size, location and morphology type
(i.e. lateral, bifurcation, terminal or fusiform).

3.2. Associations of hemodynamics and rupture

The aneurysms of the database were classified
according to the complexity of the intraaneurysmal flow
pattern and to the size of the flow impingement region.

The distribution of rupture/unruptured aneurysms in
each of these categories show interesting trends: most
unruptured aneurysms have stable flow patterns, the
majority of ruptured aneurysms have small impingement

regions, and most aneurysms with large impingement
regions are unruptured (see Fig. 3).

3.3. Endovascular procedures

Simulations of the endovascular treatment of a cere-

bral aneurysm with Guglielmi Detachable Coils (GDC)
were performed. Simulated coils of different lengths
(10 cm and 20 cm) were placed inside a patient-specific

aneurysm model reconstructed from 3DRA images.
Flow alterations produced by these two coils were cal-
culated. Figure 4 shows the blockage of blood flow into
the aneurysm after implantation of the coils.

4. Conclusions

An efficient pipeline for constructing patient-specific
models of cerebral aneurysms has been developed.

Methods to model cerebral aneurysms with multiple

Fig. 1. Construction of an anterior communicating artery aneurysm from two 3DRA images obtained by contrast injection in the left

and right internal carotid arteries, respectively. Top row, left to right: volume rendering of right 3DRA image, volume rendering of left

3DRA image, co-registered images, co-registered images and vascular models, detail of vascular model of ACoA aneurysm, mean wall

shear stress distribution, iso-velocity surface. Bottom row, left to right: right vascular model, left vascular model, co-registered vascular

models, vascular model after merging, detail of the finite element grid, velocity distribution in two cuts through the aneurysm sac.
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feeding vessels have been developed. A database of
patient-specific cerebral aneurysm models that can be
interrogated to answer specific clinical questions has

been implemented. In particular, the distributions of
rupture/unruptured aneurysms with respect to the
complexity of the flow pattern and size of the flow

impingement region show interesting trends that can

potentially be used for clinical assessment of the risk of
rupture. An adaptive embedding approach that tre-
mendously simplifies the simulation of complex

endovascular devices has been developed, making these
techniques for the first time very attractive for clinical
studies of endovascular interventions.

Fig. 2. Examples of eight patient-specific aneurysm models constructed from 3DRA images and visualizations of hemodynamic forces

and intraaneurysmal flow patterns. Each row corresponds to a different aneurysm. Columns show: volume rendering of the 3DRA

images, reconstructed vascular models, pressure distribution, mean wall shear stress, oscillatory shear index, and velocity pattern in a

cut through the aneurysm sac.
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