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Purpose: In this article, the authors studied the feasibility of estimating regional mechanical prop-
erties in cerebral aneurysms, integrating information extracted from imaging and physiological data
with generic computational models of the arterial wall behavior.
Methods: A data assimilation framework was developed to incorporate patient-specific geometries
into a given biomechanical model, whereas wall motion estimates were obtained from applying
registration techniques to a pair of simulated MR images and guided the mechanical parameter
estimation. A simple incompressible linear and isotropic Hookean model coupled with computa-
tional fluid-dynamics was employed as a first approximation for computational purposes. Addition-
ally, an automatic clustering technique was developed to reduce the number of parameters to
assimilate at the optimization stage and it considerably accelerated the convergence of the simula-
tions. Several in silico experiments were designed to assess the influence of aneurysm geometrical
characteristics and the accuracy of wall motion estimates on the mechanical property estimates.
Hence, the proposed methodology was applied to six real cerebral aneurysms and tested against a
varying number of regions with different elasticity, different mesh discretization, imaging reso-
lution, and registration configurations.
Results: Several in silico experiments were conducted to investigate the feasibility of the proposed
workflow, results found suggesting that the estimation of the mechanical properties was mainly
influenced by the image spatial resolution and the chosen registration configuration. According to
the in silico experiments, the minimal spatial resolution needed to extract wall pulsation measure-
ments with enough accuracy to guide the proposed data assimilation framework was of 0.1 mm.
Conclusions: Current routine imaging modalities do not have such a high spatial resolution and
therefore the proposed data assimilation framework cannot currently be used on in vivo data to
reliably estimate regional properties in cerebral aneurysms. Besides, it was observed that the incor-
poration of fluid-structure interaction in a biomechanical model with linear and isotropic material
properties did not have a substantial influence in the final results. © 2010 American Association of
Physicists in Medicine. �DOI: 10.1118/1.3355933�
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I. INTRODUCTION

Cerebral aneurysms are pathological dilatations of the arte-
rial walls that usually occur on or near the Circle of Willis.1

Cerebral aneurysms are common lesions, as it is demon-
strated by autopsy studies that indicate a prevalence in the
adult population between 1% and 5%,1 but fortunately, most
of them �50%–80%� do not rupture during the course of a
person’s lifetime.2 On the other hand, the catastrophic con-
sequences of subarachnoid hemorrhage following rupture of
cerebral aneurysms are associated to an incidence of sudden
death of 12.4% and high rates of fatality �32%–67%� after
the hemorrhage.1,3,4 The aneurysm formation, growth, and
rupture processes are believed to be dependent on complex
interactions among multiple biological and mechanical
factors:5 Hemodynamics, wall biomechanics, mechanobiol-
ogy, and the intracranial environment. During aneurysm for-
mation, arterial wall characteristics such as geometrical and
mechanical properties change through a degenerative pro-
cess, influenced by the hemodynamic forces resulting from
the pulsatile blood flow.6 Ultimately, the aneurysm ruptures
when the wall stresses exceed the strength of the tissue.

Hence, solid biomechanics biomarkers can, in combina-
tion with vascular morphology and flow information, provide
useful insight into the natural history of cerebral aneurysms.
As a matter of fact, changes in wall mechanical properties
can contribute to the assessment of disease progression7,8 and
have been proposed as biomarkers of vascular structural
fragility.8 In addition, the periodical monitoring of these wall
structural changes may allow the identification of potential
rupture sites.9 A few histological experiments on the me-
chanical properties of cerebral aneurysm sacs are available in
the literature, including aneurysm samples from autopsy.10

Unfortunately, patient-specific mechanical properties and the
nonuniform distribution of wall thickness through the aneu-
rysm cannot be measured in vivo with current noninvasive
medical imaging techniques.6 However, computational mod-
els offer the possibility of integrating the limited information
available from medical images and, together with an appro-
priate set of boundary conditions and some necessary as-
sumptions on missing data, being able to estimate nonob-
servable parameters such as mechanical properties. Similar
data assimilation frameworks have been widely used in dif-
ferent applications such as the estimation of local contractil-
ity or shear behavior in myocardial tissue,11,12 elasticity in
atherosclerotic plaques,13 or viscoelasticity in cartilage,14 as
well as for local brain volume change.15

In our application, the data assimilation framework will
consist of estimating the mechanical parameters of a compu-
tational model of the cerebral aneurysm wall based on avail-
able wall pulsation measurements. Some authors fitted ex-
perimental data to computational models of different levels
of complexity �Laplace’s law,16–18 nonlinear,19–21 anisotropic
hyperelastic,22,23 or considering collagen fiber informa-
tion24–27� to represent the mechanical behavior and/or prop-
erties of the intracranial aneurysm wall. Alternatively, the
data assimilation framework can be guided by synthetic de-

formation fields representing the dynamic aneurysm pulsa-
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tion �i.e., wall motion� as in Kroon and Holzapfel.26 Al-
though these biomechanics studies have been pivotal to
improve our knowledge on the wall mechanics of cerebral
aneurysms, all of them were based on ex vivo, in vitro, or
simulated data and have been tested on idealized �spherical
and axisymmetric� aneurysm geometries. Therefore, there is
a need to investigate the feasibility of the estimation of me-
chanical properties of cerebral aneurysms with respect to in
vivo imaging characteristics as well as with different con-
figurations in the data assimilation framework.

In Balocco et al.,28 we presented a first version of a data
assimilation framework for the estimation of regional me-
chanical properties of cerebral aneurysms. A single patient-
specific morphology was used and wall motion estimates
were given by the forward biomechanical model. In this pa-
per, we present some improvements in the methodology and
several in silico experiments were designed to study the fea-
sibility of estimating regional mechanical properties of cere-
bral aneurysms considering different imaging characteristics
as well as different choices in the data assimilation frame-
work.

Registration techniques were applied to a pair �diastole
and systole� of simulated MR images to estimate the wall
pulsation that guided the optimization of the model param-
eters. In order to reduce the number of parameters to esti-
mate at the optimization stage, an automatic region cluster-
ing technique, furnishing a regional distribution of the
elasticity, was applied on the strain maps obtained from wall
motion estimates. In this paper, we made use of a simple
�incompressible linear and isotropic� biomechanical model
as a first approximation for computational cost purposes. Ad-
ditionally, we coupled fluid-dynamics and solid mechanics
equations in order to assess the influence of hemodynamics
on the estimation of mechanical properties of cerebral aneu-
rysms.

The in silico experiments mentioned above were specifi-
cally designed to study the robustness of the proposed meth-
odology with respect to aneurysm characteristics derived
from imaging �different geometries and mesh discretization
options, number of regions with different mechanical prop-
erties� and to investigate imaging resolution and registration/
clustering configurations required to capture wall pulsation
accurately enough to guide the estimation of mechanical pa-
rameters of cerebral aneurysms.

The paper is organized as follows. Section II describes the
different components of the data assimilation framework, in-
cluding the generation of the anatomical meshes, the finite-
element forward model �solid and fluid-dynamics� and the
inverse problem stage with the different image processing
tools needed to estimate wall motion. Section III presents the
in silico experiments designed to study the feasibility of the
proposed methodology. A discussion about the results is pro-
vided in Sec. IV and, finally, some conclusions and future
works are described in Sec. V.

II. MATERIALS AND METHODS

This section describes the proposed methodology to esti-

mate regional mechanical properties of cerebral aneurysms
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from imaging data and the optimization of the parameters of
a biomechanical model with aneurysm wall pulsation esti-
mates. A scheme of the whole proposed methodology is de-
picted in Fig. 1.

The parametric biomechanical model was used to gener-
ate the modeled aneurysm morphology in systole from the
diastolic morphology segmented from subject-specific im-
ages; a given regional distribution of the elasticity param-
eters; and a set of boundary conditions �pressure variations
and inflow velocity�. The segmented diastolic geometry was
incorporated into the biomechanical model in the form of a
volumetric finite-element mesh. The structural mechanics be-
havior of the model was controlled by regional elasticity
parameters, which were initialized with values based on ex
vivo experiments available in the literature and optimized at
the inverse problem solving stage. A local pressure distribu-
tion that was estimated with computational fluid-dynamics
and, using pressure variations and inflow velocity as inputs,
was introduced into the structural mechanics as an additional
constraint.

The inverse problem part consisted in an iterative loop
aiming at estimating the mechanical �or elasticity� param-
eters of computational model that minimized the difference
between two aneurysm morphologies in systole: The one
given by the biomechanical model, named “systolic mor-
phology modeled” in Fig. 1 and the one generated from ap-
plying the deformation field capturing the aneurysm wall
pulsation to the diastolic morphology, named “systolic mor-
phology deformed” in Fig. 1. In this manuscript, the defor-

FIG. 1. Scheme of the proposed methodology. The parametric biomechanica
flow variation, as well as an initial set of parameters describing the regio
aneurysm morphology �systole� corresponding to such settings. The distanc
field capturing the aneurysm pulsation was iteratively minimized in order to
the iterative loop of the parameter optimization stage.
mation field capturing aneurysm wall pulsation was obtained
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applying a registration technique to a pair of simulated MR
images. Strain maps were computed from the obtained wall
motion estimates since they were well suited to distinguish
between regions with different deformation patterns. Finally,
a region clustering technique was applied to these strain
maps in order to speed up the optimization of the elasticity
parameters.

II.A. Patient-specific geometrical mesh

Three-dimensional geometrical information of cerebral
aneurysms can accurately be obtained by imaging modalities
such as 3DCTA, 3DMRA, or 3DRA. For this study, 3DRA
images corresponding to six cerebral aneurysms of patients
were available. The images were acquired within the frame-
work of a multicenter study �Department of Radiology of the
Academic Medical Centre, Amsterdam, The Netherlands;
Department of Therapeutic Neuroangiography JJ Merland of
the Hospital General de Catalunya, Barcelona, Spain� using
Philips Integris Systems �Philips Medical Systems, Best, The
Netherlands� scanners. Images were acquired with two injec-
tions of contrast material, one per each internal carotid ar-
tery. The projection images were transferred to a dedicated
workstation where they were reconstructed into a 3D volume
data set with 128�128�128 or 256�256�256 voxels and
covering a field of view of 59.91, 62.58, or 96.40 mm.

The aneurysm geometries were reconstructed with the
pipeline described by Cebral et al.29 for the patient-specific
analysis of cerebral aneurysm hemodynamics. A segmenta-

30
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istribution of the wall elasticity, enabled the computation of the modeled
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is based on a geometric deformable model that incorporates
high-order multiscale features in a nonparametric statistical
framework, was employed to extract initial aneurysm geom-
etries from the images. The next step consisted of the gen-
eration of a surface mesh from the segmentation results using
a Marching Tetrahedra algorithm.29 The obtained surface was
then smoothed and a truncation of vessel branches was per-
formed to isolate the aneurysm. Finally, the number of mesh
elements was reduced �between 1712 and 2050 elements for
the six meshes� with a uniform remeshing strategy imple-
mented in the freeware package REMESH

31 �REMESH v.1.2,
IMATI-GE/CNR, Genova, Italy�, while guaranteeing the
conservation of morphological details of the aneurysm sur-
face. The sharp edges at the inlet and outlet boundaries of the
aneurysm surface were preserved by detecting all mesh ele-
ments in which the normals of the two incident triangles
exceeded 45°. The last meshing step provided the volumetric
mesh needed for the fluid-dynamic computation, which was
automatically generated from the surface triangulation tool
available at the COMSOL software, which will also be used as
finite-element solver, resulting in 3D meshes with a number
of tetrahedral elements ranging from 19 299 to 41 822.

II.B. Finite-element forward model

II.B.1. Structural mechanics

In this paper, the aneurysm mechanics behavior was de-
fined as an incompressible linear elastic and isotropic mate-
rial, thus not capturing the nonlinear anisotropic and layer-
dependent nature of the stress-strain curves at high strains
given by some hyperelastic constitutive models of the arte-
rial wall. Nevertheless, this simplification resulted in reason-
able computational costs due to the reduced number of un-
known parameters to optimize at the inverse problem stage.
Hence, the membrane dynamics was modeled by the
Hooke’s law, whose most general form for isotropic materi-
als relates the stress ��ij� and strain ��kk� tensors as

�ij = 3K�1

3
�kk�ij� + 2G��ij −

1

3
�kk�ij� , �1�

with K being the bulk modulus, G the shear modulus, and �ij

the Kronecker delta. In this paper, the equations of the bio-
mechanical model described above were solved by finite-
element analysis, using the COMSOL MULTIPHYSICS

® v3.4
�COMSOL Inc., Burlington, MA� software �http://
www.comsol.com�.

II.B.2. Elasticity parameters

In finite-element solid mechanics, a membrane object
consists in a three-dimensional solid element, intermediate
between the conventional 3D tetrahedral element and a tri-
angular in-plane mesh, where one of its dimensions, the
thickness, is negligible compared to the two others. Such
structure is particularly suited for modeling thin membranes
because the three-dimensional equations governing motion
are solved along the surface without the need of a volumetric

mesh. Since the aneurysm wall is usually characterized by a
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thin membrane,27 we modeled it as a membrane object in
which the surface is composed by triangular elements and
the thickness is then a variable of the mesh element. As a
consequence, we used a surrogate of elasticity, the stiffness
of a membrane element E�, which was defined as the product
between the Young’s modulus and the wall thickness, to rep-
resent the mechanical properties of the arterial wall �average
over the three arterial tunicae�. Using such a surrogate of
elasticity, a membrane element with a low stiffness may cor-
respond either to a region of small elasticity or small thick-
ness. Furthermore, the use of membrane elements simplified
the stress tensor since we assumed the stresses with respect
to the thin surface were zero, i.e., a state of plane stress. The
nonzero components of the Hooke’s law relating the stress
and strain tensors can then be expressed as

�xx =
1

E
��xx − ��yy� ,

�yy =
1

E
��yy − ��xx� ,

�zz =
1

E
�− ���xx + �yy�� ,

�xy = �yx =
3�xy�1 − 2��

2E
, �2�

with E being the modulus of elasticity �Young’s modulus�
and � the Poisson’s ratio.

Literature values of thickness and elasticity that were ob-
tained from histological sampling of the communicating
artery32 were used as initial reference values for the model
parameters characterizing the mechanical properties of the
aneurysm wall �Young’s modulus in Table I�. To the best of
our knowledge, no in vivo measurements of the ratio be-
tween the elasticity and wall thickness of the dome and the
bleb before aneurysm rupture are available in the literature.
However, Kroon and Holzapfel26 theoretically predicted that
the difference in thickness between the vessel before aneu-
rysm growth and the tissue of a developed aneurysm can
reach a factor of 6 or 9 at the neck and at the fundus of the
aneurysm, respectively. In addition, these authors showed
that the thickness of the neck could be three times bigger
than the fundus of the dome for tissues with uniform elastic-
ity. This result was in agreement with measurements ob-

10

TABLE I. Initial reference mechanical parameters.

Young’s modulus
�MPa�

Thickness
�mm�

Normalized
stiffness ratio

Stiffness
�MPa�

Vessel 1.6 0.180 1 288.00
Dome 1.6 0.045 1/4 72.00
Bleb 1 0.8 0.022 1/16 18.00
Bleb 2 0.8 0.011 1/32 9.00
Bleb 3 0.8 0.007 1/48 6.00
tained by MacDonald et al., which showed, in an ex vivo
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study, that the thickness in different aneurysm regions could
vary by a factor of around 3 �from 13 to 38 �m� at the
moment of critical rupture.

Hence, we assumed that the material constituting the ves-
sel remodeled to develop the aneurysm, leading to a reduc-
tion �1/4 in the third column of Table I� in the thickness �and
subsequently the stiffness� between the vessel and the dome
regions. This reduction accounted for the degradation of the
inner elastic lamina and the media.26 Furthermore, we made
the assumption that the elastic properties of the bleb were
reduced by a half with respect to the vessel and the dome
since blebs are usually characterized by a weaker wall.9 In
the case of having a single bleb in the aneurysm, we set its
thickness to 1/2 of the dome, similar to MacDonald et al.,10

leading to a stiffness value for the bleb equal to 1/4 of the
dome �1/16 with respect to the vessel, as shown in Table I�,
similar to the 1/5 ratio used by Challa and Han.33 In the case
of multiple blebs, their thicknesses were progressively re-
duced �stiffness ratio normalized with respect to the vessel of
1/32 and 1/48 for the second and third bleb, respectively, as
shown in Table I�, generating blebs with weaker walls. Ad-
ditional details about the elastic properties set to aneurysms
with multiple blebs are given in Sec. III A. Finally, all re-
gions were modeled as an almost incompressible material,
thus Poisson’s ratio � was always set to 0.49.26

II.B.3. Fluid-structure interaction

Fluid-structure interaction �FSI� was used to couple fluid-
dynamics equations, describing the hemodynamics inside the
vessel, with structural equations, modeling the wall motion
under pulsatile flow conditions. The main reason for this
coupling was to investigate the influence of hemodynamics
in the estimation of mechanical properties in cerebral aneu-
rysms. Furthermore, the structural model was then con-
strained with additional boundary conditions since the non-
uniform blood pressure distribution, derived from
nonidealized geometries, was taken into account. The rela-
tion between blood velocity and pressure for complex geom-
etries and flow regimes was described by the Navier–Stokes
nonlinear equations for a Newtonian incompressible fluid

�
�v
�t

− ����v + ��v�T� + ���v�v + �p = 0, �3�

where v was the time-dependent flow velocity vector at a
point in 3D space, p was the hydraulic pressure, � was the
mass density of blood �1060 kg /m3�, and � was the dy-
namic viscosity of the medium �3.2�10−3 Pa·s�.

In order to solve Eq. �3�, blood pressure �	p̂� and flow
velocity �	v̂� gradient information was required as boundary
conditions. In this work, we used inflow velocity information
�maximum velocity range, given by systolic and diastolic
time-points� at the inlet and blood pressure variations �also
between systolic and diastolic time-points� at the outlet of
the vessel. Following the energy conservation principle, the
hydrodynamic pressure calculated at each point of the sur-
face was dynamically applied to the aneurysm surface as a

mechanical load along the cardiac cycle. The relationship
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between the hydraulic pressure �p�, the wall stress tensor
��ij�, the local curvature tensor �Cij�, and the wall thickness
�h� was described by a generalized version of the Laplace’s
law for nonisotropic stresses �see Theorem 5.3 in Gurtin and
Murdoch34�

p = hTr��Cxx Cxy

Cyx Cyy
���xx �xy

�yx �yy
�� , �4�

Tr being the trace of the matrix.
The inflow-related boundary conditions determined the

behavior of the blood flow in the arterial vessel and consisted
of pressure values that were applied to the aneurysm wall. If
patient-specific inflow-related boundary conditions 	v̂ and
	p̂ �velocity and pressure gradients, respectively� were
available, they could be included in the computational model
for personalization purposes. In this work, velocity changes
over the cardiac cycle �	v̂� were noninvasively estimated
using MR imaging of the inflow section of the artery feeding
the aneurysm, specifically in the upper part of the internal
carotid artery of a 52 yr old, normal male subject, using a
MRA Q-flow technique from a 1.5 T Intera MRI scanner
�Philips Medical Systems, Best, The Netherlands�, as illus-
trated in Fig. 2. The mean velocity profile was automatically
obtained from the manufacturer’s software.

As for the outlet boundary conditions, the systemic varia-
tion in blood pressure �	p̂� of the patient can easily be mea-
sured with a brachial sphygmomanometer since it does not
significantly change throughout the arterial tree.35

The aneurysm geometry extracted from current 3DRA im-
aging systems was an average of the aneurysm shape
changes during several cardiac cycles. Since wall pulsation
can hardly be observed with the current spatiotemporal res-
olution of these imaging systems, we assumed that the aneu-
rysm geometries obtained from the segmentation stage cor-
responded to the morphology of the vessel at rest position,
i.e., under diastolic flow and pressure conditions. Thus, the
gradient between the minimum and the maximum values of
the velocity waveform �from 0.18 to 0.38 m/s� and the cor-
responding pressure measurements �from 12 932 to
17 731 Pa� were employed as inlet and outlet boundary con-
ditions, respectively. Finally, the pressure distribution at the

FIG. 2. Mean velocity profile acquired with a MRA Q-flow technique. Peak
�0.38 m/s� and rest position �0.18 m/s� velocities were set as inlet boundary
conditions.
systolic peak was computed for each element of the aneu-
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rysm surface solving Eq. �3�. Hence, the rest state configu-
ration before wall pulsation was considered by associating
the diastolic aneurysm geometry with rest state velocity and
pressure, whereas the systolic aneurysm geometry was taken
as the loaded state after wall pulsation.

II.C. Inverse problem

II.C.1. Wall motion estimates

Aneurysm wall motion can be estimated by applying reg-
istration techniques to a pair of images corresponding to the
diastolic and systolic phases in the cardiac cycle, where the
largest amplitude of the wall pulsation should occur. The
main goal of a registration technique is to find the geometri-
cal transformation �nonrigid in our case due to the localized
nature of the aneurysm pulsation� that maximizes the simi-
larity between the two images to register. In our application,
this geometrical transformation will subsequently be applied
to the diastolic aneurysm morphology in order to generate
the deformed systolic aneurysm geometry ssys

def, which will be
compared with the modeled one, ssys

mod, given by the biome-
chanical model at the parameter optimization stage �see Fig.
1�.

II.C.1.a. Imaging techniques. Although noninvasive esti-
mation of tissue elasticity using in vivo wall motion measure-
ments in other vascular segments has been demonstrated,36

these techniques have small applicability in intracranial seg-
ments due to limited imaging resolution.9 Nevertheless, it
seems that visualization of cerebral aneurysm pulsation is
becoming possible with four-dimensional computer tomogra-
phic angiography �4DCTA�,9,37,38 but its quantification re-
mains challenging due to the presence of imaging artifacts
related to patient motion during the acquisition.39 Dynamic
biplane digital subtraction angiography images were pro-
cessed by Oubel et al.40 to extract 2D wall information and
then combine it with computational fluid-dynamics �CFD�
simulations in order to improve the realism of intra-
aneurysm flow patterns. Finally, Zhang et al.41 proposed a
method to estimate 3D aneurysm wall motion over one car-
diac cycle from 3DRA acquisitions, but this approach was
only evaluated with in vitro data.

The clinical condition of patients presenting symptomatic
aneurysms is routinely evaluated with 3DRA images since
the current diagnostic criterion is solely based on geometri-
cal features and these images provide the best trade-off be-
tween geometrical accuracy, acquisition times, availability
and costs. Additionally, noninvasive MR images can be ac-
quired if flow information is needed.

II.C.1.b. Registration techniques. There exists a vast lit-
erature on nonrigid image registration techniques �see
Holden42 for a recent review�. One the most popular and
widely used in multiple clinical applications is the B-spline
free-form deformation �FFD� proposed by Rueckert et al.43

This technique deforms an image volume by manipulating an
underlying mesh of control points. Displacements are then
interpolated using the 3D cubic B-spline tensor product. Let

 denote a uniformly spaced grid of nx�ny �nz control

points 
x,y,z, with nx, ny, nz being the number of control
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points in the x, y, and z axes, respectively. The nonlinear
transformation at each voxel �x ,y ,z� is then expressed as

u�x,y,z� = 	
l=0

3

	
m=0

3

	
n=0

3

�l�r��m�s��n�t��i+l,j+m,k+n, �5�

� being the 3D tensor product of the 1D cubic B-splines
basis functions and �r ,s , t� the relative positions of �x ,y ,z� in
the grid. One of the most critical parameters to tune is the
number of control points of the FFD grid that will guide the
registration procedure. The influence of this parameter on the
final stiffness estimates is detailed in Sec. III B 2. The simi-
larity measure of choice was the mutual information and the
implementation of the whole registration algorithm was
based on the one available in the open-source ITK package
�http://www.itk.org�.

Recently, a lot of effort has been devoted to a class of
registration algorithms furnishing diffeomorphic mappings
that are obtained from the integration of a smooth and regu-
lar velocity field over time. The advantage of these methods
lies in the smoothness of the resulting deformation fields,
which is a desirable property for several applications such as
the Jacobian integration of these mappings. For that reason,
we also studied the nonparametric diffeomorphic Demons
technique proposed by Vercauteren et al.,44 which can be
seen as an optimization procedure on the space of diffeomor-
phic transformations. Results obtained with the different reg-
istration techniques are compared and summarized in Sec.
III B 2.

II.C.1.c. Strain map computation. Strain can be defined as
the amount of stretch or compression along a material line,
and it corresponds to the deformation caused by the action of
stress on a physical body. For a given displacement field d
with small deformations, the Cauchy’s strain tensor, which is
the linearized version of the Lagrangian and Eulerian strain
tensors for finite strains, is a symmetric matrix composed by
the elements �ij =

1
2 ��idj +� jdi�, where �ij is the strain along

the axis i and j, and �idj is a differential of the component dj

at any point in the direction i. The eigenvalues of � j j, called
principal strains, correspond to the strain in the direction of
its maximum variation. Since, according to the Laplace’s
law, the aneurysm surface is a quasispherical thin-walled ob-
ject always stretching in the tangential directions, one can
assume that the first and the second principal strains approxi-
mate the maximum deformation in the tangential directions,
whereas the third corresponds to the maximum membrane
thickness, i.e., the radial strain. Sharp gradients correlating
with the different region contours appeared in the strain
maps, especially in the radial one, as illustrated in Fig. 3.
Considering conservation of volume and the fact that first
and second principal strains correspond to the in-plane sur-
face stretching, we then decided to use the third strain map
for regional separation purposes.

II.C.1.d. Region clustering. The estimation of the stiffness
for each element of the mesh implies that the number of
variables to assimilate is proportional to the number of mesh
elements, making the numerical problem ill-conditioned

when meshes with a large number of elements were used.
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For that reason, some authors such as Khalil et al.45 reduced
the number of unknown elasticity values via segmentation of
elements with similar morphology. In our work, strain maps
obtained from the wall motion estimates, given by a regis-
tration technique applied to simulated MR images, were used
for similar purposes, under the hypothesis that clusters in the
histogram of these strain maps corresponded to regions with
similar elasticity properties. In this way, we assumed that the
aneurysm membrane had a piecewise distribution of uniform
stiffness, i.e., different regions were likely to present differ-
ent degrees of rupture fragility. Therefore, we developed a
region clustering technique to identify these regions and it
basically consisted in applying the k-means algorithm46 to
the radial strain map computed from wall motion estimates.
The optimal number of clusters was automatically estimated
with a technique based on cluster silhouettes.47

Silhouettes estimate, for each cluster, the distance of each
point in one cluster to the points in the neighboring clusters.
This measure ranged from +1, indicating points that were far
from neighboring clusters; through 0, for points that were not
distinctly in one cluster or another; to 1, corresponding to
points that were probably assigned to the wrong cluster. The
higher the average silhouette value, the more separated the
clusters were. The k-means algorithm was iterated �ten itera-
tions� until the number of clusters maximizing the average

FIG. 3. Strain maps obtained from a displacement field �a� corresponding to
a simulated aneurysm pulsation, representing the �b� first, �c� the second,
i.e., the tangential strains, and �d� the third, i.e., the radial strain, principal
components of the strain tensor, respectively. The color scale indicates the
amplitude of the strain. Regional differences between the bleb, the dome and
the vessel are easily distinguished in these maps, especially the one corre-
sponding to the radial strain.
silhouette value was reached. For instance, we computed the
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silhouette distributions after applying the k-means algorithm
with a different number of clusters to a typical radial strain
map with different stiffness values for the vessel, the bleb
and the dome. The average silhouette values were 0.9057,
0.9610, 0.8384, and 0.8024 for two, three, four, or five clus-
ters, respectively, the highest value being the one corre-
sponding to the correct number of clusters.

II.C.2. Optimization of elasticity parameters

In pulsatile flow conditions, the modeled aneurysm shape
in systole ssys

mod can be expressed at any point of the vessel
wall as a function of the regional stiffness E� and the corre-
sponding blood flow according to the biomechanical model
Eqs. �1� and �3�. Let � be the error function, defined as the
distance between the nodes of the modeled surface generated
by the biomechanical model and the closest nodal point of
the surface given by deforming the diastolic morphology
with the wall motion estimates, ssys

def

� = 	
n


ssys
mod�Eest

� �,ssys
def
 , �6�

where 
 , 
 represents the Euclidian distance. Hence, the pa-
rameter estimation method consisted in minimizing �, using
the Nelder–Mead simplex method48 to solve for the stiffness
parameters of the biomechanical model.

The initialization of the algorithm with reasonable values
of E� from the literature was required to reduce the number
of iterations needed to converge and the risk of getting
trapped by local minima of �. Therefore, all model param-
eters were initialized with the mean reference stiffness value
averaged over the different aneurysm regions. We assumed
that the convergence of the optimization stage was reached
when the difference between two successive values of � was
lower than a given threshold �the threshold was set to 1
�10−4 in our experiments�. At the optimization stage, the
convergence of the simulations was reached after 60–150
iterations and it strongly depended on the number of model
parameters to estimate �number of different stiffness regions�
and on the mesh resolution. The whole process took between
15 and 45 min on a Pentium 4 dual core PC.

III. RESULTS

We have several in silico experiments to evaluate inde-
pendently the robustness of some of the stages of the pro-
posed workflow and to test some hypotheses about the re-
gional distribution of mechanical properties in realistic
cerebral aneurysm geometries. The experiments can be clas-
sified into two categories: The ones studying different as-
pects of the aneurysm geometries used in our analysis and
the ones investigating the influence of the wall motion accu-
racy on final results.

The performance of the clustering stage was quantified by
computing the Dice’s coefficient,49 which is commonly used
for segmentation validation. We also computed the percent-
age of true positives �e.g., elements that were manually la-
beled as bleb and that the clustering stage classified as bleb�,

false positives �e.g., elements that were not manually labeled
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as bleb and that the clustering stage classified as bleb�, and
false negatives �e.g., elements that were manually labeled as
bleb and that the clustering stage classified as dome or ves-
sel� in the results when compared to the manually defined
elements. Finally, in order to evaluate the overall perfor-
mance after the stiffness parameter estimation, we computed
the difference between the reference stiffness values and the
estimated ones, as well as the percentage of this difference
with respect to the reference values.

III.A. Geometry in silico experiments

As for the geometry used in in silico experiments, wall
motion estimates were obtained from the forward model and
using literature values for the reference regional mechanical
properties in order to avoid the influence of the wall motion
estimate accuracy on these results. Hence, we studied the
performance of the proposed workflow with respect to dif-
ferent aneurysm geometries, using meshes with different

FIG. 4. Patient-specific aneurysm meshes superimposed with the relative p
column�; the magnitude of the simulated displacement field map leading
column�; and clustering results �fourth column�. Different rows correspond
aneurysm in the first column was chosen in order to better illustrate the dir
resolutions and with a different number of elasticity regions
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in the aneurysm. These regions with different elasticity be-
havior were manually defined in all six meshes, according to
the following rules. The border between the vessel and the
dome was manually defined tracing an imaginary contour
along the neck of the aneurysm, where visually high values
of curvature appeared. As for the bleb, the selected criterion
was to place it, if existing, in the protuberance of the dome.
Otherwise, it was placed on the upper position �far from the
neck�, but never in a symmetric position �always on a side of
the dome�. In this last case, the number of triangles was
arbitrarily fixed to 180. The reference stiffness values were
the ones used in the experiment with one bleb, which are
shown in Table I.

III.A.1. Robustness with respect to the aneurysm
morphology

The geometry of the aneurysm may have a strong influ-
ence on the outcomes of the proposed methodology. The

re spatial distribution and the flow streamlines at the systolic peak �first
ll pulsation �second column�; the corresponding radial strain maps �third
he different six aneurysms processed in this paper. The orientation of the

of the streamlines.
ressu
to wa

to t
pressure spatial distribution is affected by the direction of the
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flow, as mentioned in Sec. II B 2, while the tangential
stresses acting on the aneurysm surface depend on the local
curvature tensor �see Eq. �3��. The strain computation and,
consequently, the clustering stage, may also be affected by
the spatial distribution of regions with different elasticity at
the surface of the aneurysm. In order to study these effects,
the proposed workflow was applied to six different cerebral
aneurysms, segmented with the technique detailed in Sec.
II A.

Results obtained from the clustering and some intermedi-
ate steps are shown in Fig. 4. The four columns of Fig. 4
illustrate, from left to right, the relative �the absolute systolic
pressure used for the FSI boundary conditions can be ob-
tained by adding the systemic pressure �17 731 Pa� to the
relative pressure� pressure spatial distribution, the magnitude
of the displacement field, the corresponding radial strain
maps, and the clustering results, respectively, for the six an-
eurysm geometries processed with the proposed workflow.
The triangles corresponding to elements incorrectly classi-
fied by the proposed methodology are in black. The cluster-
ing technique was able to recognize the different elasticity
regions with high accuracy, with a percentage of true posi-
tives consistently above 98.2% for all regions, which was the

TABLE II. Clustering and stiffness estimates with respect to number of regio
negatives; RE�: Reference stiffness; EE�: Estimated stiffness.

Region Mesh elements
TP
�%�

Three regions Vessel 264 100.00
Dome 1686 99.53
Bleb 1 100 100.00

Four regions Vessel 264 100.00
Dome 1613 99.38
Bleb 1 100 97.00
Bleb 2 73 94.52

Five regions Vessel 264 100.00
Dome 1543 99.22
Bleb 1 100 97.00
Bleb 2 73 94.52
Bleb 3 70 91.43

FIG. 5. Distribution of the blebs on the aneurysm geometry �left� and two
views of the corresponding clustering results �middle and right�. The fist
bleb was placed in the protuberance of the dome on the opposite side of the
neck. The second bleb was placed in the second protuberance of the aneu-
rysm, and the third bleb on the opposite site of the previous two blebs and
neck. Center and right images correspond to two different views of the
clustering results when having three blebs, being the darker elements the
ones misclassified. Arrows indicate the position of some elements incor-
rectly clustered.
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value corresponding to the dome of patient 5. The maximum
percentage of true negatives was found for the vessel region
of patient 6, which was wrinkled and characterized by a very
small number of elements. Moreover, as observed in Fig. 4
�fourth column�, the mesh elements incorrectly clustered
were mainly distributed along the interfaces of the different
regions, where the strain variations between two adjacent
areas were smaller.

As for stiffness parameter errors, they were relatively low
�less than 1%� and the highest discrepancies appeared in the
vessel region in patients 5 and 6 in the estimation of the
dome �8.30% and 12.94%, respectively�. In the case of pa-
tient 5, this could be explained by the fact that the highest
clustering errors appeared in the border between the vessel
and the dome. In the case of patient 6, as discussed above,
the vessel region was particularly small and wrinkled, thus
the triangles wrongly assigned along its border may highly
influence the estimation of the stiffness parameters.

III.A.2. Robustness with respect to the number of
different elasticity regions

Cerebral aneurysms may have several regions with differ-
ent mechanical properties, some of them with a weaker wall
and thus with a higher probability of rupture risk. The pro-
posed workflow was then tested against an increasing num-
ber of blebs, having different mechanical properties �see
Table I�, in the aneurysm geometry of patient 6. The different
blebs were distributed distinctly on the aneurysm dome, as
illustrated in Fig. 5, placing them in the protuberance of the
dome and at the upper position �far from the neck�. The size
of this last bleb was arbitrarily fixed to 180 mesh elements.

In this in silico experiment, we considered that the ratio
between the vessel and the dome stiffness values was un-
changed with respect to the experiment including a single
bleb. As for the Young’s modulus of the different blebs, we
assumed the same reduction �1/2� with respect to the dome
for all blebs, as can be seen in Table I. On the other hand, the
thickness of each bleb was progressively reduced �from 1/2
to 1/6 of the dome’s thickness value� in order to maintain a

th different elasticity properties. TP: True positives; FP/FN: False positives/

P
�

FN
�%� DICE

RE�

�MPa�
EE�

�MPa�
Error
�%�

7 0.00 98.88 288.00 325.27 12.94
0 0.47 99.76 72.00 71.83 0.24
0 0.00 99.01 18.00 17.83 0.96
3 0.00 98.51 288.00 313.92 9.00
0 0.62 99.69 72.00 72.00 0.00
0 3.00 95.57 18.00 18.00 0.00
1 5.48 95.17 9.00 8.99 0.11
1 0.00 98.32 288.00 266.60 7.43
0 0.78 99.61 72.00 70.79 1.68
0 3.00 94.63 18.00 17.51 2.72
8 5.48 94.52 9.00 9.24 2.67
1 8.57 92.75 6.00 4.84 19.33
ns wi

F
�%

2.2
0.0
2.0
3.0
0.0
6.0
4.1
3.4
0.0
8.0
5.4
5.7
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ratio of 1/3 between the stiffest and the softest blebs, as
suggested by MacDonald et al.10 The stiffness values as-
signed to the different regions as well as their relative ratios
with respect to the vessel and the dome are summarized in
Table I.

Table II illustrates that the performance of the clustering
stage moderately decreased when the number of regions in-
creased. In particular, when comparing the result obtained
for geometries with four and five regions, the Dice’s coeffi-
cient was very similar for Bleb 1 �95.57 and 94.63� and Bleb
2 �95.17 and 94.52�. The error in the vessel stiffness esti-
mates was always below 13%, while for the dome and the
different blebs were very accurate, except in the case of the
third bleb �five regions� that reached almost 20%, being 1.16
MPa the absolute error. This Bleb 3 was characterized by the
maximum displacements and with abrupt changes in stiffness
�since it has the lowest stiffness� at its interface with the
dome, the clustering errors then having a substantial impact
on the elasticity estimation phase.

III.A.3. Robustness with respect to the mesh
resolution

Since wall motion estimates were obtained from the bio-
mechanical model, the use of meshes with different resolu-
tions for the forward and inverse problem stages needed to
be considered. Therefore, the performance of the proposed
methodology was studied when having a coarser mesh in the
inverse problem stage, including the region clustering and
parameter estimation phases. The surface mesh correspond-
ing to patient 1 was therefore progressively reduced from
1712 to 1512, 1312, and 1112 elements using the uniform
remeshing feature implemented in the REMESH software.31 At
each resampling step, all mesh nodes were slightly moved,
leading to some small topological changes.

Table III shows that with a coarser mesh the clustering
algorithm was still able to accurately identify the boundaries
of the regions with different mechanical properties, its per-
formance slightly decreasing when reducing the number of

TABLE III. Clustering and stiffness estimates with respect to mesh resolution
EE�: Estimated stiffness.

Region Mesh elements
TP
�%�

Mesh 1712 elements Vessel 785 100.00
Dome 807 98.51
Bleb 120 100.00

Mesh 1512 elements Vessel 615 100.00
Dome 789 98.86
Bleb 108 100.00

Mesh 1312 elements Vessel 490 100.00
Dome 732 98.91
Bleb 90 100.00

Mesh 1112 elements Vessel 397 100.00
Dome 648 98.92
Bleb 67 100.00
mesh elements. The same tendency can be observed for the
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stiffness estimates where the error reached a maximum value
of 3.12% in the bleb region when using coarser meshes
�mesh containing 65% of elements with respect to the initial
geometry�. This behavior was due to the current implemen-
tation of the optimization stage, which attempted to match
points of the two surface meshes that did not correspond to
the same spatial position.

III.B. In silico experiments incorporating wall motion

In these experiments, we again used the forward model
and literature values for the reference regional mechanical
properties to generate aneurysm wall pulsation, but this time,
the initial and the deformed aneurysm geometries were in-
troduced into a MR simulator that generated two simulated
MR images with wall pulsation between them. Registration
techniques were then applied to these simulated MR images,
thus providing an estimation of the aneurysm wall pulsation,
as illustrated in Fig. 6. Finally, we also generated MR images
with different image resolutions in order to find out the mini-
mum spatial resolution required for an accurate estimation of
the aneurysm wall mechanical properties.

III.B.1. Simulation of MR images

In this paper, the IMAGESIM MRI simulator50 was used,
due to its simplicity and its ability to generate realistic simu-

True positives; FP/FN: False positives/negatives; RE�: Reference stiffness;

FP
�%�

FN
�%� DICE

RE�

�MPa�
EE�

�MPa�
Error
�%�

1.53 0.00 99.24 288.00 288.00 0.00
0.00 1.49 99.25 72.00 72.00 0.00
0.00 0.00 100.00 12.00 12.01 0.08
1.46 0.00 99.27 288.00 292.12 1.43
0.00 1.14 99.43 72.00 70.82 1.64
0.00 0.00 100.00 12.00 11.98 0.17
1.63 0.00 99.19 288.00 283.71 1.49
0.00 1.09 99.45 72.00 71.54 0.64
0.00 0.00 100.00 12.00 11.84 1.33
1.76 0.00 99.13 288.00 283.82 1.45
0.00 1.08 99.46 72.00 70.68 1.83
0.00 0.00 100.00 12.00 11.64 3.00

FIG. 6. Registration results. �a� Original aneurysm diastolic �surface� and
systolic after simulated wall pulsation �wireframe� meshes. �b� and �c�
Simulated MR image �resolution of 0.05 mm� of diastolic aneurysm super-
imposed with simulated systolic aneurysm �contours� before �b� and after �c�
registration with the diffeomorphic Demons algorithm. The white arrows
indicate regions of interest where the largest displacements need to be
. TP:
recovered.
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lated MR images of the aneurysm. A gradient echo protocol
with typical values of echo time, time to repetition, and flip
angle51 �2 and 10 ms and 35°, respectively� was simulated,
providing several 1.5 T MR 2D images of 256�256 pixels,
which were subsequently reconstructed into a 3D MR vol-
ume through a quantization step dependent on the required
image resolution �12, 22, 41, 80, and 159 slices for image
resolution of 0.8, 0.4, 0.2, 0.1, and 0.05 mm, respectively�.
The number of excitations parameter was set to 1 since only
one cardiac cycle simulation was needed. Binary masks of
the aneurysm meshes in diastole �original mesh� and systole
�after mesh warping using the deformation field generated by
the forward finite-element model� were used as inputs of the
MR simulator. The region included within the aneurysm was
defined as being blood liquid mixed with contrast agent,52

whereas we assumed that the surrounding tissue was white
matter. An example of a pair of simulated MR images with a
spatial resolution of 0.05 mm is displayed in Fig. 6.

TABLE IV. Clustering and stiffness estimates with respect to registration con
stiffness; EE�: Estimated stiffness.

Region Mesh elements
TP
�%�

Demons Vessel 785 90.06
Dome 807 92.44
Bleb 120 77.50

FFD 3 CP Vessel 785 62.17
Dome 807 49.69
Bleb 120 100.00 3

FFD 5 CP Vessel 785 65.22
Dome 807 44.49
Bleb 120 100.00 2

FFD 8 CP Vessel 785 80.38
Dome 807 68.65
Bleb 120 91.67 1

FIG. 7. Front �top row� and back �bottom row� views of the stiffness distri
Initial reference; diffeomorphic Demons; and FFD with three, five, or eight
bleb regions.
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III.B.2. Robustness with respect to the registration
method

The main goal of this experiment was to assess the influ-
ence of the registration algorithm in the stiffness estimates.
For that reason, we tested one of the most popular nonrigid
registration techniques, proposed by Rueckert et al.,43 vary-
ing one of the most relevant parameters of the technique, the
number of control points �CPs� in the FFD grid �three, five,
or eight control points per dimension in our experiment�. In
general, the higher the number of control points, the more
accurate and localized the resulting transformation will be, at
the expense of a higher computational cost. Furthermore, we
also tested the diffeomorphic Demons algorithm, developed
by Vercauteren et al.,44 since it provides invertible deforma-
tion fields with a high number of degrees of freedom and
with a reasonable computational cost.

First, we quantified the registration quality provided by
the different registration scenarios by computing the classical

tion. TP: True positives; FP/FN: False positives/negatives; RE�: Reference

FN
�%� DICE

RE�

�MPa�
EE�

�MPa�
Error
�%�

9.94 92.42 288.00 391.59 35.97
7.56 89.99 72.00 95.61 32.79

22.50 79.15 12.00 12.94 7.83
37.83 76.55 288.00 385.95 34.01
50.31 54.67 72.00 116.09 61.24

0.00 35.24 12.00 41.47 245.58
34.78 72.21 288.00 256.70 10.87
55.51 49.90 72.00 92.68 28.72

0.00 42.40 12.00 34.64 188.67
19.62 81.89 288.00 271.11 5.86
31.35 72.66 72.00 86.72 20.44

8.33 61.62 12.00 36.22 201.83

n results obtained with different registration techniques. From left to right:
ol points. The different clusters correspond to the vessel, the dome, and the
figura

FP
�%�

4.84
13.01
18.33

0.25
32.09
67.50
15.41
33.83
71.67
15.92
20.32
05.83
butio
contr
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Jaccard overlap measure53 of the aneurysm masks introduced
at the MR simulator before and after each registration tech-
nique was applied. Overlap values provided by the different
registration cases in the 0.05 mm MR simulated images were
very similar: Before registration, 0.87; FFD three CPs
=0.94; FFD five CPs, 0.95; FFD eight CPs, 0.95; diffeomor-
phic Demons, 0.96.

The clustering results displayed in Fig. 7 prove that the
performance of the clustering stage considerably varied
when different registration configurations were used for wall
motion estimation purposes. The cluster distribution obtained
by the diffeomorphic Demons technique �second column in
Fig. 7� was the most similar to the reference one �first col-
umn of Fig. 7�. Most of the triangles in the bleb and in the
vessel were correctly identified, although some false positive
triangles were located at the top part of the dome. On the
other hand, when using the FFD registration technique with
three or five CPs, the percentage of false positives in the
dome region was extremely high �see Table IV� and, conse-
quently, the Dice’s coefficient for all three regions were sub-
stantially lower. Only when eight CPs were used, results be-
came comparable with the Demons-based method ones, but
it can be noticed that a high number of triangles in the vessel
region were wrongly assigned to the dome �bottom right in
Fig. 6�, as demonstrated by the high percentage of false posi-
tives of the dome region, considerably worsening the FFD
eight CPs Dice’s coefficient when comparing to the Demons
result �92.42 vs 81.89, 89.99 vs 72.66, and 79.15 vs 61.62 for
vessel, dome, and bleb, respectively�. Those results can be
explained by the fact that, in the case of the Demons-based
algorithm, the vessel and bleb regions had quite uniform
strain values leading to high strain gradients at the regions
borders, while the FFD method with three CPs presented a
more blurred strain map, and the FFD with five and eight
control points exhibited heterogeneity of strain values in the
vessel region. The Demons-based algorithm gave the lowest

FIG. 8. Stiffness distribution results obtained with different image resolution
MR simulated images. Middle and bottom rows: Front �middle� and back �
vessel, the dome, and the bleb regions.
errors in the stiffness values for the bleb region, where the
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largest movements occurred. It seems that the FFD tech-
niques gave better results than the diffeomorphic Demons for
the vessel. This was due to the intrinsic smoothness of the
diffeomorphic field that made regions with very small defor-
mations such as the vessel stiffer than they really were. Nev-
ertheless, this was not critical for our application since we
were mostly interested on the dome and the bleb regions and
the stiffness estimates given by all registration configurations
were good enough to identify areas with different mechanical
properties.

III.B.3. Robustness with respect to the MR image
spatial resolution

The main goal of this experiment was to investigate the
influence of the MR image resolution on the wall motion
estimates and, in consequence, on the estimation of wall me-
chanical properties and to find the minimal MR resolution
required to obtain accurate enough results. Hence, we ap-
plied the proposed methodology to five pairs of MR simu-
lated images, representing the aneurysm in diastole and sys-
tole, with different spatial resolution �0.05, 0.1, 0.2, 0.4, and
0.8 mm, respectively�. The diffeomorphic Demons registra-
tion algorithm was applied to each pair of images to obtain
the wall motion estimates.

The first row of Fig. 8 shows a coronal slice of the MR
simulated images with different resolutions �from left to
right: 0.05, 0.1, 0.2, 0.4, and 0.8 mm�, where we can observe
the decrease in contour sharpness when the resolution de-
creases. As can be observed in Fig. 8 �second and third row�,
the performance of the clustering stage also decreased pro-
gressively with the resolution increase, being most of the
mesh elements not assigned to the correct region for resolu-
tions lower than 0.1 mm. On the other hand, clustering re-
sults were similar with resolutions of 0.05 mm and 0.1 mm,
as quantitatively shown in Table V. For 0.05 mm, the vessel

m left to right: Reference maps, 0.05, 0.1, 0.2, 0.4, and 0.8 mm�. Top row:
m� views of the clustering results. The different clusters correspond to the
�fro
botto
and the dome were identified with slightly higher accuracy
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than with 0.1 mm, as illustrated by the corresponding Dice’s
coefficient �92.42 vs 90.94 and 89.99 vs 81.36 for vessel and
dome, respectively�. As for the stiffness estimates, better re-
sults were obtained with 0.05 mm images for the vessel and
the dome, while the stiffness value corresponding to the bleb
was slightly more accurate using 0.1 mm images �absolute
error of 0.94 MPa for 0.05 mm and 0.33 MPa for 0.1 mm
with a reference stiffness value of 12 MPa�. Finally, the me-
chanical parameter optimization stage did not converge to
reasonable values when using images with resolutions worse
than 0.1 mm.

IV. DISCUSSION

In this manuscript, we studied the feasibility of estimating
regional mechanical properties of cerebral aneurysms with a
methodology based on the optimization of the parameters of
a biomechanical model guided by aneurysm wall motion es-
timates. For doing so, in silico experiments were designed to
test the robustness of the proposed methodology with respect
to limiting factors such as aneurysm geometrical character-
istics and the accuracy of wall motion estimates. This section
presents a discussion on results obtained in the in silico ex-
periments, as well as on the employed biomechanical model
and inverse problem strategy, finishing with the clinical fea-
sibility and limitations of the proposed methodology.

IV.A. Geometry in silico experiments

For the geometry in silico experiments, the proposed
workflow proved to be very robust with respect to different
input geometries, with percentages of true positives above
98.2% for all regions, including cases with wrinkled and
small regions. The manual definition of borders between re-
gions was performed by an expert operator following the
same rules for all six aneurysm geometries. In particular for
the border between the aneurysm and the parent vessel, in

TABLE V. Clustering and stiffness estimates with respect to image resolution
EE�: Estimated stiffness.

Region Mesh elements
TP
�%�

FP
�%�

0.05 mm Vessel 785 90.06 4.8
Dome 807 92.44 13.0
Bleb 120 77.50 18.3

0.1 mm Vessel 785 97.83 17.3
Dome 807 71.13 3.7
Bleb 120 89.17 80.0

0.2 mm Vessel 785 59.36 2.4
Dome 807 43.00 39.2
Bleb 120 76.67 391.6

0.4 mm Vessel 785 29.43 4.7
Dome 807 48.95 63.4
Bleb 120 46.67 400.0

0.8 mm Vessel 785 18.47 12.2
Dome 807 62.83 65.4
Bleb 120 25.00 337.5
which a visual imaginary contour along the neck of the an-
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eurysm is used, this process may generate some operator bias
in nonstandard geometries, such as the one of patient 6 illus-
trated in Fig. 4 �last row�. Automatic, robust, and objective
techniques for aneurysm geometrical characterization, such
as the one recently proposed by Piccinelli et al.,54 will reduce
this operator dependence as well as speed up the whole pro-
cedure.

We also varied the number of blebs �i.e., different elastic-
ity regions� in the aneurysm and we obtained a moderate
decrease in performance �both in terms of regional location
and stiffness estimates� when the number of blebs increased,
as observed in Table II. The highest errors corresponded to
interfaces between regions having very different stiffness
values �e.g., the bleb with the lowest stiffness value and the
dome�, where abrupt changes in the radial strain map oc-
curred. The third bleb introduced into the aneurysm geom-
etry was associated with a very low stiffness value, thus it
was prone to undergo large deformations and to be more
sensitive to clustering errors, as it was shown in the experi-
ments. Nevertheless, the estimated stiffness values were ac-
curate enough to distinguish between the regions with differ-
ent elasticity properties.

Finally, we studied the effect of having different meshes
for the forward and inverse analysis stages in order to rule
out the possibility of a correlation between the mesh discreti-
zation level and the final stiffness distribution and estimated
values. The obtained results, summarized in Table III, con-
firmed their independence with respect to the mesh reso-
lution for the vessel and dome regions, but care must be
taken with very small bleb regions since they were sensitive
to discretization errors.

IV.B. In silico wall motion experiments

As for the wall motion in silico experiments, we analyzed
the influence of the registration configuration �different tech-

True positives; FP/FN: False positives/negatives; RE�: Reference stiffness;

FN
�%� DICE

RE�

�MPa�
EE�

�MPa�
Error
�%�

9.94 92.42 288.00 391.59 35.97
7.56 89.99 72.00 95.61 32.79

22.50 79.15 12.00 12.94 7.83
2.17 90.94 288.00 405.30 40.73

28.87 81.36 72.00 100.83 40.04
10.83 66.25 12.00 11.67 2.75
40.64 73.39 288.00 1069.26 271.27
57.00 47.18 72.00 194.50 170.14
23.33 26.98 12.00 61.72 414.33
70.57 43.87 288.00 2.84 99.01
51.05 46.09 72.00 4513.80 6169.17
53.33 17.07 12.00 1349.11 11 142.58
81.53 28.27 288.00 1.61�105 5.58�104

37.17 55.05 72.00 1.48�107 2.06�107

75.00 10.81 12.00 7.09�106 5.91�107
. TP:

4
1
3
2
2
0
2
8
7
1
4
0
3
3
0

niques and parameter tuning� and the spatial resolution of the
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images required to have wall motion estimates accurate
enough to guide the estimation of regional mechanical pa-
rameters of cerebral aneurysms.

IV.B.1. Registration configuration

We observed �see Table IV and Fig. 7� that the choice of
the registration configuration had a substantial effect on the
recovered stiffness distribution and estimated values. The
higher-dimensional registration techniques provided more
degrees of freedom to cope with deformations �diffeomor-
phic Demons to FFD eight CP� and they consequently out-
performed simpler registration ones �FFD with three and five
CPs� due to the localized nonlinear nature of the wall motion
to recover. The regional distribution of stiffness provided by
the diffeomorphic and FFD eight CP registration methods
was similar, but the former gave less false positives in the
dome and the bleb and more true positives in the vessel than
the FFD method. These differences may be related to the
higher degree of smoothness of the deformation fields fur-
nished by the diffeomorphic Demons technique compared to
the FFD ones, which could generate more homogeneous ra-
dial strain maps. In terms of the stiffness estimate errors, the
diffeomorphic Demons technique outperformed FFD-based
ones in the bleb but gave slightly worst results �overestima-
tion of the stiffness� in regions undergoing small deforma-
tions such as the vessel due to the intrinsic smoothness of the
diffeomorphic deformation fields. Since the bleb was the
most critical region due to its theoretical correlation with the
risk of rupture, we used the diffeomorphic Demons registra-
tion technique for subsequent experiments. In summary, the
choice of the registration strategy can have a major impact
on the wall elasticity values estimated with the proposed
workflow, but the experiment conducted in this work sug-
gests that registration configurations with a considerable
amount of degrees of freedom �Demons and FFD with eight
CPs per dimension� could be used to distinguish between
regions with different wall mechanical properties.

IV.B.2. Imaging spatial resolution

We found very substantial differences in the workflow
performance when using simulated MR images with differ-
ent spatial resolutions, as can be observed in Fig. 8 and in
Table V. We also obtained accurate stiffness values and as-
sociated regional distributions on MR images with resolu-
tions of 0.05 and 0.1 mm �slightly better stiffness estimates
with 0.05 mm for the vessel and the dome, and similar for
the bleb�, but results were not acceptable for lower resolu-
tions. It must be pointed out that the stiffness estimates cor-
responding to the bleb were more accurate than for the vessel
and the dome at the best resolutions �0.05 and 0.1 mm�, this
fact having a relation with the magnitude of the displace-
ments undergone by the different regions. The bleb was the
region undergoing the largest displacements, thus this region
was more robust to noise/errors at the highest resolutions,
whereas vessel and dome displacements were very small and
comparable to the image resolution, thus prone to be more

affected by noise and registration errors. Besides, the clus-
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tering stage globally achieved better results at the bleb region
with 0.05 mm resolution than with 0.1 mm �79.15 vs 66.25
of Dice’s coefficient� but the resulting stiffness estimates
were not substantially different. This fact indicated that the
proposed methodology could cope with some of the cluster-
ing errors, suggesting a relative independence of the final
stiffness estimates with respect to the clustering stage.

In summary, according to the in silico experiments pre-
sented in this paper, 0.1 mm was the minimum image reso-
lution required for using registration-based deformation
fields to distinguish aneurysm regions with different me-
chanical properties. These findings were in good agreement
with results obtained by Zhang et al.41 with 3DRA-
reconstructed volumes acquired on physical phantom experi-
ments, where they concluded that cerebral aneurysm wall
pulsation could be recovered from registration techniques ap-
plied on volumes reconstructed from projections having a
spatial resolution of 0.155 mm per dimension.

Unfortunately, a resolution of 0.1 mm cannot currently be
obtained with the 3DRA or MR acquisition protocols com-
monly used in clinical routine. However, several research
groups are actively developing new acquisition protocols and
imaging systems to improve spatial resolution currently
available in neurovascular images such as Rudin et al.55 for
endovascular image guided interventions or Ganguly et al.56

for microangiography images. Finally, high-field MRI sys-
tems �e.g., 7 T, 9.4 T MR scans�, which can already provide
the spatial resolutions required in our application, could also
be considered in the future to obtain in vivo wall pulsation
estimates if current issues �imaging, artifacts, patient’s com-
fort, and unknown risks, etc.� to its application in clinical
routine are sorted out.

In addition, temporal resolution of the images was also
critical to recover wall motion estimates in cerebral aneu-
rysms from imaging. Ishida et al.37 needed 4DCTA images
with 15–16 frames per cycle to extract wall motion informa-
tion, while Zhang et al.57 recently showed that around 10
frames per second will be enough to capture cerebral aneu-
rysm pulsation from 3DRA data. Nevertheless, the inverse
problem strategy proposed in this work will be valid even if
just two frames corresponding to systolic and diastolic
phases are acquired, in order to capture the maximum gradi-
ent between rest and pressurized vessel status.

IV.C. Proposed methodology

IV.C.1. Finite-element forward model

In this paper, we made use of a simple incompressible
linear and isotropic Hookean model, as a first implementa-
tion, but the proposed methodology allows a straightforward
incorporation of more complex and realistic constitutive
equations including nonlinearity, hyperelasticity, wall aniso-
tropy �as demonstrated by the experiments of MacDonald et
al.10 and others�, the multilayer structural nature of the arte-
rial walls, and the role of collagen fibers such as the models
proposed by Kroon and Holzapfel27 and Lu et al.58 Hence,
the assumption of linearity and isotropy used in this work led

to an estimation of broad areas of the aneurysm prone to
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rupture, but more realistic models are required to identify
more accurate spots of risk of rupture. However, some pa-
rameters of these complex models such as collagen fiber ori-
entation will be quite difficult to personalize/validate since
current imaging modalities cannot provide noninvasive mea-
surements of aneurysm fiber orientation.

IV.C.2. Inverse problem strategy

The use of finite-element techniques to solve our numeri-
cal problem required the optimization of the unknown model
parameters for each element of the mesh, which could easily
lead to ill-conditioning and prohibitive computational costs
when using large meshes. This problem could become even
more critical when using nonlinear constitutive equations
since they imply a larger number of parameters to estimate.
Therefore, we proposed a region clustering method, applied
to the radial strain map derived from the displacement field
representing wall motion, in order to reduce the number of
parameters to estimate and allowing reasonable convergence
times �between 15 and 45 min�. The number of clusters was
automatically obtained with a silhouette-based algorithm that
gave the correct number of regions in all experiments. Nev-
ertheless, due to the localized nature of the mechanical prop-
erties, it could be convenient to have a higher number of
different elasticity regions, as well as adding noise and a
gradient between different stiffness regions in order to better
evaluate the performance of the clustering stage.

Multiresolution approaches27 and genetic optimization
strategies45 could be considered, in conjunction with the pro-
posed region clustering technique, to deal with more regions
of piecewise constant elasticity and with more complex bio-
mechanical models. In addition, longitudinal and circumfer-
ential components of the strain may be relevant and thus
needed at the clustering stage if more complex biomechani-
cal models will be used to model the aneurysm wall.

Besides, we formulated the wall mechanic behavior as a
function of a surrogate of elasticity called stiffness, which
accounted for both the wall thickness and the elasticity �char-
acterized by the Young’s modulus when using linear mod-
els�. This ambiguity can be overcome by measuring the exact
thickness at each point �between 16 and 212 �m, according
to experiments of MacDonald et al.10�, which is unfeasible
nowadays with the current imaging techniques, or assuming
a uniform thickness around the surface. However, the pro-
posed stiffness parameter can be seen as a comprehensive
biomarker of the risk of rupture since it is directly related to
changes in thickness and/or elasticity, both considered indi-
ces of early structure fragility.7,8

IV.C.3. Fluid-structure interaction

We coupled solid mechanics equations with hemodynam-
ics through FSI and considering subject-specific information
on inflow-related boundary conditions �gradients of blood
velocity and pressure� in order to study the influence of he-
modynamics on the estimation of mechanical properties in
cerebral aneurysms. The systemic pressure �gradient between

systolic and diastolic pressures� was, in general, about two
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orders of magnitude higher than the relative spatial pressure
variations, which could then be neglected for stiffness esti-
mations by imposing a uniform pressure distribution tempo-
rally varying along the cardiac cycle.27 These results sug-
gested that the incorporation of FSI was not necessary for the
estimation of mechanical properties in cerebral aneurysms
with the assumption of linear and isotropic material proper-
ties, even with the different and complex patient-specific ge-
ometries used in this paper �see Fig. 4�. On the other hand,
nonuniform pressure distributions and FSI in general may
play a role if more complex and anisotropic aneurysm wall
structure is incorporated.

Besides it would be very interesting to investigate corre-
lations between different stiffness regions, areas with high
wall shear stress and with rupture sites, in order to have a
complete clinical evaluation of the risk of rupture.

IV.C.4. Clinical feasibility and limitations

The ultimate goal of the proposed methodology was to
provide patient-specific information on the mechanical prop-
erties of the aneurysm wall for the assessment of aneurysm
rupture risk and support treatment decisions. However, at the
time being, there are some limiting factors that hamper the
clinical feasibility of the proposed methodology, mainly the
spatial resolution in the imaging systems currently available
in clinical routine.

The spatial resolution of the imaging was the most critical
issue since results given by the proposed methodology fully
depended on the ability to extract wall pulsation information
from imaging, requiring a spatial resolution of 0.1 mm, as
concluded from the in silico experiments presented in this
work. As discussed above, continued developments in the
imaging acquisition systems, including better image recon-
struction algorithms,57 would make this type of high-
resolution images possible in the future. Regarding the dif-
ferent stages of the proposed methodology, the registration
configuration chosen to recover wall pulsation from imaging
was the most affected by the available spatial resolution.
Moreover, the registration algorithm must be robust enough
to be used in clinical routine since large registration errors
would propagate to subsequent steps of the workflow and
affect the estimated mechanical properties. Even if the clus-
tering stage may filter out some of these registration errors,
as shown in the in silico experiments presented in Sec. III,
improvements in the registration strategy such as the use of
narrow-band regions of interest57 or better similarity metrics
could reduce wall pulsation errors and then have more accu-
rate stiffness estimates.

Finally, other aspects restricting the implementation of the
proposed workflow in clinical routine are the validation of
the resulting mechanical properties with in vivo data and the
computational cost of the whole methodology. The lack of in
vivo information about the mechanical properties of the ce-
rebral aneurysm wall limits the validation of the methodol-
ogy to histological or ex vivo measurements, thus being dif-
ficult to apply the proposed workflow in the large number of

different cases required for a thorough validation. In terms of
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computational cost of the proposed workflow, the most de-
manding stage was the optimization of the stiffness param-
eters of the biomechanical model, even if a simple model
was used in this work. As discussed above, multiresolution
techniques could be used to reduce convergence times at the
optimization stage and, in conjunction with the automatic
characterization of the aneurysm geometries, make the com-
putational time of the whole workflow be in the order of
minutes. The use of more complex and realistic biomechani-
cal models, requiring the optimization of a large number of
unknown parameters, would considerably increase the com-
putational cost of the workflow, making its application in
clinical routine even more challenging.

V. CONCLUSIONS

In this paper, we presented a feasibility study of the esti-
mation of mechanical properties of cerebral aneurysms given
by a data assimilating framework integrating imaging and
computational models. Aneurysm geometry and wall motion
estimates recovered from image postprocessing techniques
were used in conjunction with a simple model of the wall
behavior �including flow� which was guided by a surrogate
of the elasticity that also included wall thickness. Addition-
ally, we developed a region clustering method aimed at re-
ducing the number of parameters to estimate and allowing
reasonable convergence times. Finally, we also designed
some in silico experiments to assess the robustness of the
proposed workflow with respect to aneurysm geometry and
wall motion factors. The main conclusion of these experi-
ments were that spatial resolution of current clinical images
is not sufficient yet to extract wall pulsation measurements
with enough accuracy to guide the estimation of mechanical
properties in the proposed data assimilation framework. The
registration configuration chosen to recover wall pulsation
estimates from imaging was very important to assure esti-
mated stiffness values accurate enough to distinguish be-
tween aneurysm regions having different mechanical proper-
ties. On the other hand, in agreement with the results
reported by Oshima,59 we observed that the incorporation of
fluid-structure interaction in the biomechanical model did not
have a substantial influence in the final results, since the
regional pressure variation obtained from CFD simulation
was minimal �of the order of tens of mmHg�, leading to the
conclusion that an uniform pressure can be reasonably as-
sumed in these simulations.

The proposed workflow may help to test different as-
sumptions on how wall thickness and mechanical properties
vary regionally or between different subjects, thus improving
our knowledge about cerebral aneurysms. Furthermore, the
personalized aspect of the proposed workflow will allow fu-
ture investigations on correlations between the estimated re-
gional stiffness distributions, rupture sites and with patient-
specific geometry-based and/or flow-based indices such as
wall shear stress maps.

Future work will focus on the development of in vitro
experiments using physical phantoms to generate images

�MR, 3DRA, and 4DCTA� with sufficient resolution to en-
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able wall motion measurements. A further improvement in
the proposed workflow might be to use more sophisticated
nonlinear models of the arterial wall behavior including an-
isotropy and the role of collagen fibers such as the ones
proposed by Holzapfel et al.27 and Lu et al.,60 as well as
exploring the incorporation of thrombus formation in the
model.
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