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Abstract: The rupture potential of intracranial aneurysms is an important medical question for
physicians. While most intracranial (brain) aneurysms are asymptomatic, the quantification of
rupture potential of both symptomatic and asymptomatic lesions is an active area of research.
Furthermore, an intracranial aneurysm constrained by an optic nerve tissue might be a scenario for a
physician to deal with during the treatment process. In this work, we developed a computational
model of an idealized intracranial saccular aneurysm constrained by a rigid nerve tissue to investigate
the impact of constrained nerve tissues on the dynamics of aneurysms. A comparative parametric
study for constraints of varying length on aneurysm surface was considered. Our computational
results demonstrated the impact of contact constraints on the level of stress near the fundus and
provided insight on when these constraints can be protective and when they can be destructive. The
results show that lesions with long contact constraints generated higher stress (0.116 MPa), whereas
lesions without constraints generated less stress (0.1 MPa) at the fundus, which indicated that lesions
with nerve constraints can be protective and less likely to rupture than the lesions without constraints.
Moreover, lesions with point load on the fundus generated the highest stress (18.15 MPa) and, hence,
they can be destructive.

Keywords: intracranial aneurysms; rupture potential; nerve tissues; contact constraints; finite
element analysis

1. Introduction

Intracranial aneurysms are common phenomena in cerebral vasculature and defined as the
localized dilatations of the arterial wall that mostly happen at or near bifurcations in the circle of
Willis [1–6]. One of the most serious complications of intracranial aneurysms is a rupture, which results
in subarachnoid hemorrhage, a disastrous occurrence in the brain with a high mortality rate of 25% to
50%. Among different types of intracranial aneurysms (such as saccular, fusiform, dissecting, mycotic),
the most common type is saccular intracranial aneurysm [7]. The rupture risk of aneurysms depends
on factors such as the size of the aneurysm [8], hemodynamic characteristics on the development of the
aneurysm [9] and the fluid-structure interaction on the initiation, and progression of the aneurysm [10].
Although most intracranial saccular aneurysms are asymptomatic before rupture, some unruptured
lesions do present symptoms when pressed against adjacent structures, such as nerve tissues [11]. An
important question to be investigated is whether the rupture potential of symptomatic lesions (lesions
constrained with nerve tissues) is different than that of the asymptomatic lesions (lesions without
constraint) [12]. An appropriate interaction modeling is required to predict the protective or destructive
role of the nerve tissue on the aneurysm. One way to model the interaction is by considering the nerve
tissues as rigid contact constraints on the deformation of the aneurysm. The main purpose of this study
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was to build on earlier work [13,14] and test the hypothesis that a subclass of stiff contact constraints on
an idealized axisymmetric intracranial saccular aneurysm can have a protective role on the aneurysm.

2. Materials and Methods

The modeling of biological soft tissues, especially the mechanics of arterial walls, can be performed
by the knowledge of continuum mechanics [15]. The idea of a constitutive model is important in
wall mechanics to understand the mechanical responses on the arteries since those arteries are
hyperelastic [16,17]. In this work, a simple idealized axisymmetric intracranial saccular aneurysm
was modeled mechanically as a nonlinear hyperelastic membrane. As the most important property of
hyperelastic materials is their highly nonlinear stress-strain behavior under loads, their elastic properties
were different in different directions on the microstructure. Different types of constitutive modeling
exist in literature to understand the mechanical response and behavior of the arterial wall [18–20].
Those modelings were adopted based on phenomenological relations, structure-motivated constitutive
relations, and purely structural relations. The phenomenological models provided specific mathematical
formulations to fit mechanical stress-strain response data. They represented the average properties of
the wall tissue constituents, whereas structural models contributed the tissue microstructure elements.
Exponential relations were the most prevalent among all the formulations to describe tissue response
with the experimental stress-strain response. Since the modeling performed in this work was based on
the phenomenological response parameters (uniaxial experimental data) of the arterial wall, a most
widely used exponential Fung stress-strain relation was considered. Although the arterial wall in this
work is modeled as membrane, the contribution of the tissue microstructure (elastin, collagen, and
smooth muscle cell) elements due to the phenomenological nature of the Fung exponential model was
considered as average properties of the wall tissue constituents [21]. The parameters used in this model
were not directly related to the wall tissue microstructure and cannot be interpreted physically. Since
the arterial membrane wall was responsive to the phenomenological nature of blood pressure load, the
structural behavior of the tissue microstructure due to the blood cells was neglected in this work.

The constitutive models present in two distinct formulations (strain-based and invariant-based)
illustrated the mechanical responses of an anisotropic hyperelastic material [22]. The elastic response
of an anisotropic hyperelastic material can be described by the governing equations of strain energy
function W. In strain-based anisotropic hyperelastic modeling, the strain energy function was expressed
as the components of Green strain tensors. A generalized Fung pseudostrain energy function w was
used to describe the stress-strain relation of the aneurysm [23].

In this work, we considered the following computational model for studying the dynamics of
an intracranial aneurysm that was constrained by a contact. Figure 1 shows a section of an idealized
axisymmetric intracranial saccular aneurysm model along with a long rigid contact constraint.
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Governing equations are as follows:
Conservation of mass:

J =
ρ0

ρ
, (1)

where J = detF is the local volume ratio in the deformed state, F is the deformation gradient and ρ, ρ0

are the mass densities of current and referential configurations respectively.
Conservation of momentum (pointwise):

∂ti j

∂xi
+ ρb j = ρa j, (2)

where b j are the components of body force, a j are the components of acceleration field and ti j is the
Cauchy stress tensor.

Cauchy stress:

t = −pI +
2
J

F·
∂W
∂C
·FT, (3)

where p is a Lagrange multiplier and ∂W
∂C is the second Piola-Kirchoff stress tensor.

Fung strain energy function can be written as:

W =
1
2

c
(
eQ
− 1
)
+

1
D

(1
2

(
J2
− 1
)
− lnJ

)
, (4)

where c and D are the material parameters with units of force per length.

Q = c1111E11
2 + c2222E22

2 + c3333E33
2 + 2c1122E11E22 + 2c1133E11E33 + 2c2233E22E33+

c1212
(
E12

2 + E21
2
)
+ c1313

(
E13

2 + E31
2
)
+ c2323

(
E23

2 + E32
2
)

,
(5)

where Ei j. are the components of Green Lagrange strain tensors and ci jkl. are the material parameters.
The components of Green Lagrange strain tensors Ei j can be written as

Ei j =
1
2

(
FT
·F− I

)
, (6)

where I is the second order identity tensor.
A linear multipoint constraint requires

A1uP
i + A2uQ

j + . . .ANuR
k = 0, (7)

where uP
i is a nodal variable at node P, degree of freedom i, AN are the coefficients that define the

relative motion of the nodes.
In our work, the computational domain is partitioned into the subdomains 1–6, as shown in

Figure 2. Then the boundary conditions are applied on the subdomains as shown below.
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Sub-domain 1 : uxx = 0, uxz = 0, uzz = 0,
∂u
∂n

= 0, (8)

Sub-domain 2 : uyy = 0, uzz = 0, uyz = 0,
∂u
∂n

= 0, (9)

Sub-domain 3 : uyy = 0, uzz = 0, uyz = 0,
∂u
∂n

= 0, (10)

Sub-domain 4 : uxx = 0, uxz = 0, uzz = 0,
∂u
∂n

= 0, (11)

Sub-domain 5 : uxx = 0, uxz = 0, uzz = 0,
∂u
∂n

= 0, (12)

Sub-domain 6 : uxx = 0, uyy = 0, uzz = 0 uxy = 0, uyz = 0, uxz = 0,
∂u
∂n

= 0, (13)

In this work, a 3D hyperelastic anisotropic mechanical modeling of an axisymmetric intracranial
saccular aneurysm was performed by using Abaqus FEA simulation software. The finite deformation
modeling between the aneurysm and nerve tissue as rigid contact constraint could be performed in
several ways. One way to perform interaction between a membrane and a rigid constraint was by
including a weak form of contact condition via a penalty method [24]. Another useful approach was
to use the idea of losing a degree of freedom when finite element node comes into contact and stays
within the rigid obstacle. In this approach, as the finite element node was in contact with the constraint,
it satisfied only one of the equilibrium equations along with a constraint equation for the node and
then modifying the boundary conditions to solve the boundary value problem [25].

An idealized axisymmetric intracranial saccular aneurysm (ISA) was created using finite element
software ABAQUS CAE, as shown in Figure 1. The created ISA had an outer radius of 18.75 mm
and inner radius of 15.94 mm. The size of the aneurysm neck was 15 mm. The uniform arterial wall
thickness was assumed as 2.5 mm. The lengths of the aneurysm were 60 mm and 33.75 mm in the
horizontal and perpendicular directions, respectively. Once the geometry was created in ABAQUS
CAE, a mesh was generated on the ISA model. The ISA wall meshed with a hexahedral element type
of an 8-node, linear-brick, hybrid, constant-pressure, reduced-integration, hourglass-control (C3D8RH)
material. The elements chosen for the aneurysm model were shell elements. Mesh creation of the model
was performed and optimized by partitioning the model into different sections. A mesh-independent
study was performed to determine the optimum number of elements. The number of elements was
increased incrementally to compute the peak wall stress, and once the peak wall stress did not increase
by more than 3%, then the optimum mesh size was determined. The element numbers used for the
shell-type aneurysm model were 15,000.

The length of the long contact constraint used in this work was 40 mm, whereas the length of the
short contact constraint was 20 mm. The thickness of both constraints was 0.25 mm. The constraint
or obstacle used in the work was considered as an isotropic elastic material with Young Modulus of
1000 MPa and Poisson’s ratio of 0.3. The element numbers used for the solid obstacle were 10,000.

Table 1 shows material constants (KPa) used in the simulation for the constitutive relation of a
Fung-anisotropic model to calculate strain energy function. The values given below were determined
from the pressure-diameter test, assuming the zero-stress state as the reference. To determine the
material constants, experimental data were used from a previous study on the passive mechanical
properties of common carotid arteries [26]. Then a series of inflation tests were performed on the blood
vessels under different axial stretch ratios. Calculation of material constants was then performed from
the equations that express the external force as functions of strains and material constants. Then a
nonlinear least-squares method was performed to determine the material constants by optimizing the
theoretical and experimental values of external force.
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Table 1. Material constants (KPa) for the constitutive relation of Fung-anisotropic model to calculate
strain energy function.

c1111 c2222 c3333 c1122 c1133 c2233 c1212 c1313 c2323 c D

0.0499 1.0672 0.4775 0.0042 0.0903 0.0585 0 0 0 11.2 0.001

3. Results

It was shown in the simulation results of Figure 3 that the multiaxial Cauchy stresses were
decreased in all the lesions due to the application of short and long constraints at the lesions fundus.
In this work, the neck-to-height ratio was considered greater than 1 for all lesions. The stresses at
a lesion’s fundus or pole with no constraints were comparatively higher than the circumferential
direction since this idealistic lesion geometry had the large radius of curvature. With the application
of a large obstacle on the lesion fundus, the Cauchy stresses were decreased as the obstacle carried
some of the loads from the lesion’s pole during deformation. On the other hand, lesions under short
contact constraints generated slightly less stress in the fundus than the cases where lesions had no
constraints. The deformed stress results shown below were under the uniform distensile pressure
load (P = 120 mmHg) with their corresponding boundary conditions. It was also observed from all
the results that the meridional stresses were higher than the circumferential stresses regardless of
constraints in the analysis. When the lesions were under the application of point load acting on the
fundus, they generated higher stresses in all directions of the lesions and could eventually lead to
rupture of the lesions. Moreover, when the lesions were under the application of long constraints with
an angle of 10◦ from the horizontal axis, they generated slightly higher stresses and were more likely to
rupture than the cases where lesions were under long constraints parallel to the horizontal axis. From
all the simulation results, it was observed that the stresses near the neck of the lesions were maximum.
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Figure 3. Finite element simulations of stresses (Pa) on axisymmetric intracranial saccular aneurysm
for the cases where (a) lesions without constraints; (b) lesions with short contact constraints (20 mm);
(c) lesions with long contact constraints (40 mm); (d) lesions with point load on the fundus; and (e)
lesions with long contact constraints at an angle of 10 degrees from the horizontal axis. The associated
stress results for all lesions were performed under the applied uniform pressure of P = 120 mmHg.

In Figure 4, the displacements from the finite element simulations are shown for lesions with and
without constraints. It was seen that the displacements in all lesions were greater in the circumferential
direction than the meridional direction. With the application of short constraints, the displacements
in lesions in the circumferential direction were increased more than the lesions with no constraints.
There was a decrease in displacement seen at the lesion neck when the long constraint was applied in
the aneurysm pole than in the case where the aneurysm had no constraint. When the lesions were
under the application of point load, they produced higher displacements than other cases and could
eventually have a higher potential to rupture.
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Figure 4. Finite element simulations of displacement (mm) on axisymmetric intracranial saccular
aneurysm for the cases where (a) lesions without constraints; (b) lesions with short contact constraints
(20 mm); (c) lesions with long contact constraints (40 mm); (d) lesions with point load on the fundus; and
(e) lesions with long contact constraints at an angle of 10 degrees from the horizontal axis. The associated
stress results for all lesions were performed under the applied uniform pressure of P = 120 mmHg.

An effect of Cauchy stresses on the dimensionless undeformed arc length is shown in Figure 5.
The ratio of the arc length was introduced with X and R as X ∈ [0, R], where X = 0 corresponds to the
fundus or pole of the lesion and X = R corresponds to the neck of the lesion. From the graph, it was
seen that the stresses on the lesions with short and long constraints were less at the pole and near the
neck than the lesion without constraints. It was also seen that the stresses in the meridional direction
were less than the stresses in the circumferential direction under the contact constraints. Due to the
application of large contact constraints on the lesions, the stresses at the pole and near the neck were
significantly decreased than the cases where the lesions had no constraints. When the lesions with
long contact constraints at an angle of 10◦ with the horizontal axis were applied at the fundus, it was
seen to generate higher stresses in both meridional and circumferential directions than the cases where
long contact constraints were applied in parallel to the horizontal axis on the lesions’ fundus. This
is because the lesions were in slightly imbalanced condition due to the application of long contact
constraints at an angle from the horizontal axis.
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Figure 5. Effect of Cauchy stresses (MPa) with the undeformed arc length (X / R) on the axisymmetric
intracranial saccular aneurysm for the cases where lesions without constraints, lesions with short
constraints, lesions with long constraints, and lesions with long constraints at an angle of 10 degrees
from the horizontal axis. Associated results were shown in both meridional and circumferential
directions as a function of nondimensional undeformed arc length (X / R), where X = 0 corresponds to
the fundus and X = R corresponds to the neck.

With the application of short constraints, the stresses in the lesion pole and neck were higher
compared to the stresses generated in the circumferential direction, whereas long constraints produced
higher stresses in the circumferential direction than the meridional directional of the lesion.

The effect of displacement with the undeformed arc length was shown in Figure 6. As seen in
the figure, the lesions under long constraints had lower displacement near the pole and the neck than
the circumferential direction compared to the cases where lesions were under no constraints. The
lesions under short constraints did not have significant changes in displacement compared to the cases
where lesions had no constraints. On the other hand, lesions with short constraints generated higher
displacements than the lesions with long constraints, except at the lesions’ neck where long constraints
generated higher displacements than the short constraints. It was also seen that the lesions under
long constraints at an angle of 10◦ from the horizontal axis produced higher displacements in both
meridional and circumferential directions than the cases where lesions were under long constraints
parallel to the horizontal axis at the fundus.



Bioengineering 2019, 6, 77 9 of 11
Bioengineering 2019, 6, x FOR PEER REVIEW 9 of 11 

 

Figure 6. Effect of displacement (mm) with the undeformed arc length (X / R) on the axisymmetric 
intracranial saccular aneurysm for the cases where lesions without constraints, lesions with short 
constraints, lesions with long constraints, and lesions with long constraints at an angle of 10 degrees 
from the horizontal axis. Associated results were shown in both meridional and circumferential 
directions as a function of nondimensional undeformed arc length (X / R), where X = 0 corresponds 
to the fundus and X = R corresponds to the neck. 

4. Discussion 

This work presents the quantification of the rupture potential of a subclass of an intracranial 
saccular aneurysm (ISA) under contact constraints. The hypothesis of the work: A simple, generalized 
axisymmetric subclass of intracranial saccular aneurysm under simple planar rigid contact 
constraints might be protective and might prevent the lesions from rupturing. This might be because 
the simple axisymmetric lesions under contact constraints generate less stress at the fundus compared 
to the lesions with no constraints. This hypothesis only works if we consider wall stress is the main 
parameter of aneurysm to be ruptured, neglecting hemodynamic force applied to the aneurysm wall, 
the condition of the aneurysm (i.e., size of the aneurysm, shape of the aneurysm), and types of 
constraints applied to the aneurysm. The simulation work was performed by a comparative 
parametric study varying the length of the constraints on the aneurysm pole. The results suggest that 
lesions under short and long contact constraints generate less meridional and circumferential stress 
compared to the cases where lesions had no constraints and, hence, the rupture potential of these 
lesions were lower compared to the ones that did not have constraints. It should be mentioned here 
that in our work we considered a special case of contact constraint on aneurysm fundus which works 
as a protective wall on the aneurysm. In this case, the contact constraint works as a balanced 
constraint which provides a protective effect on the aneurysm wall. This might not be the case for 
unbalanced constraint where the contact constraint is placed on the aneurysm laterally leading to 
nonuniform stress distributed throughout the aneurysm wall and eventually could work as a 
destructive shield for the aneurysm [27].  

In addition to vascular mechanical wall stress, hemodynamics force or kinetic energy produced 
by the blood through the arteries also plays a key role in aneurysm growth and rupture. 

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2

Di
sp

la
ce

m
en

t(m
m

)

Arc Length(X / R)

Lesion without constraint

Lesion with short constraint

Lesion with long constraint

Lesion with Long
constraint(10 degree angle)

Figure 6. Effect of displacement (mm) with the undeformed arc length (X / R) on the axisymmetric
intracranial saccular aneurysm for the cases where lesions without constraints, lesions with short
constraints, lesions with long constraints, and lesions with long constraints at an angle of 10 degrees
from the horizontal axis. Associated results were shown in both meridional and circumferential
directions as a function of nondimensional undeformed arc length (X / R), where X = 0 corresponds to
the fundus and X = R corresponds to the neck.

4. Discussion

This work presents the quantification of the rupture potential of a subclass of an intracranial
saccular aneurysm (ISA) under contact constraints. The hypothesis of the work: A simple, generalized
axisymmetric subclass of intracranial saccular aneurysm under simple planar rigid contact constraints
might be protective and might prevent the lesions from rupturing. This might be because the simple
axisymmetric lesions under contact constraints generate less stress at the fundus compared to the
lesions with no constraints. This hypothesis only works if we consider wall stress is the main parameter
of aneurysm to be ruptured, neglecting hemodynamic force applied to the aneurysm wall, the condition
of the aneurysm (i.e., size of the aneurysm, shape of the aneurysm), and types of constraints applied to
the aneurysm. The simulation work was performed by a comparative parametric study varying the
length of the constraints on the aneurysm pole. The results suggest that lesions under short and long
contact constraints generate less meridional and circumferential stress compared to the cases where
lesions had no constraints and, hence, the rupture potential of these lesions were lower compared to the
ones that did not have constraints. It should be mentioned here that in our work we considered a special
case of contact constraint on aneurysm fundus which works as a protective wall on the aneurysm. In
this case, the contact constraint works as a balanced constraint which provides a protective effect on
the aneurysm wall. This might not be the case for unbalanced constraint where the contact constraint
is placed on the aneurysm laterally leading to nonuniform stress distributed throughout the aneurysm
wall and eventually could work as a destructive shield for the aneurysm [27].

In addition to vascular mechanical wall stress, hemodynamics force or kinetic energy produced by
the blood through the arteries also plays a key role in aneurysm growth and rupture. Hemodynamics
force inside the arteries can be placed into three different components: (1) Hydrostatic pressure acting
perpendicular to the arterial wall, (2) wall shear stress, the tangential force acting parallel to the axis of
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the flow direction, and (3) tensile hoop stress, the stress in the arterial wall acting in the circumferential
direction due to the resulting pressure inside the arteries [28]. Since the entire fluid or blood flow
characteristics inside the aneurysm were modeled here as uniform constant systolic pressure flow, wall
shear stress is neglected in this work. The forces mostly acting on the aneurysm wall were hydrostatic
pressure force and force due to tensile stress. We hope to address this in a forthcoming paper. The
basic idea would be to include a model for the blood flow that will be described via Navier-Stokes
equations, which will then be coupled to the structural Equation (2). The solution methodology that
we plan to use will include solving for the velocity and pressure using open-source software such as
OpenFOAM and then use that to develop the boundary conditions for the structure equations. These
will solve for the new displacement for each time-step using ABAQUS and the solution will be coupled
back to the Navier-Stokes and we will continue to do this iterative process until convergence. This
iterative approach is an alternative to a monolithic approach where one can solve both the fluid and
structure equations as a whole system [29–31].

It is true that a simple, axisymmetric aneurysm model cannot provide reasonable insights, but
it can provide some answers about the problem overall. Moreover, it would be a good idea to do
further work in this project and include more parameters (i.e., size of the aneurysm, the shape of the
aneurysm, the orientation of constraints to the aneurysm, shape and size of the constraints, flow field
inside the aneurysm, and extravascular fluid domain outside the aneurysm) in the simulation to get
reasonable insights to this problem. Besides this, since every intracranial saccular aneurysm (ISA) is
biomechanically distinct and unique, it is unrealistic to address this hypothesis for the lesion-specific
model. Although this work provides some ideas about a simple, axisymmetric lesion under contact
constraints, it is necessary to go further on this analysis by doing a lesion-specific model. In the analysis,
the interaction between lesions and constraints was assumed frictionless contact since the aneurysms
had extravascular fluid outside, which could serve as a mild lubricant.

Author Contributions: M.A. was involved in preliminary literature survey; data analysis and preparation of the
manuscript, P.S. contributed to the conceptualization of the research idea and supervision of the study.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chalouhi, N.; Hoh, B.L.; Hasan, D. Review of cerebral aneurysm formation, growth, and rupture. Stroke
2013, 44, 3613–3622. [CrossRef] [PubMed]

2. Cebral, J.R.; Castro, M.A.; Burgess, J.E.; Pergolizzi, R.S.; Sheridan, M.J.; Putman, C.M. Characterization of
cerebral aneurysms for assessing risk of rupture by using patient-specific computational hemodynamics
models. AJNR Am. J. Neuroradiol. 2005, 26, 2550–2559. [PubMed]

3. Dandy, W.E. Intracranial aneurysm of the internal carotid artery. Ann. Surg. 1938, 107, 654–659. [CrossRef] [PubMed]
4. Alberico, R.A.; Patel, M.; Casey, S.; Jacobs, B.; Maguire, W.; Decker, R. Evaluation of the circle of Willis

with three-dimensional CT angiography in patients with suspected intracranial aneurysms. AJNR Am. J.
Neuroradiol. 1995, 16, 1571–1578. [PubMed]

5. Kayembe, K.N.; Sasahara, M.; Hazama, F. Cerebral aneurysms and variations in the circle of Willis. Stroke
1984, 15, 846–850. [CrossRef] [PubMed]

6. Quantitative Hemodynamic Analysis of Brain Aneurysms at Different Locations American Journal of
Neuroradiology. Available online: http://www.ajnr.org/content/30/8/1507 (accessed on 23 January 2018).

7. Keedy, A. An overview of intracranial aneurysms. McGill J. Med. MJM 2006, 9, 141–146. [PubMed]
8. Brown, P.M.; Zelt, D.T.; Sobolev, B. The risk of rupture in untreated aneurysms: The impact of size, gender,

and expansion rate. J. Vasc. Surg. 2003, 37, 280–284. [CrossRef] [PubMed]
9. Castro, M.; Putman, C.; Radaelli, A.; Frangi, A.; Cebral, J. Hemodynamics and Rupture of Terminal Cerebral

Aneurysms. Acad. Radiol. 2009, 16, 1201–1207. [CrossRef]
10. Cebral, J.R.; Mut, F.; Weir, J.; Putman, C.M. Association of Hemodynamic Characteristics and Cerebral

Aneurysm Rupture. AJNR Am. J. Neuroradiol. 2011, 32, 264–270. [CrossRef]

http://dx.doi.org/10.1161/STROKEAHA.113.002390
http://www.ncbi.nlm.nih.gov/pubmed/24130141
http://www.ncbi.nlm.nih.gov/pubmed/16286400
http://dx.doi.org/10.1097/00000658-193805000-00003
http://www.ncbi.nlm.nih.gov/pubmed/17857170
http://www.ncbi.nlm.nih.gov/pubmed/7502958
http://dx.doi.org/10.1161/01.STR.15.5.846
http://www.ncbi.nlm.nih.gov/pubmed/6474536
http://www.ajnr.org/content/30/8/1507
http://www.ncbi.nlm.nih.gov/pubmed/18523626
http://dx.doi.org/10.1067/mva.2003.119
http://www.ncbi.nlm.nih.gov/pubmed/12563196
http://dx.doi.org/10.1016/j.acra.2009.03.022
http://dx.doi.org/10.3174/ajnr.A2274


Bioengineering 2019, 6, 77 11 of 11

11. Sekhar, L.N.; Heros, R.C. Origin, growth, and rupture of saccular aneurysms: A review. Neurosurgery 1981, 8,
248–260. [CrossRef]

12. Investigators TIS of UIA. Unruptured Intracranial Aneurysms—Risk of Rupture and Risks of Surgical
Intervention. N. Engl. J. Med. 1998, 339, 1725–1733. [CrossRef] [PubMed]

13. Seshaiyer, P.; Humphrey, J.D. On the potentially protective role of contact constraints on saccular aneurysms.
J. Biomech. 2001, 34, 607–612. [CrossRef]

14. Alam, M.; Seshaiyer, P. Quantification of the Rupture Potential of Intracranial Saccular Aneurysms under
Contact Constraints. In Proceedings of the APS March Meeting, Los Angeles, CA, USA, 5–9 March 2018.
Abstract: V46.00005.

15. Ogden, R.W. Nonlinear Continuum Mechanics and Modeling the Elasticity of Soft Biological Tissues with
a Focus on Artery Walls. In Biomechanics: Trends in Modeling and Simulation; Studies in Mechanobiology,
Tissue Engineering and Biomaterials; Springer: Cham, Switzerland, 2017; pp. 83–156. Available online:
https://link.springer.com/chapter/10.1007/978-3-319-41475-1_3 (accessed on 23 January 2018).

16. Holzapfel, G.A.; Gasser, T.C.; Ogden, R.W. A New Constitutive Framework for Arterial Wall Mechanics and
a Comparative Study of Material Models. J. Elast. Phys. Sci. Solids 2000, 61, 1–48.

17. Gasser, T.C.; Ogden, R.W.; Holzapfel, G.A. Hyperelastic modelling of arterial layers with distributed collagen
fibre orientations. J. R. Soc. Interface 2006, 3, 15–35. [CrossRef] [PubMed]

18. Chuong, C.J.; Fung, Y.C. Three-Dimensional Stress Distribution in Arteries. J. Biomech. Eng. 1983, 105,
268–274. [CrossRef] [PubMed]

19. Fung, Y.C.; Fronek, K.; Patitucci, P. Pseudoelasticity of Arteries and the Choice of its Mathematical Expression.
Am. J. Physiol. Heart Circ. Physiol. 1979, 237, 620–631. [CrossRef] [PubMed]

20. Humphrey, J.D. Mechanics of the Arterial Wall: Review and Directions. Crit. Rev.™ Biomed. Eng. 1995, 23,
1–162. [CrossRef]

21. Hollander, Y.; Durban, D.; Lu, X.; Kassab, G.S.; Lanir, Y. Constitutive Modeling of Coronary Arterial
Media—Comparison of Three Model Classes. J. Biomech. Eng. 2011, 133, 061008. [CrossRef] [PubMed]

22. Badel, P.; Avril, S.; Lessner, S.; Sutton, M.A. Mechanical identification of layer-specific properties of mouse
carotid arteries using 3D-DIC and a hyperelastic anisotropic constitutive model. Comput. Methods Biomech.
Biomed. Eng. 2012, 15, 37–48. [CrossRef] [PubMed]

23. Humphrey, J.D. Cardiovascular Solid Mechanics-Cells, Tissues, and Organs; Springer: New York, NY, USA, 2002;
Available online: http://www.springer.com/us/book/9780387951683 (accessed on 23 January 2018).

24. Endo, T.O. A Numerical Analysis of Contact and Limit-Point Behavior in a Class of Problems of Finite
Elastic Deformation. Comput. Struct. 1984, 18, 899–910. Available online: https://ntrs.nasa.gov/search.jsp?R=

19840044583 (accessed on 23 January 2018). [CrossRef]
25. Charrier, J.M.; Shrivastava, S.; Wu, R. Free and constrained inflation of elastic membranes in relation to

thermoforming—non-axisymmetric problems. J. Strain Anal. Eng. Des. 1989, 24, 55–74. [CrossRef]
26. Chuong, C.J.; Fung, Y.C. On residual stresses in arteries. J. Biomech. Eng. 1986, 108, 189–192. [CrossRef]

[PubMed]
27. San Millán Ruíz, D.; Yilmaz, H.; Dehdashti, A.R.; Alimenti, A.; De tribolet, N.; Rüfenacht, D.A. The

perianeurysmal environment: Influence on saccular aneurysm shape and rupture. AJNR Am. J. Neuroradiol.
2006, 27, 504–512. [PubMed]

28. Paszkowiak, J.J.; Dardik, A. Arterial wall shear stress: observations from the bench to the bedside. Vasc.
Endovasc. Surg. 2003, 37, 47–57. [CrossRef] [PubMed]

29. Mihai, F.; Youn, I.; Seshaiyer, P. Multiphysics Modeling and Simulation of Fluid-Structure Interaction applied
to biological problems. Procedia Comput. Sci. 2012, 9, 615–623. [CrossRef]

30. Aulisa, E.; Manservisi, S.; Seshaiyer, P.; Idesman, A. Distributed Computational Methods for Coupled Fluid
Structure Thermal Interaction Applications. J. Algorithms Comput. Technol. 2010, 4, 291–310. [CrossRef]

31. Swim, E.; Seshaiyer, P. A nonconforming finite element method for fluid-structure interaction problems.
Comput. Methods Appl. Mech. Eng. 2006, 195, 2088–2099. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1227/00006123-198102000-00020
http://dx.doi.org/10.1056/NEJM199812103392401
http://www.ncbi.nlm.nih.gov/pubmed/9867550
http://dx.doi.org/10.1016/S0021-9290(01)00002-1
https://link.springer.com/chapter/10.1007/978-3-319-41475-1_3
http://dx.doi.org/10.1098/rsif.2005.0073
http://www.ncbi.nlm.nih.gov/pubmed/16849214
http://dx.doi.org/10.1115/1.3138417
http://www.ncbi.nlm.nih.gov/pubmed/6632830
http://dx.doi.org/10.1152/ajpheart.1979.237.5.H620
http://www.ncbi.nlm.nih.gov/pubmed/495769
http://dx.doi.org/10.1615/CritRevBiomedEng.v23.i1-2.10
http://dx.doi.org/10.1115/1.4004249
http://www.ncbi.nlm.nih.gov/pubmed/21744928
http://dx.doi.org/10.1080/10255842.2011.586945
http://www.ncbi.nlm.nih.gov/pubmed/21749226
http://www.springer.com/us/book/9780387951683
https://ntrs.nasa.gov/search.jsp?R=19840044583
https://ntrs.nasa.gov/search.jsp?R=19840044583
http://dx.doi.org/10.1016/0045-7949(84)90035-X
http://dx.doi.org/10.1243/03093247V242055
http://dx.doi.org/10.1115/1.3138600
http://www.ncbi.nlm.nih.gov/pubmed/3079517
http://www.ncbi.nlm.nih.gov/pubmed/16551985
http://dx.doi.org/10.1177/153857440303700107
http://www.ncbi.nlm.nih.gov/pubmed/12577139
http://dx.doi.org/10.1016/j.procs.2012.04.066
http://dx.doi.org/10.1260/1748-3018.4.3.291
http://dx.doi.org/10.1016/j.cma.2005.01.017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

