(gl IMATHICSE

ECOLE POLYTECHNIQUE
e LTELht Mathematlcs Institute of Computatlonal Science and Engineering

School of Basic Sciences - Section of Mathematics

MATHICSE Technical Report
Nr. 39.2013
December 2013

Numerical validation of isotropic
and transversely isotropic
constitutive models for healthy
and unhealthy cerebral
arterial tissues

P. Tricerri, L. Dedé, A. Quarteroni, A. Sequeira

http://mathicse.epfl.ch
Address:

Phone: +41 21 69 37648 EPFL - SB - MATHICSE (B&timent MA) Fax: +41 21 69 32545
Station 8 - CH-1015 - Lausanne - Switzerland



http://mathicse.epfl.ch/




Numerical validation of isotropic and
transversely isotropic constitutive models for
healthy and unhealthy cerebral arterial tissues

Paolo Tricerri"?*! Luca Dede!, Alfio Quarteroni®®, Adélia Sequeira?

! Chair of Modeling and Scientific Computing, Ecole Polytechnique Fédérale de Lausanne,
Av. Piccard, Station 8, CH-1015 Lausanne, Switzerland

2 Department of Mathematics and CEMAT, Instituto Superior Técnico, University of Lisbon,
Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal

3 MOX - Modeling and Scientific Computing, Dipartimento di Matematica “F. Brioschi”, Politecnico di Milano,
via Bonardi 9, 20133 Milano, Italy (on leave)

19th December 2013

Abstract

This paper deals with the validation of constitutive models for healthy and unhealthy cerebral arterial
tissues by means of numerical simulations of static inflation tests on a cylindrical geometry representing
a specimen of anterior cerebral artery. The healthy arterial tissue is described by means of isotropic and
transversely isotropic models. In particular, we validate a transversely isotropic multi-mechanism law,
specifically proposed for the cerebral arterial tissue, for which the recruitment of the collagen fibers occurs
at finite strains. Moreover, we consider numerical simulations of unhealthy cerebral arterial tissues by
taking into account the mechanical weakening of the vessel wall that occurs during early development
stages of cerebral aneurysms. We study the effects of the mechanical degradation on kinematic quantities
of interest, namely the stresses distribution, that are commonly related to the progressive degradation of
the arterial tissue by simulating static inflation tests for both isotropic and transversely isotropic models,
including the multi-mechanism law.

Key words: cerebral arterial tissue; hyperelastic isotropic models; hyperelastic transversely isotropic models;
multi-mechanism; mechanical weakening; finite elements.

1 Introduction

The normal function of the brain’s control centers is dependent upon adequate supply of oxygen and nutrients
through a dense network of arteries establishing the cerebral blood circulation. However, the proper function
of cerebral arteries may be disrupted by injuries caused by trauma or by the occurrence of other cerebrovascu-
lar accidents (e.g. stroke or vasospasm) resulting from the development of cardiovascular diseases as cerebral
aneurysms. In the latter case, efforts to better understand the disease process require, among the different
aspects, the characterization of the mechanical response of the cerebral arteries to several hemodynamical
factors. In this respect, the definition of proper mathematical models based on the knowledge of the vessel
properties represents a critical step toward the enhanced understanding of cardiovascular diseases.
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As other blood vessels, cerebral arteries consist of three main concentric layers of material [I] of which the
innermost is the tunica intima, the middle one is the tunica media, and the outermost is the tunica adventitia;
in addition, the tunica intima and the media are separated by the internal elastic lamina. In healthy arteries,
the tunica media and the tunica adventitia are the main responsible of the overall mechanical properties
of the tissue, being the contribution provided by the tunica intima negligible [2]. The passive mechanical
properties of the media and adventitia are determined by those of their two main constituents: the elastin and
collagen fibers [2, B]. The typical mechanical behavior of healthy arteries is highly nonlinear and anisotropic
with a stiffening effect occurring at high stresses [I} [ 5]; such effect is due to the recruitment of the collagen
fibers embedded in the elastin network of the media and adventitia layers. This paper is concerned with the
numerical validation of isotropic and transversely isotropic mathematical models for the description of the in
vitro passive mechanical behavior of healthy cerebral arteries; in vivo effects as perivascular tissue and active
contraction of the arterial tissue are not considered in this study. As discussed in [3], several mathematical
models have been proposed for biological tissues, in particular blood vessels [0} [7]. Among these, most of the
constitutive laws describe the vessel wall, at the macroscopic scale, as a continuous body whose mechanical
behavior is modeled according to the finite elasticity theory [2, [3, [6) 8]. The most common constitutive
laws are of phenomenological type, for which isotropic models represent the artery as a single layer material
[6, @]. Isotropic constitutive laws are largely used to model the arterial tissue due to their simplicity and the
limited number of material parameters that usually need to be estimated for characterizing the mechanical
response. For instance, the Mooney-Rivlin and the neo hookean models have been largely used in literature
to describe the arterial tissue [10, 111 12, 13, 14]. However, they turned out to be inappropriate to fit the
experimental data considered in this work [I5]. For that reason in this paper we use isotropic laws based on
the St. Venant-Kirchhoff [8] and exponential type models [9].

Based on the experimental observations of the anisotropic mechanical response of the arterial tissue,
since the seminal work in [2], several anisotropic models have been formulated to include in the constitutive
laws the mechanical contribution of the collagen fibers. Such models rely on the mechanical theory of fiber-
reinforced composites [I6] for which the tissue is assumed to be composed by a single layer embedding two
constituents: the so called background material (whose main constituent is the elastin) and the fibrous
network (i.e. the collagen fibers) which endows the tissue with its anisotropic response to external loads. The
mechanical response of the background material is usually described by isotropic models, while the mechanical
contribution of the collagen fibers is represented by a finite number of fiber families [17, [18, [19, 20, 2], each
of them oriented along a characteristic direction for the tissue at rest. In this work, the recruitment of the
collagen fibers is supposed to occur either at zero strains [I7, [20], or at finite strains [21], 22], yielding the
so called multi-mechanism constitutive law. We remark that the multi-mechanism model in [21], 22] was
specifically proposed after the analysis of the experimental measurements reported in [I5]; for this reason we
consider this set of data. However, other studies have focused either on the characterization of the mechanical
behavior of cerebral arteries by considering inflation-extension tests [23] or on the mechanical properties of
other arteries (e.g. [24] 259]).

The arterial tissue behaves as a nearly incompressible material within the physiological range of defor-
mations. We enforce the nearly incompressibility constraint by penalizing the deformations of the tissue
leading to changes in its volume for which we employ the approach based on the multiplicative decomposi-
tion of deformation tensor into a volumetric and an isochoric part [26] 27]. The numerical validation of the
constitutive models is carried out by means of finite elements simulations of static inflation tests on a com-
putational domain representing a specimen of anterior cerebral artery for which experimental measurements
of the strain-stress relation are provided in [15].

Afterwards, we consider the mathematical modeling and numerical simulations of unhealthy cerebral
arterial tissue. Cardiovascular diseases such as cerebral aneurysms are related to degenerative changes in
the mechanical properties of the vessel wall driven by a complex interaction of biological and hemodynamic
factors. The understanding of the onset and the growth of cerebral aneurysms is still subject of debate, but
it is generally accepted that unphysiological hemodynamic forces (e.g. high wall shear stress [28]) play a
key role, in concomitance with genetic factors ([29]) and structural features of the cerebral arterial tissue
([30L 31l B2]). More specifically, as described in [I15] 28] 30, B3] B4, B5], during the onset of a cerebral



aneurysm, the internal elastic lamina and the elastin network in the tunica media become markedly degraded
or fragmented. Indeed, the transition from the parent vessel [30] to aneurysm is characterized by a sharp
break in the media layer [31} [34]. Moreover, it has been observed in [36] that the tissue composing the dome
of a cerebral aneurysm [3] consists primarily of collagen fibers, while the elastin tends to be fragmented or
absent; in addition, the aneurysm growth involves a significant remodeling of the collagen fibers in the dome
[7, B7). In this work, the weakening of the arterial tissue that occurs in diseased states of arteries, as in
the early stages formation of a cerebral aneurysm, is described by means of an isotropic weakening model
for the background material (elastin). According to the approach proposed in [38], the level of mechanical
weakening of the tissue is introduced in the constitutive model for healthy cerebral arterial tissue by means
of a dimensionless parameter D € [0,1). We consider different levels of mechanical weakening of the arterial
tissue prescribing a priori different values of D in the constitutive models. The influence of the modeling
choice on the deformations and stresses distribution throughout the body during static inflation tests is
studied for the different levels of mechanical weakening.

The paper is organized as follows. Section [2] introduces the kinematics quantities for the formulation of
the constitutive laws and presents the mathematical models used to describe the healthy cerebral arterial
tissue; in addition, the weakening model for the arterial tissue is presented. Section [3| deals with the finite
element approximation of the linear momentum equation governing the deformations of the tissue under the
action of external forces. The numerical results are presented and discussed in Section |4 Conclusions follow
in Section

2 Mathematical modeling of the arterial tissue

This section deals with the mathematical modeling of the arterial tissue by taking into account the macro-
scopic nature of the vessel wall. Sec. [2:1] introduces the basic notations used to describe the motion of a
continuous body under the action of external forces. Sec. [2.2] presents the mathematical models for the
description of the healthy cerebral arterial tissue. Sec. focuses on the description of the experimental
data fitting procedure for estimating the material parameters of the constitutive laws. Sec. deals with
the mathematical modeling of unhealthy arterial tissue. In Sec. we describe the choice of the weakening
parameter D for the comparisons of different constitutive models representing unhealthy cerebral arterial
tissues.

2.1 Kinematics of continuous media

The arterial tissue is assumed to be a continuous medium (also referred as continuous body) whose elastic
properties are represented by suitable mathematical models. The kinematics of the vessel wall is described
in terms of the vectorial and tensorial fields defined for the continuum theory [8]; the constitutive models
(laws) are formulated under the finite elasticity assumption [3].

Let BycR? and BCR? be the reference and current configuration of a continuous body, respectively. The
position of a point in By is indicated by the material coordinates X, while, in the current configuration, by the
spatial coordinates . The motion from By to B experienced by the body under the action of external forces
is described by the nonlinear function ¢(X,t) that maps any point X €8, into the point £€B at each time
t € Ry. The material (i.e. Lagrangian) description of the displacement at each point X €8y is represented
by the vector d(X) = ¢ — X € R3. Locally, the deformations of the body in the material coordinates are
described by the deformation gradient tensor F', the local volume ratio J (also referred as Jacobian) and the
right Cauchy-Green tensor C' defined as:

F=Vx¢=Vxd+I, J=det(F)>0, and C=F"F, (1)

respectively; V x d is the material gradient of the displacement field and I is the second order identity tensor
in R3 [8]. We focus on the mathematical modeling of the passive mechanical response of the arterial tissue
which is assumed to be an hyperelastic material whose mechanical behavior is characterized by means of a
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Figure 1: Computational domain By representing the arterial specimen and data of problem .

scalar-valued function of the deformations (measured either by F or C), the so called strain energy function
W [8]. The stresses that occur in the body during its motion are measured in both the reference and current
configuration through the first Piola-Kirchhoff tensor P and the Cauchy stress tensor o defined, respectively,
as: 5

P = 8—);/ and o= %PFT. (2)
The mechanical response of the body to external loads is governed by the linear momentum equation in
Lagrangian form complemented by suitable boundary conditions. Since in this work we specifically consider
inflation tests on cylindrical specimen of arteries, the mechanical problem is defined in the computational
domain By of Fig. that represents a cylindrical geometry of internal radius ro and thickness h (as in
Fig.|1(b)). The problem reads:

Div(P(d)) =0 in By,

Pn—=— n onl

. 3 Pout outs

find d: BO — R Pn = —DPinM on Fi’rw (3)
d=0 on I'p,

where I'p is the subset of 0By where homogeneous Dirichlet boundary conditions are imposed; the subsets
T'put and Ty, indicate the external and internal surfaces of the body and n is the outward directed, unit vector
normal to the corresponding surface. p,,: and p;, represent the pressures acting on I'y,; and I';, defining
the transmural pressure AP = p;,, — Pout. We assume, for simplicity, that p,,: = 0, thus yielding AP = p;,
(see Fig. [[(D)). The undeformed internal radius (ro = 0.033 cm) and the vessel wall thickness (h = 0.010
cm) of the tissue represented in Fig. correspond to the physiological dimensions of the anterior cerebral
artery described in [I5] [22]. We set the length L of the cylindrical specimen L = 2. The range of transmural
pressures considered to validate the different constitutive models is the physiological one occurring in cerebral
arteries during one heart beat; therefore, AP € [70,150] mmHg [39].

The arterial tissue behaves as a nearly incompressible material within the physiological range of deforma-
tions [40]. In order to model such behavior, we adopt the approach based on the volumetric-isochoric split
of the deformation gradient tensor F' [26, 27] which has been used in literature (e.g. [13] 19, 41}, 42]) for
numerical simulations of the arterial tissue. According to [26], the local deformation gradient F' and the right
Cauchy-Green C' tensors are split into a so called volumetric and an isochoric part by means of the relations:

F= (J1/3I) F and C= (J2/3I) c, (4)

where the tensors J'/3T and J?/3I are associated with isotropic volume-changing deformations, while the
tensors F := J~/3F and C := J~2/3C with volume-preserving deformations of the material, for which
det(F) = det(C) = 1. Based on this kinematic assumption, the strain energy function W can be reformulated
in its penalty form as:

W =W(C,J) =U(J) + W(T), (5)



where the volumetric term U(.J) penalizes the volume-changing deformations and the isochoric part W(C)
characterizes the mechanical response of the material to external loads according to different constitutive
laws. The first Piola-Kirchhoff tensor P is defined according to Eq. as:

P=P+P= 8%[;;]) + a)/gI(TC), (6)

where P and P measure the stresses due to volume-changing and isochoric deformations, respectively. We
remark that, in order to guarantee the existence of realistic physical solutions of Eq. , the strain energy
function in Eq. has to satisfy the polyconvexity condition (see [43] 44]). In addition, both the functions
U(J) and W(C) must satisfy the requirement of objectivity under changes of coordinates systems [8]. We
discuss the choice of ¢ and W in Secs. [2.2.1] and

2.2 Volumetric and isochoric strain energy functions for the arterial tissue

2.2.1 The choice of the volumetric strain energy function U

Due to the polyconvexity requirements on the strain energy function W, the volumetric term & = U(J) must
be a strictly convex function of J endowed with a unique minimum in J = 1 [§]. This component of the
strain energy function W can be chosen independently from the isochoric term W of Eq. , even if the
decomposition approach is effective only when the functions & and W are properly balanced.
Different functions U have been proposed in literature (see for instance [27], [45] [46]); in this work, it is
assumed in the form:
uen =17 o, )
in order to penalize the cases J # 1 and J — 0 corresponding to unphysical solutions. The parameter k,
which can be interpreted as a bulk modulus, assumes the role of a user-specified penalty parameter that is
suitably determined to weakly enforce the nearly incompressible response of the material in the physiological
range of deformations of the body. The choice of the parameter x is a trade-off between the need to represent
the quasi-incompressible behavior of the tissue and to yield a physical meaningful displacement of the body.

2.2.2 The choice of the isochoric strain energy function WV

We consider the healthy arterial tissue as a homogeneous body with constant material parameters for which
the layered structure of the vessel wall is neglected. As described in [I], the arteries show a highly nonlinear
and anisotropic mechanical behavior. In the last decades, structurally motivated models (as for instance
transversely isotropic laws), that take into account the fibrous nature of the tissue into the constitutive
relation, have been proposed and used in order to represent the anisotropic behavior of arteries [2, 211 [47].
However, isotropic models are still largely used to represent the arterial tissue [2, 8], [6]. For this reason, we
will consider both isotropic and transversely isotropic models. We remark that, in order for the strain energy
function W to satisfy the polyconvexity condition for all the deformations of the body, also the isochoric
strain energy function YV must be a polyconvex function for all states of deformations.

2.2.3 Isotropic constitutive models

When the arterial tissue is modeled by means of isotropic models, it is assumed to be composed by a unique
elastic material by neglecting its fibrous nature. Due to requirements of frame indifference of the constitutive
law [8], the isochoric part of the strain energy function in Eq. , indicated as W, is formulated in terms
of the principal invariants of C, as:

Wiso - Wiso(é) - Wiso(jlaj% T3) - Wiso(jl,TZ)a (8)



where:

I, =T(C)=J2°1, I,= [TrQ(C) - Tr(C2)} =J 3, Jand Ts=det(C)=J"2I5, (9)

N | =

with (I1, I3, I3) the principal invariants of C [8]. We remark that the explicit dependency of Wiso onjg in
Eq. can be dropped since I3 = 1, due to the definition of the isochoric right Cauchy-Green tensor C.
A common constitutive model is the St. Venant-Kirchhoff (SVK) [8], for which:

— —SVK — - A op =2 3 t\= p= 9 3
Wiso = Wiy (T1,12) (8+4) 1 (4/\+2) 1= 5l A (10)

where A and p are the Lamé parameters, depending on the Young modulus F and Poisson’s ratio v as:

FEv E

A= ———————————— and ﬂ:m

A+ )1 —20) (11)

We recall that the Young modulus measures the mechanical stiffness of the material and the Poisson’s ratio
v € (0,0.5) represents the relative change of volume of an elementary cube inside the body due to deformations
of the material. We remark that the incompressibility constraint is yielded for v — 0.5.

In addition, we consider the first order exponential (EXP1) model proposed in [9], for which:

Wiay = WXPNT,) = 20‘711 (evlczl-e,) _ 1) (12)

and the second order exponential model (EXP2) [44]:

Wiso = Wi P2(T)) = 20‘722 (&2“13)2 — 1), (13)

where ay, 9,7 and 7y, are suitable material parameters. In Egs. and a1 and oo measure the
mechanical stiffness of the arterial tissue, while 7; and - are representative of the level of nonlinearity of
the mechanical response of the vessel wall.

We remark that the strain energy functions associated to the exponential (EXP1 and EXP2) models of
Eqgs. and satisfy the polyconvexity condition for all the states of deformations [44]. Conversely,
the SVK model does not satisfy this condition under compression states of deformations [8, 48]; however, we
observe that this situation does not occur during inflation tests of cylindrical geometries like the one repre-
sented in Fig. We remark that the SVK constitutive model, and eventually its linearized approximation
are often used in literature to model the arterial tissue [10] 1T}, [42] 49, 50]; for this reason, we will include the
SVK model for a numerical comparison.

2.2.4 Transversely isotropic constitutive model

When modeling the passive mechanical response of the vessel wall by means of transversely isotropic models,
the tissue is assumed to be composed of an isotropic medium, also called background material, in which a
network of collagen fibers is immersed [2], [3]. Such models describe the overall mechanical behavior of the
arterial tissue as the sum of the contributions provided by its two main constituents. Based on experimental
observations, the two constituents are the elastin and the collagen fibers respectively, that are the main
components of the vessel wall [, 2]. In literature (see [39, 44] and references therein) the transversely
isotropic models that are commonly employed are based on the theory of fiber-reinforced composites [16].
The contribution of the collagen fibers to the overall mechanical behavior of the tissue is usually modeled as
the sum of the mechanical responses of a finite number of families of collagen fibers. As described in [21] 22],
the collagen fibers contribute to the mechanical response of the arterial tissue only when activated. Indeed,
the recruitment of the collagen fibers has been hypothesized as the underlying mechanism for the mechanical
stiffening with increasing stress in arteries.



Figure 2: Directions aéi), 1 =1,2, of the families of collagen fibers in the reference configuration By.

When the collagen fibers are activated, the isochoric strain energy function W characterizing transversely
isotropic materials, that we indicate by Wy;, is decomposed into the sum of the load-bearing contributions
provided by the background material and the collagenous constituent as:

- —=b ibers
Wi = W + Wi, (14)

——fibers

where Wm characterizes the background material and Wy, models the fiber-reinforcing component of the
tissue. As described in [2], isotropic laws as those presented in Sec. (SVK, EXP1, EXP2) can be used

b
to describe the background material. Conversely, the component Wt; " of Wy; takes into account for the

transversely isotropic effects in the mechanical response of NV families of collagen fibers. For any point X
in the reference configuration By, each family of collagen fibers is endowed with a characteristic direction

all ), for i =1... N, as highlighted in Fig. 2| Due to the weak interactions between the fiber families [2], the

. sofib bers,
strain energy function W{Z “" is written as the sum of N strain energy functions, sz ered)

characterizing the mechanical behavior of the i-th family, as:

, each of them

ffzbers Z szbers,( %) (15)

b
The function Wfl ere,(8) , due to frame indifference requirements, can be formulated in terms of the so called
(@) (@)

modified pbeudo 1nvariants of C and the second order tensor (a;’ ®ay”) associated to the i-th family [8] 51,

indicated by I4 and Ig),

——fibers, (1) ——fibers, (i) —=(7) (z)
Wtz - Wtz (I4 7 )7 (16)
where
(Z) =Tr (C(a(()i) ® aéi))) =J 23Ty (C(aéi) ® agi))) = J_2/3If), (17)
and
Tél) =Tr (62(a((f) ® af)i))) = J 3T (C2(a((f) ® aé“)) = g4 (18)

being If) and Iéi) the fourth and fifth invariants associated to C and the tensor (ay 0 a ) From the

mechanical point of view, I ii) corresponds to the square of the stretch of the body along the fiber direction

aé ), or alternatively, it can be interpreted as the square of the length of the deformed fiber in the current

configuration; I () measures the deformations of the i-th collagen ﬁber under shear conditions [52]. In the
—EXP1 t —SEXP2
transversely isotropic models under consideration, we set either Wm =W, Or W;Zg = W, - The

bers,
isochoric strain energy function for the single collagen fiber family W{ bers,(8) 4 n Eq. is chosen as a
second order exponential law along the fiber direction, that is:

ibers, (i % ibers,(i) [=(i O] i) (7 (1) i
Wi )(Ii),lé ) Wi )(Ii)) - ;W) (67”04 —llal’1%)? _ 1>7 (19)




where a(® and () are the mechaniqal stiffness and level of nonlinearity characterizing the i-th family of
collagen fibers, respectively, and |la j || is called the activation length of the i-th family of collagen fibers.

From the modeling point of view, |la A) || is the length at which the recruitment of the i-th family of collagen
fibers occurs. The i-th family of collagen fibers is considered activated, i.e. it contributes to the mechanical
response of the arterial tissue, when Tff) is higher than the square of the activation length HaS)H [21], [44].
According to [20] 44], the activation length corresponds to the length of the collagen fibers in the reference
configuration Bo; therefore, for this class of models, the i-th family of collagen fibers is activated whenever
the activation condition, Tff) > [lal” |12, is satisfied. In literature (see [I0, 20, @4 53]), the length of the i-th
fiber family in the reference configuration By is usually set to 1. In the following, this constitutive model

will be indicated as EXP2-RC. On the other hand, according to the multi-mechanism model [21], 22], the
recruitment of the i-th family of collagen fibers occurs whenever Tff) > [|a™ )12, where [|a® praz]| is the

activation length associated to the i-th family in a deformed configuration of the body BE\?M, called the
activation configuration. In [39], the activation length satisfies the condition ||a(®ysps|| > 1 since, in the
reference configuration By, the collagen fibers are assumed of unitary length. The strain energy function for

the collagen fibers in the multi-mechanism model will be indicated as EXP2-MM. We remark that the strain

b
energy function Wtfz e (2) n Eq. . 19)) satisfies the polyconvexity condition for all states of deformations [44].

The full isochoric stram energy function Wy; in Eq. ( . for transversely isotropic material reads as follows:

flb678(14,15) (20)

Wti(71772aj3vi4ai5) Wtz (IlﬂI2)+Wtz
where I, = {I A Y and I = {I 5}, are the set of pseudo-invariants of the different fiber families. We
remark that, similarly to Eq. (| ., the dependency of W;; on I3 has been dropped since I3 = 1. When

including the activation condition in Eq. , the general formulation of the isochoric strain energy function
W, reads:

[ Wi, if Ty < flaa|?
Wy = (21)

Wyl (11, T2) + ijbe“(14,15) it Iy > [laal?,
where |la4||? indicated the set of activation lengths {||a H } . In Eq. (21)), when assuming the activation
length equal to the one in the reference configuration, |a’i A ||2 = |la 0)||2 = 1, otherwise, for the multi-

mechanism model, we have [|a' |2 = [|a® yar]|2. In Eq. 1), the condition Iy > |l@l|? is verified if there

exists at least a fiber family 4, with 4 = 1,..., N, such that I4 > Ha54)||2. It is worth pointing out that,
when the collagen fibers contribute to the mechanical response of the tissue, the isochoric part of the first
Piola-Kirchhoff tensor P for transversely isotropic models in Eq. @ reads as follows:

P Pi);q + szbers _ Pi);q + Zszbers (2) (22)
i=1

We include the collagen recruitment in the definition of P;; by means of an activation function that multiplies

— fibers,(i)

the contribution Py, as follows:

N
o —b 1 1 fibers, (1)
Pu =Pl + Y (Lactan(ey - a2 + 5 )P 23
i=1

where € is a dimensionless user-specified parameter which we choose as € = 5.0 - 10° to model the abrupt
recruitment of the collagen fibers.

2.3 Determination of the material parameters from experimental data

In order to characterize the mechanical behavior of the healthy arterial tissue, it is necessary to estimate
the material parameters of the isochoric constitutive models described in Sec. In this work, the



material parameters of each isochoric model are determined by computing the least-squares approximation
[54] of experimental measurements of the strain-stress relation of cerebral arteries [I5]. In [I5] quasi-static
inflation tests up to the transmural pressure (AP) of 200 mmHg on cylindrical specimens of healthy human
anterior cerebral artery (ACA) are shown. In this work, similarly to [2I], [22], the ACA is modeled as a
cylindrical membrane of undeformed internal radius (rg) and thickness (h) composed of a homogeneous and
incompressible material. We remark that, in virtue of the incompressibility assumption (i.e. J = 1), the
volumetric function I in Eq.is identically null, while the modified invariants of C coincide with the
principal invariants of C, being C = C (see Egs. @D, , and ) In [I5] the deformation of the internal
radius is measured by the circumferential stretch, indicated by A, that is defined as A, = r/rp, with r being
the deformed radius at a certain level of transmural pressure AP. In order to fit the experimental data we
consider nonlinear functions 7 = 7 (\,) (detailed in Secs. and that relate the membrane tension
T to the circumferental stretch A, as in [21] 22] BB, [56]. In addition, the membrane tension is related to the
transmural pressure by means of the Young-Laplace equation, 7 = r AP ([15]). For a given constitutive
model for the cerebral arterial tissue, the nonlinear approximation of the experimental data is computed by
means of the Levenberg-Marquardt least-squares method [57].

Once the material parameters of a constitutive model have been estimated, the quality of the least-squares
approximation is evaluated by means of the R? value [58] defined as:

S (T -TOw)
R?=1- "= , (24)
=2
> (T-T)
i=1
where n, is the number of strain-stress experimental measurements (A% , 7;), for i = 1,...,n,, T is the mean

measured membrane tension, and 7 (A%) is the membrane tension evaluated at the measured deformation AC.
The closer to one is the R? value corresponding to a constitutive model, the better is the data fitting.

Secs. and present the functions 7 (\,.) used to approximate the experimental measurements
for the constitutive models of Sec. together with the values of the selected material parameters and the
corresponding R2 values. We recall that, as discussed in Sec. the penalization parameter « in Eq.
is not involved in the parameter estimation procedure; we set k = 9.0 - 106 dyn/cm?.

2.3.1 Determination of the material parameters for isotropic models

For isotropic models, under the incompressibility assumption (i.e. J = 1), Eq. reduces to
W =Wiso(I1,12) = Wiso(I1, I2). (25)

According to [22], the strain-stress function 7 = T (\,) for the data fitting is

_ h 2 1 8Wiso 8Vviso
P = B (3 L) (22,0 -

for each of the constitutive models of Sec. (WEVE WEXPL and WEXP2), Fig. W shows the least-
squares approximation of the experimental data of [I5] by means of the function 7 = T(\,) for each of
the isotropic constitutive models with the material parameters of Tab. As indicated by the R? value in
Tab.[1} in the case of the SVK model the experimental data are not properly approximated on the full range of
transmural pressures. Conversely, the data fitting improves when the EXP1 and EXP2 models are considered.
In these cases, as shown in Fig. for transmural pressures higher than 50 mmHg, small differences are
observed between the two approximated strain-stress relations. On the other hand, see Fig. for low
transmural pressures, the second order exponential (EXP2) model provides the best approximation of the
data with respect to the other two isotropic model.
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Model (Wjso) ‘ Parameters ‘ R?

WaVE \ E =1.1420 - 10°, v = 0.4500 \ 0.9338

150

WEXPI \ oy = 7.6350 - 10%, 7y = 0.7410 \ 0.9942

S0

WEXP2 ‘ ap = 6.8220 - 10%, 5 = 0.0609 ‘ 0.9971

180

Table 1: Material parameters and R? values for the isotropic models. E, a1, as [dyn/cm?]; v, v1,72 [-].

2.3.2 Determination of the material parameters for transversely isotropic models

Similarly to Eq. , under the incompressibility assumption (i.e. J = 1), Eq. reduces to:
W =Wyi(T1, 12,11, I5) = W (I, I) + W (1., T5). (27)

As in other works where transversely isotropic models describe the arterial tissue (e.g. [I7, 2], 59]), we
consider two families of collagen fibers oriented symmetrically with respect to the circumferential direction
of the cylinder as in Fig. In addition, we remark that, for transversely isotropic models, the material
parameters a(? and 4 in Eq. .) are the same for all families of fibers. According to [2I], for the
transversely isotropic models of Se 4] the function 7 = T (A,) reads as :

_h ) owbs Cx _awlters () 32 652 g0
T =5 [2 (AT A2) o1 T e | (28)
i=1 4 axy

where () is the angle between the characteristic direction of the i-th fiber family in the reference configuration

By, indicated by ‘10 , and the circumferential axis ey (see Fig. [2). We remark that in Eq. ., due to
the representation of the arterial tissue as a membrane, the recrultment of the collagen fibers will occur

simultaneously throughout the thickness of the vessel wall [22]. In addition, we set M = -3 and

(1)”2 (2)”2

lay’lI* = llas’]|*. In order to include in the least-squares approximation the activation condition (I f) >
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||a || ) of Eq. we consider the following modified form of Eq. (28):

2

_h ) oW 1 @) D2 WS> )2 cos? )
Ton =1 2(% - 55 ) B #30 (aretan(erf? — o)1) + e o

to relate the membrane tension to the circumferential stretch. The activation stretch ||a A) |2

A, (i ))

depends on the

angle () and on the circumferential stretch (A
fibers occurs by means of the relation [21]:

at which the recruitment of the i-th family of collagen

lalII” = (620)? cos® B9 + sin® 5, (30)
and we set )\A - )\A’(2) As discussed in Sec. we consider transversely isotropic models for which the
collagen fibers are activated when their deformed length is either greater than their length in the reference
configuration ||aO | or greater than a reference length |[a™ /|| In the first case (EXP2-RC model) such

assumption implies that Af"”) = 1 and theferore ||a(z) I? = ||a(1) |2 =1, for i = 1,2. Conversely, for the multi-

mechanism model (EXP2-MM model) A > 1 and, therefore, ||aA)||2 > 1, for i = 1,2, [39]. In [2I] 22]
an estimation of the circumferential stretch of activation in Eq. (| is provided based on the measurements
reported in [I5]. However, since no experimental observations on the circumferential stretch of activation were
reported in [I5], we consider )\;4 ‘(1) as an additional material parameter to be estimated for the EXP2-MM
model.

As discussed in Sec. 2.2.4] we employ either the EXP1 or EXP2 model to describe the mechanical be-
havior of the background material. In the following, a transversely isotropic model will be indicated by
the couple of strain energy functions used for the background material and the collagen fibers. Tab.
summarizes the material parameters and R? value for each of the transversely isotropic models under con-
sideration. In Tab. (ab9 b9 ) represent the material parameters characterizing the background material
while (a(l),’y(l),ﬁ(l),/\f’(l)) are the material parameters for the single family of collagen fibers. We remark
that the least-squares approximation of the data improves when transversely isotropic models are used with
respect to isotropic models (Tab. . In addition, when the multi-mechanism model describes the collagen
fibers the approximation of the experimental data is further improved with respect to the EXP2-RC model.
Fig. [4(a)| shows the membrane tension 7(),) for the (EXP1, EXP2-RC) and (EXP1, EXP2-MM) models.
Fig. shows the function 7 (\,) when either the EXP1 or the EXP2 models describe the background
material and the collagen fibers are represented by the EXP2-MM model. In this case, the estimation of the
circumferential stretch of activation A AW 44 strongly affected by the choice of the model for the background
material (see Fig. and Tab. [2| ' This is due to the fact that, as shown in Fig. the EXP2 model
fits better than the EXP1 law the data in the low pressure regime; therefore, when using the EXP2 model
for the background material, the collagen fibers are activated at a higher activation circumferential stretch
in order to fit the high transmural pressure regime.

We observe that, in Figs. and the recruitment of the collagen fibers at finite strains induces
the sharp change in the membrane tension 7 (\,) around the circumferential stretch of activation Ay A
Although the (EXP2, EXP2-MM) model gives the best least-squares approximation of the experlmental
measurement, it will not be employed in the numerical simulations of healthy cerebral arterial tissue due to
numerical issues related to the numerical solution of the structural mechanics problem [60].

2.4 Mathematical modeling of elastin weakening

As described in Sec. the onset of cerebral aneurysms is related to the mechanical degradation of the
mechanical properties of the elastin in the media layer. We describe the weakening of the arterial tissue that
occurs in diseased states of arteries (e.g. during the early phases of the formation of a cerebral aneurysm) by
means of an isotropic damage model. Following the approach proposed in [38] [61], a dimensionless weakening
parameter D € [0,1) is used to represent the level of mechanical weakening affecting the material. The
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Model ( Wy; ) | Material Parameters | R?

al? = 1.7471-10* , 429 = 0.8620
WEXPL L WEXP2ERC | (1) = 14979 -10° , () = 0.5736 | 0.9951
B = 0.9865

b9 = 6.8220 - 10* , 4%9 = 0.8620
WEXFP2 4 WEXP2ZRC 1 (1) = 6.008-1076 , () =0.8211 | 0.9971
B =1.4984

ol = 3.5270 - 10% , 477 = 0.3424
WEXPL L WEXPZMM |- (1) = 13370 - 10° , v = 0.2141 | (.9980
AW = 0.7473 , A = 1.5009
ap? =55420-10% , ¢ =3.0- 107
WEXP2 Ly EXP2-MM | (1) = 13087105 , v(1) = 0.5133 | (.9985

AW = 0.8251 , A = 1.6538

Table 2: Parameters for the transversely isotropic models. a2, o [dyn/cm?]; O [rad]; 429,41, AR [-].
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Figure 4: Least-squares approximation of the data in [I5] using the transversely isotropic models.

unhealthy arterial tissue is then described by means of one of the constitutive models described in Sec. 2.2.2]
for which the parameter representing the mechanical stiffness of the material is reduced by a factor of D. The
arterial tissue is healthy and its mechanical properties intact when D = 0, while its full mechanical failure
occurs when D — 1.

As discussed in Sec. the choice of the isochoric strain energy function W (either isotropic or transversely
isotropic) characterizes the mathematical description of the arterial tissue. When describing an unhealthy
state of the arterial tissue, the weakening factor (1 — D) affects only the isochoric part in the additive
decomposition of the strain energy function (see Eq. ) Therefore, when using isotropic laws to model the
unhealthy vessel wall, Eq. is transformed as follows:

Wiso(J,TlaT2;D):u(J)+Wiso(T1772;D>' (31)
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When the vessel wall is described by the transversely isotropic model of Eq. 7 the weakening factor

could affect the strain energy for the background material ng and the one describing the collagen fibers

—fibers | . .
W{Z “in Eq. 7 or only one of the two. Based on the experimental observations on cerebral aneurysms,

for which only the elastin is degraded in the early stages development of cerebral aneurysms, we assume
that the weakening model affects only the mechanical contribution provided by the isotropic part Wtf of the
strain energy function in Eq. . According to this choice, the transversely isotropic constitutive model for
the unhealthy vessel wall reads:

- = = = —bg = = ——fibers = =
Woi(J, T, T, 14, T5; D) = U(T) + W2 (T, To; D) + W (1, T5). (32)

In [21] B9, 44 [62] the weakening parameter D which is a function of kinematics quantities that depend on
the history of the deformations that occur during the motion of the body, such as the maximum deformation
or the maximum value of elastic energy [44, [39]. We are interested in analyzing the influence on kinematics
quantities of interest for the modeling of unhealthy cerebral arterial tissue of isotropic and transversely
isotropic constitutive models at different levels of mechanical weakening of the arterial tissue. For this
reason, we fix a priori different values for D in the constitutive models of Egs. and . In order to have
consistent comparisons among the different numerical simulations, it is necessary to calibrate the weakening
parameter D for the different constitutive models; we detail this aspect in Sec.

2.5 Calibration of the weakening parameter D for unhealthy cerebral arterial
tissue.

Based on the results obtained from the least-squares approximation of the experimental data, we represent
the unhealthy cerebral arterial tissue by introducing the weakening parameter D in three of the constitutive
models discussed in Sec. the isotropic EXP2 model, and the transversely isotropic models (EXP1,
EXP2-RC) and (EXP1, EXP2-MM). The weakening parameter D is introduced in the constitutive models
by means of the factor (1 — D) multiplying the material parameters representing the mechanical stiffness of
the material. Thus, the isochoric term Wj,, in Eq. for the isotropic EXP2 model (indicated as U-EXP2)
reads as:

Wiso(jl,jg; D) = WZ;EXPQ(Thjg; DEXP2) = (1_1)2E’>/XP2%.12 (672(11_3)2 - 1) (33)

2

The weakened background material in the transversely isotropic models is described by the following modified
form of the EXP1 model (indicated as U-EXP1):

hg o — U-BXPL -~ - 1-D by .
Wil (11, To: D) = Wi, 7 (11, Tos Dixcpr) = (222(;%)0[ (e‘vb"(h—3) - 1)' (34)

In the following, the transversely isotropic models for unhealthy cerebral arterial tissue will be indicated as (U-
EXP1, EXP2-RC) and (U-EXP1, EXP2-MM), respectively, and DEXE2-EC and DEXL2-MM i]] represent the
weakening paramter affecting the material properties of the background material in the (U-EXP1, EXP2-RC)
and (U-EXP1, EXP2-MM), respectively. As pointed out in Sec. the mechanical weakening of the tissue
affects only the mechanical properties of the background material (Eq. ) Although different constitutive
models can be adjusted to a set of experimental measurements in order to represent the healthy cerebral
arterial tissue (Sec. [2.3)), the choice of the weakening parameter D in Egs. and has an important
effect on the characterization of unhealthy cerebral arterial tissues. Fig. [5] shows the strain-stress functions
T () of Figs. and for the EXP2, (EXP1, EXP2-RC) and (EXP1, EXP2-MM) models for different
values of the weakening parameter D. We observe that, for D > 0.6 the three curves do not interesect in the
physiological range of transmural pressures (AP € [70,150]). For this reason, the proper calibration of the
weakening parameter D according to the model describing the vessel wall is necessary. We have calibrated
the values of the parameter D for the three constitutive models with respect to a reference value for D,
and the reference transmural pressure AP,.; = 110 mmHg. More specifically, we have considered two cases.
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Figure 5: Functions 7 ()\,) for different values of the weakening parameter D.

Firstly, we have fixed D,.; = DEXEZMM — (.75 for the (U-EXP1, EXP2-MM) model and determined the
values of Dgxpo and Dgﬁgg%RC for the remaining two models such that the three functions T = T(A;)
intersect at the reference transmural pressure AP..r. Then, we followed the same approach considering
D,y = DEXEZRC = (6 for the (U-EXP1, EXP2-RC). We remark that in the latter case, as shown in
Fig. it is not possible to find a value of D € [0,1) for which the (U-EXP1, EXP2-MM) model yield
the reference deformation at the reference pressure. Fig. |§| shows the functions 7 = T(A,) for the three
constitutive models under consideration with the material parameters of Tabs. [T] and [2] and the values of the
weakening parameter D summarized in Tab. [3]

Case ‘ Weakening parameter D
Case 1 | Dyey = DESETMM =0.7500 , DEXETRC = 0.3010, Dpx p2 = 0.1103
Case 2 | D,ep = DEXEZRC = 0.6000 , Dpxps = 0.2641

Table 3: Values for the weakening parameter D used in the numerical simulations.

3 Numerical approximation: the Finite Element Method

Problem is solved by means of the Finite Element Method [63]. With this aim, let us introduce the
Hilbert space V' of functions V(By) = [Hp, (Bo)]® = {"P € [H*(By)]? s.t. » =0 on FD}, for which the

weak formulation of problem reads :
findd=d(X)eV:

P(d) : Vi dBy = 7{ —pn - dly, vy e V. (35)
Bo Tin

The discrete problem is obtained by approximating the reference configuration By by B, a conforming mesh
(triangulation) of By, and by considering a finite dimensional subspace V,, = (X} NV) C V composed
of Lagrangian, piecewise continuous polynomial basis functions of local polynomial degree p > 1 defining
the space (X?). Let {4 })",, where N, := dim(V},), be the Lagrangian basis of Vj, in the form , =
(paer + paes + paes), where ¢ 4 is a scalar Lagrangian function of V}, defined on the mesh B2, and (ey, ez, e3)
is the Euclidean base in R3. The discrete weak formulation of problem is given by:
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N, 3
find dy = dp(X) = Y (dn;)a¢a(X)e; € Vi :
A=1j=1
h h
P) Ve B = e dT W, € Vi (36)
BO in
Ny
where the j-th component of the displacement field is defined as dj ; = Z(dh,j)Ad)Aa with j =1,2,3. In
A=1
Eq. ., ' is the approximation of the internal surface Ty, provived by the mesh B, and pj, is a suitable

approxunatlon of the boundary data p on Ty, (e.g. the L2-projection of p onto X7 (T; )) We remark that
the nonlinear constitutive relations considered in this work lead to the nonlinear problem which is solved
by means of the Newton method [54]. In order to guarantee the convergence of the Newton method for the
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values of transmural pressures of interest, we use a pseudo-time approach, for which the inflating pressure is

gradually applied by using a pseudo-time function p(t), represented in Fig.[7] At each iteration of the Newton

method, Eq. is linearized with respect to the displacement field d (see [8, [44]) for which the tangent
dP(d

matrix <J p = dc(l)> of the first Piola-Kirchhoff tensor P(d) is evaluated, and the resulting linear system

is solved by means of the GMRES method [64] preconditioned with the Additive-Schwarz method [65].

4 Numerical validation

We numerically validate the constitutive models described in Sec. for which the material parameters
are reported in Tabs. [ and 2] Firstly, we show results of numerical simulations of static inflation tests on
healthy cerebral arterial tissue. Then the weakening model discussed in Sec. [2.4]is considered and numerical
simulations on unhealthy cerebral arterial tissue are discussed.

The computational domain representing the cerebral artery (see Fig. [I)) is discretized by a tetrahedral
mesh composed of 384,000 elements with P1 Lagrangian finite elements for which the total number of degrees
of freedom (DOFs) when approximating Eq. is 241,200. The constitutive material models have been
implemented in the finite element library LifeV [66] by means of an expression template assembly framework
[67]. The numerical simulations have been run in parallel on 128 processors on the Cray XE6 supercomputer
Monte Rosa at the Swiss national supercomputing center CSCS in Lugano, Switzerland.

4.1 Inflation tests on healthy cerebral tissue

We report in Fig. [§] the magnitude of the displacement field at the cross section located at z = 1 c¢m for
AP = 150 mmHg for the constitutive models of Sec.[2:2:2] As expected, the contour lines of the displacement
are concentric with the largest displacement occurring at the inner surface of the artery. The displacement
magnitude in Figs. a)—(e) has been rescaled in order to show the correct qualitative behavior of all the
numerical solutions; Fig. f) presents the radial displacement through the thickness of the vessel wall for
all the constitutive models. Figs. [9] and [I0] show the strain-stress relations resulting from the least-squares
approximation of the experimental measurements (see Sec. and the ones obtained by the numerical simu-
lations for the isotropic and transversely isotropic models, respectively. We report the circumferential stretch
A at the internal radius of the domain in order to compare it with the experimental measurement presented
in [I5]. The circumferential stretch was obtained from the numerical results computing the magnitude of the
displacement field on I';, at the cross section z = 1 cm such that the effects of Dirichlet boundary conditions
applied on T'p (see Fig. are negligible.

For the SVK isotropic model, as observed in Fig. with pressures AP € [70,150] the strain-stress
relation obtained from the numerical simulations does not adequately reproduce the one predicted by the
data fitting, especially for the high values of AP. Conversely, a good agreement between the numerical and
least-squares fitted strain-stress relations is observed for the EXP1 and EXP2 models. Such difference among
the isotropic models can be ascribed to the choice of the penalization parameter x in Eq. . The larger
is Kk, the smaller is the body displacement under the action of external forces. Thus, a value for s that
represents a good compromise between the need to model the quasi-incompressible behavior of arteries and
to obtain a meaningful displacement field for a certain constitutive model, e.g. the EXP1 and EXP2 models,
may become inappropriate for another one, e.g. the SVK model. However, in this study, in order to have a
consistent comparison of the numerical results among the different cases under consideration, the same value
for the penalty parameter has been used in our numerical simulations.

Fig. [10] shows the strain-stress curves obtained from the least-squares approximation and numerical sim-
ulation for the (EXP1, EXP2-RC) and (EXP1, EXP2-MM) models respectively. We observe a good agree-
ment between the simulated strain-stress relations and the corresponding functions 7 (A,). For the (EXP1,
EXP2-RC) model the highest error occurs for high transmural pressures while for the multi-mechanism model,
ie. (EXP1, EXP2-MM), the two curves are overlapped. However, in the latter case, the highest error occurs
around the activation circumferential stretch. As discussed in Sec. this is due to the fact that, in the
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Figure 9: Strain-stress relation T( r) and corresponding relation obtained from the numerical simulations
for the isotropic models of Sec. The dots represent the experimental data in [I5].

data fitting, due to the membrane modeling of the vessel wall, the recruitment of the collagen fibers occurs
simultaneously throughout the thickness of the vessel wall; this assumption does not hold in the numerical
simulations since the arterial wall is described as a full three dimensional model.
Fig. [11] shows the relative error between the function 7(\,;) and the ones obtained from the numerical
simulations. In the range of physiological transmural pressures, the maximum relative error is around 4% and
it is observed for the isotropic SVK model. However, from the strain-stress measurements presented in [15],

we can conclude that the relative error between the function 7 (A,
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Figure 11: Relative error between the two strain-stress relations of Figs. 0] and [I0] as a function of AP.

stress relations is compatible with (that is within the same range as) the one affecting the experimental
measurements in [I5]. In the physiological range of pressures for the EXP1, EXP2 and the transversely
isotropic models, the relative error is below 2.5% confirming the good approximation of the least-squares
fitted strain-stress relation by the numerical simulations. In the low pressures regime (i.e. for AP € [0,20]
mmHg) the high relative errors are due to the use of linear finite elements for the discretization of Eq. (35))
and they are observed for all the constitutive models. Indeed, from the numerical point of view, high values of
the penalty parameter x can lead to incorrect displacement fields or to locking phenomena when discretizing
Eq. by means of P1 finite elements [53} [68]. In this work, the value for k£ has been set in order to simulate
the nearly-incompressible behavior of blood vessels for AP € [70,150] mmHg; this may lead to displacements
which are not circumferentially symmetric for low transmural pressures, as shown in Fig. [12| (left). However,
such asymmetry can be addressed, for instance, by discretizing Eq. by means of quadratic (P2) finite
elements, as shown in Fig. [12| (right). For this comparison we employ the isotropic EXP1 model and, in order
to have the same number of DOFs with the quadratic elements as in the linear case, a new mesh with 49,896
elements and 234,360 DOFs has been considered. In Fig. [12| we observe that for AP € [70,150] mmHg, the
use of P2 elements does not affect the circumferential stretch; therefore, we can conclude that the results
presented in Figs. [0] and [I0] are not significantly affected by the choice of the finite element space.

In order to highlight the influence of the bulk modulus on the approximation of the circumferential stretch,
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Figure 13: Strain-stress relations for different values of « for the isotropic SVK model with the material
parameters of Tab.

Fig. shows the strain-stress relations obtained for different values of x in Eq. @ using the SVK model
with the material parameters reported in Tab. We observe the influence of the penalization parameter
on the computed displacement field and we show that, in this case, a different value of x (i.e. x = 4.0 - 10°
dyn/cm?) would have led to a better approximation of the function 7 = T(),) in the range of transmural
pressures of interest (see Fig. [I3(b)]).

Fig. [[4] shows the approximation of the incompressibility constraint at the cross section z = 1 c¢cm at
the inflating pressure of 150 mmHg for the constitutive models of Sec. [2.2.2] The largest error on the
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Figure 14: Volume ratio J and Juug at 2 = 1 cm, AP = 150 mmHg for the different material models;
k=9.0-10° dyn/cm?.

approximation of the volumetric constraint (J = 1) occurs at the internal surface of the artery where the
displacement is higher. The smallest error, around 4.5%, is obtained for the SVK model due to the smaller
radial displacement (see Fig. of the vessel with respect to those obtained with the other constitutive
laws. As discussed for Fig. the choice of the penalization parameter x strongly affects the numerical results
for the SVK model. Fig. shows the Jacobian J at the cross section z = 1 cm at the inflating pressure
of 150 mmHg for two different values of x (k = 4.0 - 10 and x = 9.0 - 10° dyn/cm?) using the SVK model.
We remark that, in Fig. [I5] the Jacobian J is presented only for the values of k such that the error on the
incompressibility constraint is lower than 20%. For the SVK model, Fig. shows that for AP € [70, 150]
mmHg, £ = 4.0-10° dyn/cm? leads to a better approximation of the strain-stress relation 7(),) by means of
the numerical simulations; however, such choice for the penalization parameter yields a poor approximation of
the incompressibility constraint. For the constituive models of Sec. [2:2.2] the biggest error is reported for the
transversely isotropic models, as in Fig.[T4 This suggests that, once again, the value of the penalty parameter
k used for the numerical simulations should be tuned according to the constitutive law used to describe the
tissue. Fig. (f) shows the relative error (percentage) on the incompressibility constraint for AP = 150
mmHg. More specifically, in Fig. [[4}(f) the relative error is defined as Er = 100(Javg — 1), Where Joug is
the average of the volume ratio along each one of the directions depicted in Fig. (a). The oscillations
reported in Fig. [14}(f) highlight the mesh dependence of the numerical results. The averaged Jacobians
Javg in Fig. (f) indicate that the value of k used in the numerical simulations leads to an acceptable
approximation of the incompressibility constraint with the maximum relative error being approximatively
7%. In order to evaluate the mesh dependency on the approximation of the incompressibility constraint,
numerical simulations of static inflation tests have been carried out for two additional meshes: one coarser
and one finer than the reference mesh. For this numerical comparison, the tests have been carried out using
the isotropic EXP1 model and P1 finite elements. The coarser mesh is composed of 108,000 elements while the
finer one is composed of 2,960,640 tetrahedra, yielding to 72,480 and 1,852,800 DOFs, respectively. Fig.
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Figure 16: Volume ratio J for different meshes of the computational domain.

shows the approximation of the incompressibility constraint at the cross section z = 1 c¢m at the inflating
pressure of 150 mmHg. No strong mesh refining effects are noticeable on the numerical solution suggesting
that the approximation of the condition J = 1 is mainly affected by the choice of the penalty parameter k.

The numerical validation of the isotropic and transversely isotropic constitutive models for the mechanical
characterization of healthy cerebral arterial tissue has highlighted both modeling and numerical aspects that
should be considered when simulating the arterial wall mechanics. From the modeling point of view, the least
squares approximation and the numerical results suggest that, according to the range of transmural pressures
of interest, a suitably calibrated isotropic model (as e.g. EXP1 or EXP2) can lead, in terms of the data fitting
quality, to equivalent results than an anisotropic one, i.e. the (EXP1, EXP2-RC) model. In addition, the
possibility of modeling the recruitment of the collagen fibers at finite strains (EXP1, EXP2-MM) instead of at
zero strains leads to either a better approximation of the experimental measurements with a good agreement of
the numerical results. Moreover, the numerical results obtained using the EXP1, EXP2, (EXP1, EXP2-RC)
and (EXP1, EXP2-MM) indicate that when experimental observations of the characteristic directions of
collagen fibers are not available on human specimen of arteries, an isotropic model can be a viable alternative
to a transversely isotropic model; this has the advantage of reducing the number of material parameters
that need to be estimated and the computational cost of the assembling of the tangent matrix of the first
Piola-Kirchhoff tensor.

4.2 Inflation tests on unhealthy cerebral tissue

We now address the numerical simulation of unhealthy cerebral arteries by using the isotropic U-EXP2
and the transversely isotropic (U-EXP1, EXP2-RC) and (U-EXP1, EXP2-MM) laws. Among the isotropic
models, the choice of U-EXP2 is motivated by the good data fitting and agreement between the curve 7 (A;)
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Figure 17: Representation of the weakened portion of the computational domain.
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Figure 18: Case 1: displacement field [cm] at the internal and external surfaces of the computational domain
at AP,y =110 mmHg.

and the numerical results showed in Fig. [0fc).

We assumed that the weakening of the material properties occurs in a limited portion of the domain, also
referred as weakened region, that has been obtained from the intersection of the computational domain with
a sphere of radius 7, = 0.095 cm and center C' = (0, 0.09,1.0), as indicated in Fig. 1

Figs. @ and [Q show the dlsplacement field on the deformed mesh for AP,y = 110 mmHg for Case 1
and Case 2 (Sec. [2.5]). In Figs. [18 and [19| the mesh has been deformed according to the displacement field
at the reference transmural pressure. We first notice that, for each of the two cases under consideration,
the maximum value of the displacement magnitude is similar for all the constitutive models. This proves
the correct calibration of the weakening parameter D both for Case 1 and Case 2. We also observe that, in
both cases the pattern of the displacement fields is affected by the choice of the arterial wall model. The
extension and shape of the area where the displacement field is influenced by the weakened region varies with
the constitutive model and the weakening parameter D. We observe that in Case 2, where the weakening
parameter D for the U-EXP2 and (U-EXP1, EXP2-RC) models is higher than in Case 1, the extension of
the area where the displacement field is influenced by the weakened region becomes larger than in Case 1. In
particular, for the (U-EXP1, EXP2-RC) model, it reaches the lower part of the cylinder and the displacement
field is higher that the one reported for the U-EXP2 model. The displacement field reported in Figs. [I8 and
[19] indicate the formation of a bulge corresponding to the weakened region of the domain.

Figs. and 2I] report the volume ratio J at z = 1 at the reference transmural pressure for Case 1 and 2.
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Figure 21: Case 2: Volume ratio J at AP = 110 mmHg.

As already reported in Fig.[T4] the approach used in this work to describe the nearly-incompressible behavior
of arteries leads to an acceptable approximation of the incompressibility constraint.

Figs. and show the spatial distribution of the Von Mises stress oy p/[8] in a central portion
of the computational domain for Case 1 and Case 2. In both cases the oy s varies between 2.5 - 10° and

23



Von Mises

1.3¢+06
1.2e+06
~1.0e+06
[8.0e+05
-6.0e+05
I4.0e+05
2.6e+05

Von Mises
&.39+06
1.2¢+06
<1.0e+06
/8.0 +05
+6.0e+05
E4.Ue+05
2.6e+05

(a) (U-EXP1, EXP2-MM) (b) (U-EXP2) (¢c) (U-EXP1, EXP2-RC)

Figure 22: Case 1: Von Mises stress field [dyn/cm?] at the internal and external surfaces of the computational
domain at AP,.; = 110 mmHg.

1.3-10° dyn/cm? and, as expected, the largest value occurs at the internal surface of the cylinder, where the
radial displacement is higher. We observe that for Case 1 the Von Mises stress on the internal and external
surfaces of the cylinder does not present a strong variability with respect to the constitutive model. This is
related to the fact that the displacement field on the internal and external surfaces in Case 1 does not present
a strong variability with respect to the constitutive model (as presented in Fig. , due to the calibration
procedure described in Sec. However, we report the dependency of the distribution of the Von Mises
stress through the thickness of the vessel wall on the constitutive model, as presented in Fig. In Case 2,
represented in Figs. and the Von Mises stress presents a strong dependency on the constitutive model.
More specifically, the different displacement fields in Figs. [19| result in the different pattern of the Von Mises
stress, shown in Fig. 23] Fig. 25| indicates that for high levels of mechanical weakening, the variations of the
Von Mises stress through the thickness of the vessel wall are strongly affected by the choice of the constitutive
model. To conclude, Figs. and [25| highlight the relevance of carefully choosing the constitutive model to
represent the unhealthy arterial tissue.

5 Conclusions

In this paper we have addressed the numerical validation of isotropic and transversely isotropic models
for the cerebral arterial tissue. The isotropic exponential type laws and the transversely isotropic models
adequately fit the experimental data. The numerical results showed a good agreement with the data fitting;
moreover, they highligthed the fact that isotropic models can be considered as a valuable option for the
modeling of the arterial tissue when experimental observations of the directions of the collagen fibers in the
tissue are not available. Afterwards we have analyzed the influence of the modeling choice for the unhealthy
cerebral arterial tissue on the results of numerical simulations of static inflation tests. We have considered
different levels of mechanical weakening of the vessel wall through a dimensionless weakening parameter D.
The numerical simulations have shown that the choice of the type of constitutive model (i.e. isotropic or
transversely isotropic) plays a key role in the spatial distribution of the mechanical stresses through the
thickness of the vessel wall. This highligths the relevance of properly select the constitutive model when

24



Von Mises
.5e+06
1.4¢+06
-1.2e+06
1.0e+06
8.0e+05
6.0e+05
5.0e+05

Von Mises
iLOe+06
-8.0e+05

6.0e+05
4.0e+05
2.6e+05

(U-EXP1, EXP2-RC) (U-EXP2)
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Figure 24: Case 1: Von Mises stress [dyn/cm?] at 2 = 1 cm and AP = 110 mmHg.
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Figure 25: Case 2: Von Mises stress [dyn/cm?] at 2 = 1 cm and AP = 110 mmHg.

addressing the study of the onset and development of cerebral aneurysms. Concerning the transversely
isotropic multi-mechanism model, specifically proposed for cerebral arteries, we have shown that it leads to
the best approximation of the experimental measurements. Moreover, due to recruitment of the collagen
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fibers at finite strains and the limited possibility of representing weakened states of the background material
in arteries, the multi-mechanism model seems to be a valuable option for the mathematical description of
the early stages development of cerebral aneurysm.
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