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Abstract This work presents the modelling and simula-
tion of the mechanical behaviour of the human aortic arch
under in vivo conditions with pressure levels within the nor-
mal and hypertension physiological range. The cases studied
correspond to young and aged arteries without cardiovascular
pathologies. First, the tissue of these two groups is charac-
terised via in vitro tensile test measurements that make it
possible to derive the material parameters of a hyperelastic
isotropic constitutive model. Then, these material parame-
ters are used in the simulation of young and aged aortic
arches subjected to in vivo normal and hypertension con-
ditions. Overall, the numerical results were found not only
to provide a realistic description of the mechanical behaviour
of the vessel but also to be useful data that allow the adequate
definition of stress/stretch-based criteria to predict its failure.

Keywords Human aortic arch - In vivo conditions -
Finite elements - Modelling and simulation

1 Introduction

The human aortic arch is an elastic artery whose mechanical
properties play a crucial role in damping the pressure wave
that occurs inside the vessel and, in addition, to influence the
blood flow coming from the heart (Nichols and Rourke 1990).
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Moreover, knowledge about the rupture stress and strain in
this artery under normal, hypertension and severe (e.g. auto-
mobile accidents or cardiovascular problems) physiological
conditions is also a relevant area of current interest (Richens
etal. 2002; Field and Richens 2006; De Caro et al. 2007). The
aortic arch motion is linked to that of the heart left ventricle
through the aortic root. This motion generates axial stresses
in the ascending aorta. Beller et al. (2005) consider that the
motion of the aortic root induces high stress levels in the
aortic arch that, in turn, may cause an aortic dissection even
in patients without other risk factors. The surgical operation
aimed at preventing the rupture of the aortic arch remains
a risky procedure (Ergin et al. 1999) that is recommended
only when the risk of failure of the artery wall is greater
than that associated with the operation itself. Such a deci-
sion is based mainly on the dimensions of the vessel without
taking into account its mechanical strength. Although the
maximum artery diameter of 50 mm is usually taken as the
criterion calling for surgery, 23% of the arteries fail before
reaching this threshold (Erbel and Eggebrecht 2006; Pape et
al. 2007). All these facts clearly justify the need for achiev-
ing a better understanding of the mechanical response of the
human aortic arch. This is usually tackled via numerical sim-
ulations that predict the mechanical response of the artery in
order to quantify its risk of failure under different loading
conditions. In this context, one of the major challenges is the
definition of realistic and reliable stress—strain relationships
of the vessel (Demiray 1972; Delfino et al. 1997; Holzapfel
et al. 2007; Doyle et al. 2010, 2012).

Numerical simulations have been performed recently to
predict the mechanical response of the human aortic arch.
Beller et al. (2004) and Beller et al. (2005) studied aortic
arches under physiological conditions (in patients with and
without aortic insufficiency) by means of a linear elastic
isotropic constitutive model and boundary conditions that
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accounted for experimentally measured aortic root displace-
ments during the cardiac cycle. However, the effect of the lig-
amentum arteriosum was not included in the analysis. Both
aortic root displacement and hypertension were found to sig-
nificantly increase the longitudinal stress in the ascending
aorta. Gao et al. (2006) performed a study of the stress distrib-
ution in a layered aortic arch model (also using a linear elastic
isotropic law) with interaction between a pulsatile flow and
the wall of the blood vessel. This work indicates that the cir-
cumferential stress in the aortic wall is directly associated
with the blood pressure, supporting the clinical importance
of blood pressure control. Moreover, another relevant aspect
that should be addressed in numerical simulations under
in vivo conditions is the definition of a representative initial
configuration of the aortic arch. This can be firstly achieved
by means of clinical techniques, e.g. computed tomography
(CT) and angiography, that afterwards allow the application
of geometric reconstruction methods which finally give areal
model of the vessel (Medina and Wicker 2003; Sanmartin et
al. 2006). This geometry is obtained at a specific blood pres-
sure, and consequently unknown initial stresses in equilib-
rium with this internal load must develop at the artery wall.
It is seen, therefore, that an accurate estimation of the initial
stresses is needed to correctly describe the material response.
A method to account for this stress computation is the inverse
analysis in which the effect of the residual strain is neglected
(Govindjee et al. 1996; Lu et al. 2007). This assumption is
not always valid in arteries (Holzapfel et al. 2007). It should
be noted that the numerical simulation and experimental val-
idation of the mechanical response of the human aortic arch
under in vivo conditions, including all the aspects mentioned
above, is currently a research subject awaiting exploration.
The aim of this work is to analyse the mechanical response
of the human aortic arch under in vivo physiological condi-
tions by means of constitutive modelling and numerical sim-
ulation. The material and methods considered in this study
are presented in Sect. 2. In particular, young and aged arter-
ies without cardiovascular pathologies are considered. The
tissue of these two groups is firstly characterised via in vitro

A

Fig. 1 Human aortic arch: a frontal view; b top view
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tensile test measurements that make it possible to derive via
a least-squares procedure the material parameters of a hyper-
elastic isotropic constitutive model, adopted in this work, to
describe the material response. Using these material para-
meters, Sect. 3 presents the numerical results of the tensile
response and, in addition, the simulation of young and aged
aortic arches subjected to in vivo conditions with normal and
hypertension pressure levels. Relevant aspects related to the
geometry, boundary conditions and initial stresses consid-
ered in the analysis are specifically detailed. In particular, an
alternative methodology to estimate the initial stress field is
proposed. The obtained numerical results discussed in Sect. 4
were found to provide a realistic description of the mechan-
ical behaviour of the vessel. Moreover, these predictions,
together with an adequate definition of stress/stretch-based
criteria, may make it possible to assess the risk of failure at
critical zones of the vessel.

2 Materials and methods
2.1 Human aortic arches

The human aortic arches considered in this work have been
provided by the Hospital Puerta de Hierro in Madrid. These
vessels, obtained according to well-established protocols of
the Ethical Committee of the hospital (Goicolea et al. 2006),
came from cardiac transplant donors without previous arter-
ial risk factors (i.e. tissues with low cholesterol levels, normal
physiological pressure and absence of arterial pathologies of
donors with neither smoking nor diabetes records) whose
deaths were not related to cardiovascular problems. One of
these aortic arches is shown in Fig. 1. This arch configu-
ration is observed in approximately 70% of the population
(Al-Okaili and Schwartz 2007).

The present study is focused on two groups selected
according to the age of the donors: 16-36 (12 patients) and
65-90 (8 patients). The experimentally measured average
diameter and thickness values at different locations of the
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Table 1 Average external diameter and thickness of different parts of
aortic arch

Vessel
Brachyo- Carotid Subclavian ~ Aorta
cephalic artery artery
trunk
Diameter 12.0 £0.34 10.1+0.25 11.24+0.31 2444045
(mm)
Thickness 2.06 £0.11 1.89+0.21 2.104+£0.08 1.95+0.15
(mm)

sample are summarised in Table 1. Moreover, the average
radius of the arch directrix for both groups was 37 mm £4.5
(a similar value was reported by Beller et al. (2004)).

2.2 Constitutive modelling

According to the measurements reported in Sect. 3.1, an
elastic, isotropic and rate-independent material response is
considered for the arteries analysed in the present work.
Moreover, their behaviours are taken as incompressible due
to the large amount of water present in them (Oijen 2003).
To this end, hyperelastic constitutive models can be used to
describe their mechanical response (Ogden 1984; Fung 1993;
Holzapfel 2000; Doyle et al. 2010, 2012). In this context,
a deformation energy function W, assumed to describe the
isothermal material behaviour under any loading conditions,
is usually defined in terms of the right Cauchy deformation
tensor C = F'. F, where F is the deformation gradient ten-
sor and T is the transpose symbol (note that det F = 1 in this
case). Invoking classical arguments of continuum mechanics,
the Cauchy stress tensor o is defined as 0 = 2F - % - FT,

In particular, the energy function proposed by Demiray
(1972) is expressed as

w=2 b)) -1 1
—E[GXP(E(l—))—] (€))

where [ is the first invariant of C [I; = tr(C), tr being
the trace symbol]. Although this isotropic model is relatively
simple (i.e. only depends on /1), reasonably good responses
athigh levels of deformation can be predicted with it (Delfino
et al. 1997). Only two constants, a and b, are needed for
the material characterisation where the parameter a has a
clear physical meaning given by the slope at the origin of the
Cauchy stress versus the stretch tensile test curve.

As shown in Sect. 3, this constitutive model is adopted
in this work to assess its capabilities in the prediction of the
mechanical behaviour of a human aortic arch. Although the
Demiray model is used in the present study to assess the risk
of rupture, it should be noted that it cannot predict the risk
of dissection since it does not take into account the layered
nature of the tissue.

Moreover, this constitutive model is implemented in
an in-house finite-element code extensively validated in
many engineering applications where isoparametric ele-
ments, including a B-bar technique, are used to avoid numer-
ical locking due to material incompressibility (Celentano
2001).

2.3 Material characterisation via tensile test

In vitro tensile tests were carried out to characterise the
mechanical response of the aortic arches considered in the
present study. All these tests were performed on the same
day using samples obtained immediately after excision (i.e.
1 day from the time of death to testing). The tests were car-
ried out with the specimens permanently submerged in phys-
iological serum (PBS) at a temperature of 37 &+ 0.5°C. To
achieve uniform conditions for each sample, a time interval
of 10min was considered between the end of the assembly
and the beginning of the test. To precondition the samples,
ten successive loading cycles were executed up to a stress
value of 300 kPa. Axial load and axial jaw displacement were
recorded during the whole test. Details of the experimental
procedure can be found in Garcia-Herrera et al. (2012a).

The uniaxial test measurements reported in Sect. 3.1 are
used in this work to determine the material parameters of the
Demiray constitutive model briefly presented in Sect. 2.2.
For this model, the Cauchy stress associated to the loading
direction 1 can be exclusively written in terms of the related
axial stretch A1 = L/Lo, with L and L being the current and
initial sample lengths, respectively. This relationship reads
(Ogden 1984)

1 b 2

In this case, a linear least-squares-fitting procedure to
derive the material parameters a and b is carried out (Garcia-
Herrera et al. 2012b). The resulting material parameters for
both the young and aged vessels are presented in Sect. 3.1.

3 Results
3.1 Tensile test

The average experimental stress—stretch curves obtained up
to the rupture stage along the circumferential direction for
both the young and aged groups are plotted in Fig. 2 (the
vertical bars denote the standard error, i.e. the ratio between
the standard deviation and the square root of the number
of specimens), where a good repeatability of the measure-
ments can be clearly observed. Although not shown, the
stress—stretch curves along the axial direction exhibited no
significant differences with those along the circumferential
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Fig. 2 Experimental measurements and computed results of Cauchy
stress versus stretch along circumferential direction for both groups
(Foung = 0:996 and rX.q = 0.961)

Table 2 Groups considered in study: age interval and material para-
meters

Group Age Material parameters

a (kPa) b
Young 16-36 104.0 0.844
Aged 65-90 69.2 5.792

direction in a wide stretch range ([1.0-2.1] and [1.0-1.6]
for the young and aged samples, respectively). Thus, the
behaviour can be assumed to be practically isotropic since
its stiffness is mainly provided by the elastin component of
the tissue. Moreover, it should be noted that similar mater-
ial responses were observed at different positions around the
circumference and along the length of the artery. Therefore,
these two aspects (i.e. material isotropy and homogeneity)
justify the assumption that an adequate description of the
material behaviour can be simply tackled by means of the
constitutive model expressed by Eq. 1. In addition, the tensile
response of arteries belonging to healthy patients between 37
and 51 years old (not shown here) exhibits an intermediate
response between those presented in Fig. 2.

The stress—stretch curves obtained by applying a least-
squares fitting of Eq. 2 to the corresponding experimen-
tal data are also plotted in Fig. 2. The material parameters
derived with this methodology are included in Table 2.
A detailed description of this material characterisation proce-
dure is reported in Garcia-Herrera et al. (2012b). These para-
meters are used in the simulations presented in Sect. 3.2.3.
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Fig. 3 Geometry and boundary conditions of human aortic arch con-
sidered in the analysis (dimensions in millimeters)

3.2 Simulation of an aortic arch

This section presents the numerical simulation of the mechan-
ical response of young and aged human aortic arches under
in vivo normal and hypertension physiological conditions,
i.e. systolic pressure of 120 and 160 mmHg, respectively. To
this end, important aspects related to this analysis are pre-
sented separately in what follows.

3.2.1 Geometry and boundary conditions

The geometry of the human aortic arch used in the numer-
ical simulation carried out in this work was obtained from
anatomical data of adults (Putz et al. 2001; Beller et al.
2005) and from the samples considered in Sect. 2.1. The
geometric configuration corresponds to the arch subjected
to diastolic pressure (80 mmHg). It should be noted that the
initial stresses resulting from this condition must be taken
into account in the simulation; otherwise, the response is
fictitiously flexible. This aspect is described in Sect. 3.2.2.
Figure 3 depicts the geometry of the human aortic arch con-
sidered in the present analysis.

In vivo measurements on healthy patients during their car-
diac cycle reported by Beller et al. (2004) are adopted here
to define appropriate boundary conditions. They encompass
three types of kinematic constraints. Firstly, the axial motion
of the aortic root, caused by its connection to the left ventri-
cle, consisting in an axial displacement of # = 8.9 mm and a
rotation of ¢g = 6°; see Figs. 3 and 4. Secondly, the other four
edges of the aortic arch are assumed to be axially fixed and
unconstrained along the radial direction. Thirdly, the effect of
the ligamentum arteriosum is taken into account by means
of a spring element with a stiffness ten times higher than that
of the aortic arch tissue. The influence of this ligamentum on
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Fig. 4 Motion of aortic root
(Beller et al. 2004)

Table 3 First estimation for initial stress components of arteries at a
pressure of 80 mmHg

Vessel oy (kPa) o, (kPa)
Aortic arch 65.1 32.6
Brachyocephalic trunk 32.0 16.0
Carotid artery 26.7 134
Subclavian artery 26.7 13.4

the mechanical response of the aortic arch under extreme sce-
narios was described by Richens et al. (2002) and Richens et
al. (2004). All these boundary conditions are shown in Fig. 3.

3.2.2 Estimation of initial stresses

The in vivo initial stresses present in the different arteries
of the aortic arch are estimated in this work for the dias-
tolic pressure (80 mmHg), together with and axial stretch of
1.2 according to the measurements reported by Chuong and
Fung (1986). Both the circumferential oy and axial o, com-
ponents of the stress tensor are firstly computed with the thin-
walled equation for cylinders (Garcia-Herrera et al. 2012a).
The assumption of constant stress along the wall thickness is
justified by the long-recognised fact that the main purpose of
the initial hoop stress radial distribution that develops along
an artery wall is the achievement of a nearly uniform stress
pattern in the vessel when it is subjected to standard phys-
iological loading states (Fung 1993; Okamoto et al. 2002).
The obtained values for the initial circumferential and axial
stress components are summarised in Table 3. However, this
computed initial stress field does not strictly fulfil, in general,
the equilibrium with the internal pressure (80 mmHg). This
drawback is overcome via the numerical procedure described
in what follows.

S, Max. Principal

+0.275e+04
+8.502e+04
+7.72%e+04
+6.956e4+04
+6.183e+04
+5.4108+04
+4.637e+04
+3.864e404
+3.092e+04
+2.31%e+04
+1546e+04
+7.72%e+03
+7.148e-0

Fig. 5 Computed initial maximum principal stress at 80 mmHg

The approach to obtaining a compatible initial stress field
is iteratively tackled by solving the equilibrium equations
together with the Demiray constitutive model using the finite-
element method (Garcia-Herrera et al. 2012b) until the con-
dition of a nearly zero displacement field for the whole
aortic arch is fulfilled. For this problem, a maximum admis-
sible diameter variation of 2% was chosen. The converged
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5, Max. Principal

(Avg: 75%)
+1.719e+05
+1.562e+05
+1.404e+05
+1.2472+05
+1.08%e+05
+9.313e+04
+7.737e+04
+6.161e+04
+4 .585e+04
+3.009e+04
+1.433e+04
-1.428e+03

-1.719e+04

A O pmax

(Avg: 75%)
+1.362e+00

+1.010e+00

B /\pm.a:r

Fig. 6 Deformed configuration for young aortic arch at 120 mmHg. a Maximum principal stress (Pa). b Maximum principal stretch

initial maximum principal stress field obtained with this pro-
cedure, which is considered in the simulations presented in
Sect. 3.2.3, is shown in Fig. 5. It is seen that the stresses are
mainly concentrated in the vicinity of the bifurcations and
ligamentum arteriosum. Although the stress distribution is
not uniform along the thickness, the corresponding average
values nearly agree with those summarised in Table 3. It
should be noted that the stress concentrations located around
these zones were found to be not strongly affected by
the curvature radii of the junctions of the branches from
the aorta.

3.2.3 Stress and stretch contours

As mentioned previously, the mechanical response of a
human aortic arch is simulated under in vivo normal and
hypertension physiological conditions. In the first case, a
systolic pressure of 120mmHg is applied to the young
aortic arch. In the second case, the effect of hyperten-
sion pressure of 160mmHg on young and aged vessels is
analysed.

The simulations were carried out using the non-linear con-
stitutive model and the corresponding material parameters
respectively presented in Sects. 2.2 and 3.1.

The finite-element mesh used in the simulations was com-
posed of 28,437 nodes and 22,176 isoparametric hexahedra.
Four elements were considered along the wall thickness in
order to properly capture the stress radial gradients that may
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develop in the different regions of the aortic arch. It should be
noted that this mesh is the result of a previous convergence
study of the numerical response to different discretisations.

The maximum principal stress and stretch contours at the
deformed configuration for a young aortic arch subjected
to 120mmHg are plotted in Fig. 6. The same results at
160 mmHg for young and aged aortic arches are respectively
shown in Figs. 7 and 8. In addition, the radial, circumferential
and longitudinal stress components computed for the hyper-
tension conditions for both groups are respectively depicted
in Figs. 9 and 10.

4 Discussion

The experimental tensile curves shown in Fig. 2 exhibit two
zones with different stiffnesses. For low stretching, the curves
show a flexible response with a nearly constant slope. This
firstzonerangesuptoA; >~ 1.35and A1 >~ 1.20 for the young
and aged samples, respectively. For larger stretches, the slope
continuously increases up to the rupture stage. Although
some experimental-numerical discrepancies are noticed (e.g.
at high and low levels of deformation for the young and aged
samples, respectively), an overall good adjustment is clearly
seen within the full stretching range for both groups. More-
over, additional experimental tensile tests (not shown) using
samples extracted from regions located near the arterial bifur-
cations showed a similar response to that corresponding to
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Fig. 7 Deformed configuration
for young aortic arch at
160mmHg. a Maximum
principal stress (Pa). b

. L S, Max. Principal 11
Maximum principal stretch (Avg: 75%) (Avg: 75%)
+2.89%6e+05 +1.528e+00

+2.638e+05
+2.38le+05
+2.123e+05

+1.486e+00
+1.443e+00
+1.401e+00

+1.865e+05 +1. +

118635108 11:3738108
+]1. e+ +1.27 -+

+1.092e+05 +% _§3§§+88
+5.339e+04 +1.190e+00
+5.762e+04 +1.148e+00
+3.1840+04 +1.105e+00
+6.062e+03 +1.063e+00
-1.971e+04 +1.021e+00

A Opmax B )\pm.u.:tr

S, Max. Principal

(Avg: 75%) 11
+3.080e+05 Avg: 7
- +2.823e+05 . 11 ;§§L+oo
+2.567e+05 +1.310e+00
+2.310e+05 +1.284e+00
+2.053e+05 +1.257e+00
+1.797e+05 +1.231e+00
+1.540e+05 +1.205e+00
+1.283e+05 +1.179e+00
+1.027e+05 +1.152e+00
+7.700e+04 +1.126e+00
+5.134e+04 +1.100e+00
+2.567e+04 +1.074e+00
+0.000e+00 +1.048e+00
+1.021e+00
A O'pnma: B /\pma;t:

Fig. 8 Deformed configuration for aged aortic arch at 160 mmHg. a Maximum principal stress (Pa). b Maximum principal stretch

the aortic arch (e.g. within the stretch range [1.0-1.6], the stretch levels can be attributed to the action of the complexly
responses are practically the same, while a difference of 40% oriented collagen fibres. This effect has also been reported
is observed for a stretch value of 2.0). The discrepancy athigh by Hariton et al. (2007). The assumption of homogeneous
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Fig. 9 Deformed configuration for young aortic arch at 160 mmHg: a radial, b circumferential and ¢ longitudinal stress components (Pa)

mechanical properties along the whole arch is clearly a lim-

itation of the present analysis.
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The use of the maximum principal stress and stretch val-
ues that develop in loaded aortas has been proposed in the
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s, S22
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+8.324e+04
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+6.544e+04
+5.654e+04
+4.763e+04
+3.873e+04

C 0

Fig. 10 Deformed configuration for aged aortic arch at 160 mmHg: a radial, b circumferential and ¢ longitudinal stress components (Pa)

literature to predict the failure of a vessel. In particular, this with aneurysms. Moreover, other authors, such as Mohan and
problem has been studied by Di Martino and Vorp (2003); Melvin (1982) and Lonescu et al. (2006), proposed failure
Li and Kleinstreuer (2005) and Vorp (2007) defining a max-  criteria for soft tissues in terms of maximum stretches. In
imum principal-stress-based criterion for descending aortas  these approaches, the maximum principal stress and stretch

@ Springer



1152

C. M. Garcia-Herrera, D. J. Celentano

values are compared to those measured in the tensile test.
In the present work, these two variables are also adopted to
assess the failure degree of the aortic arch under normal and
hypertension loading conditions.

As depicted in Fig. 6a, the maximum stress values for the
young group at the normal physiological condition occur at
the intersection of the brachyocephalic trunk with the arch.
For the ascending aorta, the maximum stress value is 143 kPa,
well below the tensile rupture stress for the young group (i.e.
1,270kPa; Fig. 2). Moreover, relevant stress levels are devel-
oped at the internal region of the arch. As depicted in Fig. 6b,
the maximum stretch value of 1.36is located at the inner wall
of the brachyocephalic trunk—arch union. This value corre-
sponds to 65% of the rupture stretch (i.e. 2.1; Fig. 2). Both
failure criteria clearly show that the zones with higher risk
levels are situated at the root of the three aortic arch bifurca-
tions and at the vicinity of the ligamentum arteriosum. From a
clinical point of view, the most important zone is that located
near the ligamentum arteriosum due to the high stress con-
centration that takes place there (Pasic et al. 2000; Chiesa et
al. 2003; Richens et al. 2004; Field et al. 2007; McGillicuddy
and Rosen 2007; Braverman et al. 2010). The stress level in
this area is more critical than those developed at the junctions
where arteries branch off from the aortic arch. However, rel-
evant stresses can occur in all these regions under extreme
loading conditions (e.g. hypertension, automobile accidents).

Although the systolic pressure P does not significantly
affect the stress level compared to the diastolic pressure Py
(Figs. 6a and 5), relatively large strains are developed in the
ascending aorta due to the kinematic boundary conditions.
The external diameter and average thickness of the ascend-
ing aorta at 120mmHg are 26.1 and 1.61 mm, respectively.
The external diameters of the ascending aorta at the diastolic
and systolic conditions (Dy and Dy, respectively) allow the
estimation of its stretching capacity. This feature is usually
quantified by means of the distensibility DC (Laurent et al.
2006):

D} - D;

DC = ———",
Di(Ps — Py)

3)

where, in this case, the distensibility gives 2.7 X 1073
mmHg ™!, which is very close to the in vivo measured value
of 2.5 x 1073 mmHg ! in healthy young patients (Koullias
et al. 2005).

Figure 7 shows that the maximum stress and stretch values
for the young group at the hypertension condition (290kPa
and 1.6 respectively) are, as in the former case, also mainly
located near the root of the three aortic arch bifurcations and
in the vicinity of the ligamentum arteriosum. Considering
these values in the stress—stretch curve of Fig. 2, it is seen
that the material behaves within the so-called elbow zone
(defined approximately by the interval 1.55 < A1 < 1.85),
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which exhibits a moderate stiffness that allows the damping
of the pressure wave with stretch levels smaller than that of
the rupture stage (the ratio between these two values is 0.73).

The maximum stress and stretch values for the aged aor-
tic arch at the hypertension condition are, as plotted in
Fig. 8, 300kPa and 1.33 respectively. The aged aortic arch
exhibits, compared to that of the young group, a stiffer mate-
rial response with lower stretching levels. This stress—stretch
level is beyond the elbow zone of this material (defined
approximately in this case by the interval 1.25 < A1 < 1.40),
which consequently leads to a deterioration of the pres-
sure wave damping capacity of the artery reflected in the
development of more irregular downstream flows and pres-
sures. It should be noted that the maximum stresses under
in vivo conditions occur for stretch values higher than 1.4,
where the tensile fitting is adequate (Fig. 2). This fact is
also appreciated in the drop of the distensibility to a value
of 1.3 x 1073 mmHg ™!, which is very close to the in vivo
measured values of aged arteries (Liu et al. 2012) and nearly
50% less than that of a healthy young patient. This marked
decrease in distensibility with age has been also reported by
Rose etal. (2010). Moreover, the ratio between the maximum
stretch value and that of the tensile rupture stage (Fig. 2) is
0.85 in this case, i.e. closer to the failure condition than that
of the young aortic arches.

The stress distributions in the ascending aorta at 160 mmHg
are depicted in detail in Figs. 9 and 10 for the young and
aged patients respectively. For the young tissue, the max-
imum stress occurs at the inner part of the aortic arch, e.g.
the respective values for the circumferential and longitudinal
stress components are 250 and 125kPa. It should be noted
that the value of the radial stress component at the inter-
nal surface of the aorta evens up the applied pressure (i.e.
160mmHg= 21.332kPa). A similar stress pattern is also
observed for the aged tissue, where in this case the maxi-
mum circumferential and longitudinal stress components are
200 and 146 kPa respectively. Moreover, different circumfer-
ential stress values at the inner and outer parts of the aortic
arch are clearly observed for both tissues.

Finally, it should be mentioned that additional simulations
carried out with different boundary conditions and lengths of
the three arteries (i.e. brachyocephalic trunk, carotid artery
and subclavian artery) showed that they do not substantially
affect the stress contours at the root of those arteries.

5 Conclusions

Constitutive modelling and numerical simulation aimed at
analysing the mechanical response of young and aged human
aortic arches under in vivo physiological conditions was pre-
sented. The tissue of these two groups were firstly charac-
terised via in vitro tensile test measurements that enabled,
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via a least-squares procedure, the derivation of the mater-
ial parameters of a hyperelastic isotropic constitutive model
adopted in this work to describe the material response. This
material characterisation, together with the proposed alterna-
tive methodology to estimate the initial stress, was found to
provide a realistic description of the mechanical behaviour of
the aortic arch subjected to in vivo normal and hypertension
pressures. The maximum principal stress and stretch values
adopted here as risk-of-failure criteria allowed the determi-
nation of the critical zones of the vessel. These two failure
criteria clearly showed that the zones with higher risk levels
are situated at the root of the three aortic arch bifurcations and
in the vicinity of the ligamentum arteriosum for both groups
of patients. For the healthy young patients, the computed dis-
tensibility was very similar to an experimentally measured
value reported in the literature. In addition, the predicted dis-
tensibility for the aged tissue was very close to the measured
value of pathological arteries, which approximately corre-
sponds to 50% lower than that of the young vessel.

Future research on this area will be focused on the limi-
tations of the present analysis, i.e. consideration of patient-
specific complex geometry and realistic boundary conditions
aimed at achieving a better estimation of the stress and
strain patterns in the artery, further validation including more
results than those considered in this work, assessment of other
constitutive models, effects of the presence of aneurysms,
characterisation of the mechanical response of the ligamen-
tum arteriosum in order to more accurately compute the stress
concentrations and, in addition, simulation of the influence
of blood flow on the mechanical response of the aortic arch.
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