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Abstract Marfan syndrome (MFS) is a genetic disorder
that affects connective tissue, impairing cardiovascular
structures and function, such as heart valves and aorta.
Thus, patients with Marfan disease have a higher risk of
developing circulatory problems associated with mitral
and aortic valves prolapse, manifested as dilated aorta and
aortic aneurysm. However, little is known about the bio-
mechanical characteristics of these structures affected with
MES. This study presents the modelling and simulation of
the mechanical response of human ascending aortic aneu-
rysms in MFS under in vivo conditions with intraluminal
pressures within normotensive and hypertensive ranges. We
obtained ascending aortic segments from five adults with
MES subjected to a vascular prosthesis implantation replac-
ing an aortic aneurysm. We characterised the arterial sam-
ples via ex vivo tensile test measurements that enable fitting
the material parameters of a hyperelastic isotropic constitu-
tive model. Then, these material parameters were used in a
numerical simulation of an ascending aortic aneurysm sub-
jected to in vivo normotensive and hypertensive conditions.
In addition, we assessed different constraints related to the
movement of the aortic root. Overall, our results provide
not only a realistic description of the mechanical behaviour
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of the vessel, but also useful data about stress/stretch-based
criteria to predict vascular rupture. This knowledge may be
included in the clinical assessment to determine risk and
indicate surgical intervention.

Keywords Human aorta - Marfan syndrome - Finite
elements

1 Introduction

The Marfan syndrome (MFS) is a dominant autosomic
genetic disorder that affects the elastic fibres of the con-
nective tissue and is closely related to cardiovascular prob-
lems [25, 35]. For instance, MFS induces aortic dissections
(layer separation of the artery) and/or thoracic aneurysms
that present dilatations in the ascending region, usually in
the vicinity of the aortic root [24]. As a consequence, the
elastic response of the artery is severely jeopardized reduc-
ing both the strength of the aortic wall and its damping
capacity of the intravascular pressure. This, in turn, impairs
the conversion of the intermittent nature of the blood flow
coming from the heart into a continuous flow [29]. More-
over, the fast aortic growth observed in MFS is closely
related to a high risk of rupture and/or dissection at early
ages (24.8 years old in average), leading to a dramatic
reduction in life expectancy and eventual death [25]. This
has motivated clinical and biomedical research to develop
predictive models of the mechanical behaviour of aortic
aneurysms.

The clinical estimates of rupture and dissection risks are
currently based primarily on the maximum diameter and
growth rate. However, these parameters cannot reflect the
complex changes of the vessel wall morphology, and there-
fore, more data are needed to complement the information
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to decide an intervention [23]. The surgery to prevent rup-
ture of the aneurysm has a significant risk, so it is only
recommended when the risk of aneurysm rupture is higher
than that of the surgery itself [11, 32]. In some cases,
microscopic examination revealed an absence of the medial
elastic fibres of not only the pathological wall but also in
the vicinity of the aneurysm. This result justifies the entire
aortic root replacement via the reimplantation technique,
which has been found to be appropriate for the isolated
aneurysm in one sinus of Valsalva in a patient affected by
MES [27].

Biomechanical ex vivo assessments, such as the uniaxial
tensile, wire myograph, pressurisation (inflation—extension)
and biaxial tests, have been extensively used to obtain rel-
evant features of the pathological mechanical response and
the conditions leading to material failure. Several indexes
to estimate the aortic aneurysm elasticity and stiffness have
also been defined in order to quantify the rupture stress and
the wall strength along the different directions of the tissue
[3, 10, 12, 13, 19, 30, 31, 33, 34, 36]. Furthermore, a slight
anisotropic behaviour was observed in aneurysms in MFS
[31]. However, an anisotropic response was found in some
aneurysms not related to MFS, e.g. dilated ascending aor-
tas [13, 15] and aneurysms caused by bicuspid aortic valve
[15].

Several constitutive models that take into account the
tissue morphology have been developed to phenomeno-
logically describe the mechanical response of the aneurysm
under physiological loads. Most of the studies using these
models have been tested in abdominal aortic aneurysm
(AAA) due to its higher prevalence and ease to obtain sam-
ples [8, 9, 22, 40, 42]. Numerical simulations based on a
linear elastic isotropic law have been carried out to study
the response of the aortic valve affected by the MFS when
subjected to different aortic root dilatations response [18].
Furthermore, in vivo stress analysis of aortic archs under
physiological conditions for healthy and MFS-related aneu-
rysms using a linear elastic isotropic constitutive model to
account for aortic root movements during the cardiac cycle
has been reported [4, 5]. Aortic root movement and hyper-
tension were found to significantly increase the longitu-
dinal stress in the ascending aorta, demonstrating that the
aortic insufficiency leads not only to an augmented stroke
volume as a compensation mechanism, but also to increase
the aortic root displacement in its axial direction. However,
the physiological roles of neither the ligamentum arterio-
sum nor the aortic residual stresses were included in these
studies. Since high anisotropy was not observed in arterial
tissues affected by MFS, their mechanical response was
described via an exponential isotropic strain energy func-
tion [26]. Analytical and numerical procedures to predict
the the bulging mode of bifurcation and axial propaga-
tion in the context of aneurysm formation with cylindrical
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geometry in cardiovascular diseases have been also
explored [1, 2].

Clearly, there have been advances in the mechanical
characterisation of the ascending thoracic aortic aneurysm
(ATAA) in the last decade [35]. However, a comprehensive
analysis including numerical modelling and experimental
validation of the in vivo mechanical behaviour of an ATAA
with the MFS is still a research subject to be explored.

We aimed in this work to biomechanically character-
ise and numerically simulate the in vivo behaviour of the
human ascending aortic aneurysm in the MFS. The mate-
rial and methods considered in this study, which encompass
experimental procedures, modelling and material charac-
terisation applied to a group of adult arteries with similar
ages, are presented in Sect. 2 (Material and methods). The
assessed aneurysms were firstly characterised via ex vivo
uniaxial tensile test measurements that enable to fit by a
least-squares procedure the material parameters of a non-
linear hyperelastic isotropic constitutive model. It should
be noted that the MFS aneurysms analysed exhibit a slight
degree of anisotropy. Using these material parameters,
Sect. 3 (Results) presents the results of the tensile response
and the numerical modelling of ascending aortas with Mar-
fan aneurysms subjected to in vivo conditions with nor-
motensive and hypertensive pressure levels. In addition,
the experiment was performed under different conditions
related to the movement of the aortic root. Relevant aspects
related to the geometry, boundary conditions and initial
stresses considered in the analysis are specifically detailed
in this section. Finally, our findings discussed in Sect. 4
were found to provide a realistic description of the bio-
mechanical responses of the aneurysm. These predictions
together with an adequate definition of stress/stretch-based
criteria may allow an appropriate diagnosis of the risk of
failure at damaged zones of the aneurysm.

2 Material and methods
2.1 Ascending aorta samples

The MFS aortas came from five adult patients with MFS
who were subjected to vascular prosthesis implantation sur-
gery (Table 1). A representative picture of these dilated aor-
tas is shown in Fig. 1. The pathological condition of the tis-
sue was confirmed by a histological analysis. Briefly, small
pieces of tissue were extracted from each artery along its
longitudinal and circumferential directions (parallel and
perpendicular to the vessel axis, respectively). Each seg-
ment of tissue was fixed in formaldehide 4 %, embedded
in paraffine and subsequently treated with hematoxiline—
eosine to observe nuclei and elastin—collagen packages. In
addition, van Gieson staining was used to identify elastin
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Table 1 Data of patients with Marfan aneurysm in the ascending
aorta

Vessel Sex Age (years) Weight (kg) Height (m)
1 F 58 71 1.66
2 M 69 88 1.70
3 M 55 86 1.80
4 M 50 76 1.76
5 F 57 73 1.69

and collagen fibres. Images of the vessels were taken in
order to quantify nuclei, elastin and collagen plus the distri-
bution of elastin and collagen fibres.

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. To this end,
hyperelastic constitutive models can be used to describe
their mechanical response. 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 = FT . F, where F is the deformation gradient tensor and
T is the transpose symbol (note that det F = 1 in this case).
Invoking classical arguments of continuum mechanics, the
Cauchy stress tensor ¢ is defined as o = 2F - %_vg -FT. In
particular, the energy function proposed by Demiray in [6]
is expressed as:

w=2 bi—3) -1
—Z[exp(z(l— ))— } (1

where I is the first invariant of C(I; = tr(C), tr being the
trace symbol).

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 human aortic arch includ-
ing the aneurysm with the MFS and the unaffected tissue.
Although the Demiray model is used in the present study
to assess the risk of rupture, it should be noted that it can-
not predict the risk of dissection since it does not take into
account the layered nature of the tissue.

2.3 Biomaterial characterisation via the uniaxial tensile
test

Ex vivo uniaxial tensile tests were carried out in order to
determine the biomechanical behaviour of the aortic sam-
ples. The samples were cut along the longitudinal, diago-
nal and circumferential directions in order to characterise
the degree of anisotropy in the material response. They
were extracted from the anterior and posterior regions of
the ascending aorta. All tests were performed immedi-
ately after dissection and after a maximum period of 24 h
(i.e. 1 day from the time of replacement to testing). The
tests were carried out with the specimens submerged in
physiological serum (PBS) at a temperature of 37 & 0.5°
C. In order to achieve uniform conditions for each sam-
ple, a time interval of 10 min 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 around 10 % of the
rupture threshold (100 and 300 kPa for the aneurysmal
and unaffected zones of the aorta, respectively). Axial
load and axial jaws displacement were recorded during
the whole test (the frequency of data acquisition was 10
measurements per second). The uniformity of the strain
field was checked with an optical strain measurement

Fig. 1 Representative segments of dilated ascending aortas with Marfan syndrome
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device. Further details of the experimental procedure are
described elsewhere [16].

The uniaxial tensile test measurements reported in
Sect. 3.1 are used in this study to determine the biomate-
rial parameters of the exponential constitutive law pre-
sented above. The true axial stress associated with the load-
ing direction 1 was computed as o1 = F /A, where F is the
axial load and A is current transversal area of the sample.
For this model, this stress can be exclusively written in
terms of the related axial stretch A} = L/Lg, with L and Lg
being the current and initial sample lengths, respectively.
This relationship is:

, 1 b 2
o :a(/n%— M) exp [2 ()ﬁ—i—h —3)} 2)

In this case, a linear least-squares fitting procedure to
obtain the biomaterial parameters a and b was achieved
[16]. The resulting biomaterial parameters for both the
unaffected and MFS tissues are presented in Sect. 3.1.

Data processing and statistics: at least 12 specimens
were tensile-tested for each aneurysm, four in each of the
three directions (longitudinal, diagonal and circumfer-
ential). The same procedure was performed for the unaf-
fected part of the vessel. All in all, 145 tests on ascend-
ing aortic tissue were carried out. The value of the rupture
stress defined above was averaged for each group and ori-
entation (only longitudinal and circumferential due to the
nearly isotropic character of the tissue). Data are presented
as mean = SD. An unpaired 2-tailed Student’s t test was
performed to compare the rupture stress. Significance was
assumed for p as less than 0.05.

3 Results

All patients were adults between 50 and 69 years old; see
Table 1. The experimentally measured maximum diameter
and thickness values at the aneurysmal zone of the ascend-
ing aorta were 47.5 &+ 2.5 mm and 2.0 £ 0.15 mm, respec-
tively consistent with previous reports [31].

3.1 Uniaxial test

The average experimental stress—stretch curves obtained up
to the rupture stage along the circumferential and longitudi-
nal directions for the aneurysmal zone are plotted in Fig. 2a,
evidencing good repeatability between measurements. Fur-
thermore, the stress—stretch curves along the diagonal direc-
tion (i.e. 45° with respect to the axial direction) showed no
significant differences with those along the circumferential
and longitudinal directions over the whole stretch range up
to rupture [(1.0-1.65), data not shown]. Thus, the biome-
chanical response can be assumed as practically isotropic,
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Fig. 2 Experimental data and computed results of true stress
versus stretch along the circumferential, diagonal and longitu-
dinal directions for a the aneurysmal zone (a = 79.613 kPa and
b=3152; 1’ = 0.989) and b the unaffected part of the aortic arch
(a =54.419kPa and b = 1.936; > = 0.996)

since its stiffness is mainly provided by the elastin compo-
nent of the tissue. In addition, the rupture stress values cor-
responding to both directions are similar. Moreover, it should
be noted that similar biomaterial behaviours were observed
at different positions around the circumference and along
the length of the aneurysm. Therefore, these two aspects (i.e.
material isotropy and homogeneity) justify that an adequate
description of the biomaterial response can be simply tackled
by means of the constitutive law expressed by Eq. 2. This
argument is valid for both the affected and unaffected parts
of the aortic arch until a stretch value of 1.7.

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. 2a. In addition, the tensile
response of the unaffected portion of the arch was charac-
terised by the same methodology described above. In this
case, the average experimental stress—stretch curves along
the circumferential and longitudinal directions are plotted
in Fig. 2b.

The resulting two sets of material parameters are used in
the numerical simulation presented in Sect. 3.2.
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3.2 Numetical simulation of an ascending aorta with a
Marfan aneurysm

This section presents the numerical modelling of the bio-
mechanical behaviour of the human aortic arch character-
ised in Sect. 3.1 under in vivo normotensive and hyperten-
sive conditions (systolic pressures of 120 and 160 mmHg,
respectively). Relevant analyses were performed and pre-
sented below.

3.2.1 Geometry and boundary conditions

The 3D simplified geometry of the human aortic arch used
in the numerical simulation for this study was obtained
from digital images of the samples considered in Sect. 2.1
complemented with anatomical dimensional data of adult
aortas [4, 5, 38]. Figure 3 depicts the geometry considered
in the present analysis.

The numerical simulation of this problem was carried
out using the nonlinear constitutive model, and the corre-
sponding material parameters, respectively, are presented
in Sects. 2.3 and 3.1. This constitutive model has been
implemented in an in-house finite element code extensively
validated in many biomechanical applications [16, 17].
Moreover, the finite element mesh used in the simulations
was composed of nearly 55,500 nodes and 44,000 isopara-
metric hexahedra. Four elements were considered along
the wall thickness (assumed constant in the computations)
in order to properly capture the stress radial gradients that
may 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.

In vivo measurements on healthy and pathological
patients during their cardiac cycle reported by [4, 5] are
adopted here in order to define appropriate boundary con-
ditions. They encompass three types of kinematic con-
straints. Firstly, the axial motion of the aortic root, caused
by its connection to the left ventricle, consisting of an axial
displacement of ¥ = 8.9 mm and a rotation of ¢y = 6°
(Fig. 3). 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 ele-
ment with a stiffness ten times higher than that of the aortic
arch tissue. Moreover, the presence of initial stresses was
also taken into account with the procedure described in
[17]. Tt is seen that the MFS damaged part of the tissue is
only circumscribed to the aneurysm of the arch which is
located in the ascending aorta. The elastic properties of the
material in this pathological zone are clearly different from
those of the unaffected tissue of the arch. In the numeri-
cal simulation, a linear transition between these two sets of

Fig. 3 Geometry and boundary conditions of the human ascending
aorta considered in the analysis (dimensions in mm)

Table 2 Aortic segments studied

Case P (mmHg) u (mm) b0 (0)
ATAA1 120 4.3 0

120 4.3 6

160 4.3 6
ATAA2 120 8.9 0

120 8.9 6

160 8.9 6
ATAA3 120 15.0 6

160 15.0 6

ATAA ascending thoracic aortic aneurysm

material properties was considered. Nevertheless, it should
be noted that the present analysis is focused on the mate-
rial’s response in the MFS region.

3.2.2 Stress fields

This study also aimed to compare the effect of the imposed
boundary conditions on the mechanical response of the
pathological ascending aorta. The cases shown in Table 2
are classified according to three values of the aortic root
displacement u, since the rotation ¢g was found by [4] to
not strongly affect the vessel’s behaviour when a linear
elastic isotropic model was used. Only the maximum val-
ues of pressure, aortic root displacement and rotation were
considered in the analysis. The sections (INI: initial part,
ANEU: aneurysm, ASC: ascending portion and UST: sino-
tubular joint) and regions (AN: front, RS: right, LS: left
and PO: back) of the aneurysm considered for the analysis
are shown in Fig. 4.

@ Springer



424

Med Biol Eng Comput (2017) 55:419-428

Table 3 Comparative analysis of the maximum principal stress in
region AN and section ASC

Case P (mmHg) u (mm) ¢o (o) oy (kPa)
Healthy [4] 120 4.3 0 300
Healthy [4] 120 8.9 0 340
Healthy [4] 120 8.9 6 350
Aneurysmal root [5] 120 4.3 0 330
Healthy [17] 120 8.9 6 143
Healthy [17] 160 8.9 6 290
ATAA1L 120 4.3 0 329
ATAAL 120 4.3 6 333
ATAA2 120 8.9 0 333
ATAA2 120 8.9 6 337
ATAA3 120 15 6 341
ATAA1 160 4.3 6 510
ATAA2 160 8.9 6 512
ATAA3 160 15 6 512

A comparative analysis of the maximum principal stress,
including results of the literature and those of the MFS
cases studied in the present work (i.e. ATAA1, ATAA2 and
ATAAD3), is summarised in Table 3.

The maximum principal stress contours at the deformed
aneurysmal zone under normotensive (both diastolic and
systolic) and hypertensive conditions for the ATAA2 case
are plotted in Fig. 5. Different regions and sections are par-
ticularly analysed, showing the most critical zone for each
loading condition.

Some clinical parameters of the analysed aneurysmal
sections for the ATAA2 case are shown in Table 4. The
pressure P and external diameter D of the ATAA in the
diastolic and systolic conditions (subscripts d and s, respec-
tively) allow the estimation of the vessel stretching capac-
ity and stiffness. These features are usually quantified by
means of the distensibility DC and the incremental modu-
lus Ejnc [21]:

De— D? - D? )
~ DX(Ps—Py)
3 D?
Epe= — (14 —5—9—
ine = = ( D3~ Dﬁi) @)

where Dy; is the internal diastolic diameter.

Finally, a comparative analysis of circumferential and
longitudinal rupture stresses for the ATAA2 case is pre-
sented in Fig. 6, summarising the data of Figs. 2 and 5.
The maximum values of o} and o, occur at the same AN
region (see Fig. 5). Moreover, these stresses are effectively
aligned with the circumferential and longitudinal direc-
tions in the critical locations. No distinction has been made
between male and female specimens, as no significant dif-
ferences between the two sexes have been found in the all
experiments. Only directional differences in mechanical
behaviour were found for unaffected specimens, where the
circumferential failure stresses were greater than the longi-
tudinal ones (2829 & 112 vs. 1120 &£ 101 kPa, p = 0.001).

4 Discussion

As shown in Fig. 2a, the MFS samples showed a nearly iso-
tropic response. This behaviour has also been observed in
MES [31] and other types of aneurysms [33, 36, 37, 42].
In the present study, we showed that the MFS markedly
affects the strength of the tissue in the stress—stretch ranges
as depicted in Fig. 2a. These stress—stretch levels are dif-
ferent from those corresponding to the unaffected tissue
(Fig. 2b).

The maximum principal stress values have been pro-
posed as a risk index to predict the failure of aneurysmal
tissues [7, 22, 41]. In agreement with the results that [4]
computed with a linear elastic isotropic model, Table 3

Fig. 4 Schematic representa-
tion of the sections and regions
considered for the analysis
(sections INI initial part, ANEU
aneurysm, ASC ascending por-
tion, UST sinotubular joint;
regions AN front, RS right,

LS left, PO back)

REGION

SECTION

s ]
INI / A ‘ \ " \\_\
/X‘ ; /,,

ASC S
UST -
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Fig. 5 Maximum principal
stress (Pa) in the deformed

| 80 mmHg

aneurysmal zone under normo-
tensive (diastolic and systolic)
and hypertensive conditions for
the ATAA?2 case with ¢g = 6°

1.7136e+05
- 1.5162e+05

13188¢+05
1.1214e+05

92404
72666
52928

33190

2 1083e+05
I 1.9109¢+05

367 kPa

3.8329¢+05
3.4972¢+05
3.1614¢+05
L 282570405
2.48%9e+05
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1.8184e+05
1.4826e+05
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81113

| 160 mmHg
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3.3295e+05
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I 2.2944e+05

5.9172e+05
I53997c~05

1.7768e+05
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Table 4 Clinical parameters of the analysed aneurysmal sections for
the ATAA?2 case

Section DC1073 Einc (kPa)
(mmHg™")

INI 11.28 120

ANEU 7.92 291

ASC 10.72 163

UST 8.26 186

shows that the aortic root rotation was also found to not
largely affect the vessel’s behaviour when the nonlinear
hyperelastic isotropic model considered in the present anal-
ysis was used. In healthy tissues, it is seen that both consti-
tutive models provide very different responses for the same
loading conditions, i.e. the stress value for the linear law is
nearly twice as that given by the hyperelastic law. Moreo-
ver, the stress results for the MFS cases studied in this work
clearly show that the root displacement value does not play

a relevant role in the aneurysm’s response. For normoten-
sive conditions, the stress levels corresponding to healthy
tissues are similar to those of MFS aneurysms, regardless
of the root displacement value. However, it should be noted
that the risk of failure is greater in the latter, as very differ-
ent stretch levels occur in these two types of tissues for the
same stress value (Fig. 2). On the other hand, for hyperten-
sive conditions, the effects of the MFS are evident since the
two types of tissues experience very different stress levels
(i.e. the stress value for the MFS tissue is approximately
twice that of the healthy tissue) such that the stress value
of the MFS case dangerously approaches its rupture stress
(Fig. 2a).

Furthermore, the most clinically relevant ATAA2 case
(Fig. 5) showed that although the stress distribution along
the aortic wall does not significantly change with pressure
variation, the maximum values are, as expected, highly
influenced by the physiological loading. The critical points
(i.e. maximum stress values) are located in either the distal
or inflection zones which do not correspond to the region

@ Springer
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Fig. 6 Comparative analysis of
circumferential and longitudinal 800
rupture stresses (kPa) under
normotensive (systolic) and 700 7
hypertensive conditions for the i~
ATAA?2 case with ¢g = 6°; a 600 1
the bars correspond to the =
experimental average tensile Qv 200
rupture stress 2
a 400 4
>
S
b 300
200
100 +
0 4

where the aneurysm presents its maximum diameter. For
normotensive conditions, the critical stresses in the upper
inflection zone are located in region LS with maximum val-
ues of 296 and 171 kPa for the INI and ANEU sections,
respectively. In general, lower stresses occur in section
ANEU, which is the part of the vessel that presents the
maximum dilatation. In the lower inflection zone, sections
ASC and UST of region AN exhibit the maximum stress
values, 367 and 268 kPa, respectively. This stress field
has a mainly circumferential orientation with a nearly uni-
form distribution along the thickness of the aneurysm. For
hypertensive conditions, the maximum stress values in the
upper inflection zone are 495 and 293 kPa, which corre-
spond to sections INI and ANEU, respectively. In the lower
inflection zone, the maximum stress values located in sec-
tions AST and UST of region AN are 551 and 398 kPa,
respectively. Once again, a negligible stress variation along
the thickness was found in this case. In accordance with the
results reported by [23, 28], the present numerical predic-
tions also ratify that section ASC of region AN is the most
critical zone prone to failure. However, the stress values
shown in Fig. 5 are lower than those computed by [28] (i.e.
the von Mises stress of section ASC of region AN are 350
and 400 kPa, respectively) since the latter were obtained
via a linear elastic model with material parameters corre-
ponding to a healthy tissue.

The computed values for the average thickness and
maximum external diameter for the ascending aorta under
the systolic pressure were 1.76 and 50.5 mm, respectively.
These values were used to obtain the parameters listed in
Table 4. It is seen that section ASC is more distensible than
section ANEU, presumably due to the greater amount of
damage in the former section. Similarly, the slightly greater
distensibility of section ASC with respect to section UST
is mainly associated with the higher stiffness of the latter
section. The ANEU section shows, however, an enhanced
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distensibility with a lower stiffness compared to a healthy
tissue [14]. In general, the damage in pathological arteries
leads to decreased elasticity of the tissue reflected in higher
Eiyc and lower DC values with respect to those of healthy
tissues [20]. Nevertheless, the MFS causes an inverse
effect, resulting in a more flexible passive mechanical
response in terms of Ejp. and DC [14, 20]. The mechanical
behaviour computed in the present work for the ATAA is
globally consistent with previous results [14, 20, 30, 39].

Figure 6 shows that the stress levels in the aneurysm
for the ATAA?2 case are close to rupture values measured
in the tensile tests, mainly along the circumferential direc-
tion for the hypertensive condition (Fig. 2). Thus, the
tissue of the aneurysm acts in the last part of the stress—
stretch curve, where it presents the greatest stiffness,
thereby reducing the damping capacity of the ascending
aorta. These rupture stress values are lower than those
of bicuspid aortic valve (BAV) patients [15]. Although
these results are partially in agreement with previous data
reported elsewhere [31], in which a significant differ-
ence between circumferential and longitudinal specimens
of aneurysms in MFS was not found, the trend noted in
Figs. 2 and 6 suggests that a small anisotropy could be
present in both diseased and healthy aortic walls, as it has
also been reported [19].

5 Conclusions

Experimental, modelling and simulation focused on the
in vivo biomechanical behaviour of adult ATAAs with
MEFS have been presented. The pathologic tissue was firstly
characterised via ex vivo tensile testing in order to obtain
the rupture stress and stretch levels as well as the material
parameters of a hyperelastic isotropic model adopted here.
Thus, we properly described the aortic passive response
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under normotensive and hypertensive conditions. This
mechanical behaviour is found to be realistic, since the
computed predictions are based on accurate experimental
tensile test measurements that are scarce in the literature.
The numerical simulations allowed the determination of the
potential risky zones of the aneurysm quantified in terms
of stress levels, distensibility and incremental modulus. It
is concluded that the rupture stress for a MFS aneurysm
exhibits lower values than those corresponding to BAV tis-
sues. This fact is associated with the microstructure degen-
eration of the aneurysmal wall.

Several aspects must be addressed in future research in
this area to translate this knowledge to the clinical prac-
tice, such as consideration of patient-specific geometry and
more realistic boundary conditions aimed at achieving a
better estimation of the stress pattern in the artery. Besides,
more experimental approaches considering assessment of
multi-layer constitutive models including the active behav-
iour and simulation of the influence of the blood flow on
the biomechanical response of the aortic aneurysm with the
MEFS must be developed for a complete and effective pre-
diction of the tissue behaviour.
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