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Abstract An aortic aneurysm is a permanent and local-
ized dilatation of the aorta resulting from an irreversible loss
of structural integrity of the aortic wall. The infrarenal seg-
ment of the abdominal aorta is the most common site of
aneurysms; however, they are also common in the ascend-
ing and descending thoracic aorta. Many cases remain unde-
tected because thoracic aortic aneurysms (TAAs) are usually
asymptomatic until complications such as aortic dissection
or rupture occurs. Clinical estimates of rupture potential and
dissection risk, and thus interventional planning for TAAs,
are currently based primarily on the maximum diameter and
growth rate. The growth rate is calculated from maximum
diameter measurements at two subsequent time points; how-
ever, this measure cannot reflect the complex changes of
vessel wall morphology and local areas of weakening that
underline the strong regional heterogeneity of TAA. Due to
the high risks associated with both open and endovascular
repair, an intervention is only justified if the risk for aortic
rupture or dissection exceeds the interventional risks. Conse-
quently, TAAs clinical management remains a challenge, and
new methods are needed to better identify patients for elective
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repair. We reviewed the pathophysiology of TAAs and the
role of mechanical stresses and mathematical growth models
in TAA management; as a proof of concept, we applied a
multiscale biomechanical analysis to a case study of TAA.
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1 Introduction

An aortic aneurysm is defined as a permanent and localized
dilatation of the aorta resulting from an irreversible loss of
structural integrity of the aortic wall. The infrarenal segment
of the abdominal aorta is a common site for the development
of aneurysms; however, aneurysms also form in the ascend-
ing, arch, and descending portions of the thoracic aorta. Most
thoracic aortic aneurysms (TAAs) are found in the aortic root
and/or ascending aorta (60 %) followed by the descending
thoracic aorta (40 %), the aortic arch (10 %), and the thoraco-
abdominal aorta (10 %), with some of them involving more
than one aortic segment (Isselbacher 2005).

The prevalence and incidence of aneurysms of the thoracic
aorta is more challenging to assess than for the abdominal
aorta due to poorer access to screening data (Sakalihasan et al.
2011). Many cases remain undetected because TAAs are usu-
ally asymptomatic and indolent until complications such as
aortic dissection or rupture occurs. Moreover, misdiagnoses
of deaths due to aortic occurrences (erroneously attributed
for example to myocardial infarction) contribute to underes-
timating the incidence of this disease (Elefteriades and Farkas
2010; Elefteriades et al. 2007). The incidence of TAAs seems
to have risen over the past 20 years (Clouse et al. 1998, 2004;
Acosta et al. 2006; Olsson et al. 2006). It is still not clear
whether this increased incidence is due to an improved detec-
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tion rate with a more prevalent use of CT-scanning or to an
actual increase in the number of cases as suggested lately
(Olsson et al. 2006; Elefteriades and Rizzo 2008).

TAAs clinical management remains a challenge in elective
as well as emergency cases, with mortality for aortic rupture
ranging from 94 to 100 % (Bickerstaff et al. 1982; Johansson
et al. 1995).

Clinical decisions on treatment strategies for TAA are cur-
rently based on measurable indices that can be obtained from
diagnostic images or patient data, such as aortic diameter and
growth rate. However, mechanics-based indices, such as wall
stresses and wall strains, are undoubtedly related to the events
or rupture and dissection. Moreover, factors that are difficult
to assess, such as the underlying causes of the aneurysm and
the local state of weakening of the wall, also affect an indi-
vidual aneurysm’s growth and its propensity for dissection or
rupture (Braverman et al. 2011). In spite of advances in sur-
gical care for TAA (including the use of endovascular tech-
niques), surgical risks remain high, and therefore, the deci-
sion for intervention must be based on the balance between
surgical risk and hazard of aortic rupture or dissection.

We reviewed the pathophysiology of TAAs and the role
of mechanical stresses and mathematical growth models as
possible tools to improve clinical management of aortic
aneurysms. Then, we adopted a previously reported multi-
scale framework for modelling aortic tissue to a case study
of TAA (Martufi and Gasser 2011, 2012a,b).

2 Aetiology and pathophysiology of TAAs

It is widely accepted that TAAs are the end result of a multi-
factorial process with genetic, environmental, and physiolog-
ical factors (Hackman et al. 2008). Elevation of the activity of
the proteolytic enzymes (MMPs) and down-regulation of the
inhibitory enzymes (TIMPs) (Koullias et al. 2004a,b) shift
the physiological balance towards an increased proteolytic
activity and an irreversible pathological weakening of the
aortic wall with consequent vessel dilatation and aneurysm
formation.

Ascending aortic aneurysms Aneurysms of the aortic root
and ascending aorta are most often related to cystic medial
degeneration. The most prevalent histological features of
this degenerative process are as follows: fragmentation of
elastic fibres, dropout of smooth muscle cells (SMCs),
mucoid degeneration, and accumulation of proteoglycans
(PGs) within cystic spaces of cell depletion. This gradual
degenerative process leads to focal weakening of the aortic
wall, which in turn is thought to result in aneurysm forma-
tion. Cystic medial degeneration is a nonspecific degenera-
tive condition of the media that has been traced to hyperten-
sion, and, to some extent, to the ageing process itself. When

these changes within the muscular layers of the aorta occur in
young patients, they can be associated with a vascular genetic
disorder, such as Marfan syndrome (Isselbacher 2005). The
decreased amount of elastin in the aortic wall and the loss
of the elastic fibres’ highly organized structure are respon-
sible for the observed abnormal aortic properties in patients
with Marfan syndrome. Elastic fibres contents and structural
organization play vital mechanical and biological roles in
arteries. The loss of elastic fibres’ integrity is thus detrimen-
tal to arterial function and leads to progressive stiffening of
the tissue and vessel dilatation (Jeremy et al. 1994).

The presence of an inherited genetic defect that affects
the aortic wall has also been described in patients with TAAs
who do not have apparent connective tissue disorders (Coady
et al. 1999; Albornoz et al. 2006). Although these cases of
TAAs may be sporadic, they are often present in multiple
members of the same family and are referred to as familial
TAA syndrome.

Bicuspid aortic valve (BAV) is associated with ascending
TAAs and with an increased risk of acute dissections regard-
less of the presence or absence of significant hemodynamic
valve dysfunction (Nistri et al. 1999; Nkomo et al. 2003;
Pachulski et al. 1991). BAV patients showed an intrinsic
abnormality of the aortic wall with congenital aortic fragility
responsible for cystic medial degeneration in the wall of the
ascending aorta (Fedak et al. 2003; Yasuda et al. 2003; Sa et
al. 1999). A congenital inadequate production of fibrillin-1
may result in both the BAV and the aortic wall fragility (Fedak
et al. 2003; Huntington et al. 1997). Moreover, inflammatory
cells infiltration and SMC apoptosis may contribute to the
additional weakening of the aortic walls of aneurysms asso-
ciated with BAVs (Schmid et al. 2003).

Descending thoracic aneurysms More than one-fourth of the
patients with abdominal aortic aneurysms (AAAs) also har-
bours a TAA, mostly located in the descending aorta (Larsson
et al. 2011). This observation seems to confirm the hypothe-
sis that aneurysmal pathology divides itself into two different
entities separated at the arterial ligament that is attached to
the inferior surface of the aortic arch: above the ligament is
one pathology and below the ligament another one (Albornoz
et al. 2006; Elefteriades 2008).

Atherosclerosis is the predominant underlying cause for
the majority of descending TAAs. These types of aneurysms
typically develop just distally to the origin of the left subcla-
vian artery with pathogenesis and risk factors that are sim-
ilar to those for AAAs (Isselbacher 2005), including wall
degeneration and extracellular matrix (ECM) adverse remod-
elling. The ECM provides an essential supporting scaffold
that bestows the aortic wall with its structural and functional
properties. The ECM mainly contains structural proteins such
as elastin, collagen, and PGs (Carey 1991), and the three-
dimensional organization of these components is essential
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to accomplish proper physiological function. Consequently,
localized degradation of connective tissue proteins, princi-
pally elastin, triggers initial aortic wall dilation (Dobrin et al.
1984; Anidjar et al. 1990). Collagen turnover and irreversible
pathological remodelling of the ECM promote enlargement
of the vessel and local wall weakening, which eventually lead
to aortic rupture.

3 Interventional planning of TAAs

Clinical estimates of rupture potential and dissection risk are
based primarily on geometric factors and growth rate. The
size of the aneurysm is a universally recognized predictor of
rupture risk. Thus, interventional planning for TAAs relies
mostly on the maximum diameter of the vessel (Elefteriades
and Farkas 2010). Based on the longitudinal data from the
Yale group, the risk of aortic rupture or dissection increased
dramatically at a maximum diameter of 6.0 cm for ascending
aneurysms and 7.0 cm for descending thoracic aneurysms.
This led to the current guidelines for surgical intervention
on TAAs of 5.5 cm for ascending aneurysms and 6.5 cm
for descending aortic aneurysm. (Elefteriades 2008; Coady
et al. 1997). However, at least half of all type A dissections do
occur at a diameter <5.0 cm (Pape et al. 2007). At the same
time, many patients with an ascending aortic aneurysm under
5.0 cm will have no complications. Further information is
needed to drill down on which patients with “small” thoracic
aortic aneurysms are at risk for complications and which
patients with large thoracic aortic aneurysms are not.

The intervention criterion for patients with Marfan syn-
drome, with a positive family history, or with BAV has been
set to lower levels, as there is some evidence that these
patients have a higher rupture risk (Elefteriades 2008; Coady
et al. 1997).

Growth rate has also been consistently shown to be a criti-
cal parameter in predicting aortic rupture (Griepp et al. 1999;
Lobato and Puech-Leao 1998). Fast aneurysm expansion was
found to be a risk factor for TAA rupture, independently from
TAA size (Lobato and Puech-Leao 1998). The mean growth
rate for all TAAs is 0.12 cm/year (Davies et al. 2002) with
the descending aorta growing slightly faster than the ascend-
ing one. Even if baseline diameter is a “gold standard” pre-
dictor of TAA growth, a substantial individual variation in
aneurysm expansion rates exists (Dapunt et al. 1994), thus
making it complex to prospectively predict patient-specific
enlargements.

Aneurysm expansion is defined in common clinical prac-
tice as the change in maximum aortic diameter over time, and
this measure is normally obtained measuring the maximum
diameter of the aorta at two points in time. However, moni-
toring methods that are related to only one cross-section pro-
vide only limited information about aneurysm growth. Areas

of fast growth can be missed, axial growth cannot be quanti-
fied, and shape changes of potential interest for endovascular
therapy-related decisions cannot be captured (Martufi et al.
2013).

4 Biomechanical modelling of TAAs

Biomechanical factors, such as structural and fluid-mechani-
cal stresses, influence the biological activity (Xu et al. 2010;
Nchimi et al. 2013) and play fundamental roles in the gene-
sis and development of vascular diseases (Humphrey 2002;
Xu et al. 2001; Lehoux and Tedgui 1998). These mechani-
cal stresses are transmitted from the macroscopic to the cel-
lular levels of a vascular tissue and influence the tissue’s
mechanobiology, namely the tendency of the cells in a spe-
cific tissue to respond to any changes in the mechanical and
chemical environment. The ensuing changes in turn affect
and impair the specialized function of the tissue within its
organ. Computer simulations and mathematical modelling
can provide the mean to estimate and quantify these bio-
mechanical factors and have the potential to contribute to
more effective diagnosis and treatment for vascular diseases.
From a strictly mechanical prospective, rupture and dissec-
tion can be regarded as a mechanical failure of the aortic
wall occurring when the mechanical stress exceeds the local
failure strength of the structurally compromised wall. One
main objective for biomechanical modelling is to assess the
risk of rupture and dissection of an individual aneurysm to
provide the surgeons with indications for intervention and
improved selection criteria for elective repairs that are tai-
lored to each individual patient. Improvements in risk assess-
ment will result in preventing aneurysm-related mortality
without unnecessarily increasing the number of repair inter-
ventions (and associated surgical complications).

Biomechanical modelling has been extensively used to
evaluate aortic wall stresses (Thubrikar et al. 1999; Borghi et
al. 2008; Nathan et al. 2011; Shang et al. 2013; Beller et al.
2004; Khanafer and Berguer 2009; Tse et al. 2011). Starting
from the stress maps, computationally derived indices such as
peak wall stress (PWS; the maximum stress in the wall) and
peak wall rupture risk (PWRR; the maximum stress/strength
ratio in the wall) have been proposed for abdominal aortic
aneurysms (Fillinger et al. 2003; Venkatasubramaniam et al.
2004; Gasser et al. 2010; Vande Geest et al. 2006). These
indices integrate information from the wall stress with clini-
cally known rupture risk factors and were shown to achieve a
more reliable risk prediction than maximum diameter alone
in AAAs.

Computing stress-derived parameters involves a nonlinear
biomechanical analysis, which requires an accurate three-
dimensional reconstruction of the aneurysm geometry, an
appropriate constitutive laws for the aneurysmal tissue, and
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the in vivo loading and boundary conditions. To this end, the
biomechanics of AAA has been studied extensively whereas
TAA biomechanics has not been fully analysed. TAAs and
AAAs can arise from different underlying causes and present
very distinct pathophysiology. However, the common path-
way of clinical progression for both pathologies involves
proteolytic degradation of the ECM and biomechanical fail-
ure.

Biomechanical predictions rely on an accurate constitu-
tive description of the aneurysmal tissue (Martufi and Gasser
2013; Rodriguez et al. 2009). To this end, there are two basic
approaches, the “black box” phenomenological approach and
the structurally derived approach. Phenomenological models
cannot allocate stress and strains to the different histological
constituents in the vascular wall, and therefore do not provide
an interface for integrating evolution equations for individ-
ual tissue constituents. Consequently, they are not suited to
study vascular wall remodelling directly (Thubrikar et al.
1999; Nathan et al. 2011; Shang et al. 2013; Beller et al.
2004; Okamoto et al. 2002; Vorp et al. 2003; Sokolis et al.
2012; Takamizawa and Hayashi 1987; Raghavan and Vorp
2000; Vaishnav et al. 1972; Fung et al. 1979; Humphrey 1995;
Delfino et al. 1997; Rodriguez et al. 2008). In contrast, struc-
turally derived constitutive models overcome this limitation
and make it possible to first to consider the biological process
at different length scales and then to integrate both histolog-
ical and mechanical information in the mathematical model
of the arterial wall (Gasser et al. 2012; Gasser 2011; Lanir
1983; Wuyts et al. 1995; Zulliger et al. 2004; Martufi and
Gasser 2011; Ferruzzi et al. 2011; Bellini et al. 2012; Gasser
et al. 2006; Holzapfel et al. 2000, 2002).

The other important distinction to be made is between
risk predictions based on passive constitutive models and
those made taking into account the inherent active property
of all biological tissues that grow and remodel in response to
the stimuli their cells are sensing. Stress analyses performed
with constitutive models where tissue growth and remod-
elling have been suppressed (passive models) can only cover
a limited time period in which the biological process does not
change the mechanical properties of the tissue (Thubrikar et
al. 1999; Nathan et al. 2011; Shang et al. 2013; Beller et al.
2004; Okamoto et al. 2002; Vorp et al. 2003; Sokolis et al.
2012; Takamizawa and Hayashi 1987; Raghavan and Vorp
2000; Vaishnav et al. 1972; Fung et al. 1979; Humphrey 1995;
Delfino et al. 1997; Rodriguez et al. 2008; Gasser 2011; Lanir
1983; Wuyts et al. 1995; Zulliger et al. 2004; Martufi and
Gasser 2011; Ferruzzi et al. 2011; Bellini et al. 2012; Gasser
et al. 2006; Holzapfel et al. 2000, 2002). When medium- and
long-term predictions need to be made, the inherent ability
of biological tissues to grow and remodel and dynamically
adjust when changes in mechanical loading occur needs to
be properly addressed (Martufi and Gasser 2013; Humphrey
and Holzapfel 2012).

5 Structurally derived model of TAA

We adopted a previously reported multiscale framework for
modelling aortic tissue (Martufi and Gasser 2011, 2012a,b)
and adapted it to a patient-specific case of TAA. The method
was applied to study one case of ascending TAA with one
baseline scan and one follow-up scan prior to surgery. Pas-
sive constitutive properties of the vascular tissue were esti-
mated from biaxial tensile test data on a surgically removed
specimen (following approved institutional ethics protocol
and patient’s consent), while the remodelling properties were
derived from the clinical follow-up study. Finally, the tissue
macroscopic response is analysed, and the applicability of
the proposed approach for investigating clinically relevant
problems in TAA management is demonstrated.

5.1 Histomechanical modelling of TAA wall

The ECM rather than being solely an architectural framework
for the surrounding cells is an active structure that controls the
mechanical environment to which vascular tissue is exposed.
Mechanical forces and deformations guide the development
of the tissue structure, which eventually leads to a mechani-
cally optimized structure. Homeostasis (or the physiological
preservation of this structure) relies on a delicate (coupled)
balance between continual degradation and synthesis of tis-
sue constituents. Of the two main load-bearing components
of the ECM, elastin, although extremely stable (turnover rate
of the lifetime of humans), is nonetheless degraded by numer-
ous MMPs and its degradation together with the disruption
of elastin-SMC interactions is a direct stimulus for cellular
activity (Bäck et al. 2013). Collagen, on the other hand, exists
in the tissue in a constant state of deposition and degradation
(Humphrey 1999). Mature fibroblasts perceive changes in the
mechanical loading and adjust the expression and synthesis
of collagen molecules in order to account for the changes
in the micro-mechanical environment. Collagen fibrils are
assembled into suprafibrillar structures (collagen fibres) that,
in turn, define the tissue’s macroscopic mechanical behaviour
(Wess 2008). Consequently, including the development of the
hierarchical collagen structures when modelling aneurysm
mechanics is a crucial step needed to understand the mechan-
ical properties of the vascular wall and predict physiologi-
cal realistic mechanical loading states (Martufi and Gasser
2013).

Passive model Vascular tissue was regarded as a fibrous col-
lagenous tissue, where fibres of collagen reinforce an other-
wise isotropic matrix material. At low strains, collagen fibres
are mechanically inactive, and the non-collagenous matrix
material determines the vascular wall’s properties. Colla-
gen fibres were assembled from bundles of proteoglycans
(PG) cross-linked collagen fibrils (CFPG-complex) with dif-
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ferent undulations. For simplicity, the alignment of the col-
lagen fibres with respect to their referential orientations N
was defined with an isotropic orientation density function
ρ (N) = ρ0, which adjusted over time according to the local
stretch field (see below § Collagen turnover model).

The constitution of the CFPG complex was defined by a
virtually linear stress-strain response and a triangular prob-
ability density function (PDF) that characterizes the undula-
tion of collagen fibrils, within a collagen fibre. The triangular
PDF defines the relative amount of engaged collagen fibrils
when exposing the collagen fibre to a stretch λ (Martufi and
Gasser 2011). Consequently, the limits λmin and λmax of the
triangular PDF denote fibre stretches at which the first and
last collagen fibrils become straightened out and start to bear
tension load. Assuming an incompressible collagen fibre,
these assumptions yielded a piece-wise analytical expression
for the collagen fibre’s Cauchy stress as detailed elsewhere
(Martufi and Gasser 2011).

Collagen turnover model Collagen turnover in the vascu-
lar wall is accomplished by modelling fibroblast cells that
are connected to collagen fibrils and spread throughout the
entire collagen network. It is assumed that fibroblast cells
sense the state of strain and deposit pre-stretched collagen
fibrils in an effort to maintain a homeostatic environment
where, at physiological loading, just 10 % of collagen fibrils
are engaged. The orientation-dependent mechanical stimu-
lus ζ(N) defined as the ratio between the present stretch
λ (N) and the homeostatic physiological stretch λph served
as a mechanical stimulus for the collagen turnover. In details,
when the existing collagen is stretched more than the newly
formed collagen (ζ > 1), collagen turnover is amplified to
increase the total collagen density in the tissue, in such a way
that a higher amount of collagen guarantees homeostasis.
Similarly, for ζ < 1, the collagen turnover is reduced in order
to reach homeostasis through a net loss of collagen. Finally, it
is assumed that collagen fibrils are removed from the existing
collagen structure with a purely time-based process without
changing their undulation characteristics, i.e. only the colla-
gen density is reduced. In contrast, newly formed collagen
fibrils are integrated at a certain distribution of pre-stretches
that causes the collagen density and the undulation charac-
teristics to change. The structural concept adopted implicitly
defines the pre-stretch of collagen fibrils via the limits of the
triangular distribution, i.e. by defining the undulation limits
of the newly deposited fibrils (λNEW

min and λNEW
max ) as detailed

elsewhere (Martufi and Gasser 2012a,b).

5.2 Parameter estimation

The passive model integrates two mechanical parameters μ

and k, and three structural parameters (λmin, λmax, ρ (N))

with clear physical meaning. The mechanical parameter μ

quantifies the matrix shear modulus and describes the elastin-
driven low stress response of the tissue. The mechanical para-
meter k gives a measure of the stiffness of the CFPG complex
and characterizes the collagen-driven high strain response.
The structural parameter ρ (N) defines the tissue anisotropy,
and the values of λmin and λmax characterize the degrees of
waviness of the collagen fibrils and the transition between
low and high stress response.

The collagen turnover model requires an estimation of
the turnover parameter η, which defines the time scale for
reaching homeostatic conditions; the undulation limits of the
newly deposited fibrils λNEW

min and λNEW
max = λNEW

min +ΔλNEW;
the homeostatic collagen fibre stretch λph = λNEW

min +
0.224ΔλNEW; and the maximum collagen production rate
ρ̇MAX, which was introduced to represent the limited capa-
bility of a fibroblast cell to produce collagen.

A constant collagen fibre density ρ0 = 1/4π sr−1 was
prescribed for the passive model (time-independent) (Martufi
and Gasser 2011, 2012a,b). Results of the biaxial tensile test
on TAA tissue were used to estimate the passive material
parameters (μ, k, λmin, λmax) and the width ΔλNEW of the
triangular PDF that defined the newly formed collagen.

The expansion of the aneurysm between two consecutive
computed tomography angiography (CTA) scans was mea-
sured, and patient-specific mean arterial pressure was com-
puted from the patient chart. The data analysis revealed a
maximum outer diameter of 36.7 mm, MAP of 75 mmHg,
and a growth rate of 1.2 mm/year.

The turnover parameter η was set to two months, i.e. the
half-life of vascular collagen (Nissen et al. 1978). ρ̇MAX and
λNEW

min were estimated from the response of a numerical relax-
ation test and the expansion of a simplified TAA tube model.

5.3 Biaxial tensile test

The above-outlined constitutive model for vascular tissue
was implemented at the integration points of elements using
a Q1P0 mixed Finite Element formulation (Simo and Tay-
lor 1991). The material parameters μ, k and the struc-
tural parameters λmin, λmax, ΔλNEW of the passive (time-
independent) constitutive model were identified from equib-
iaxial tensile test data on a surgically removed specimen.
The clear physical meaning of the model parameters allowed
their straightforward identification by manual adjustments;
see Fig. 1 and Table 1. It must be noted that an isotropic mate-
rial constitutive law was used to fit the equibiaxial anisotropic
response of the material. The anisotropy of the tissue is recov-
ered after the initial remodelling step leading to the homeo-
static condition (see Sect. 5.5).

The structural parameters λmin and λmax identified from
the experimental result, which define the lower and upper
limits of the collagen undulation, were significantly higher
in TAA tissue as compared to the values reported from iden-
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Fig. 1 Macroscopic constitutive response of the thoracic aortic
aneurysm (TAA) wall under equibiaxial tension. Best fit finite ele-
ment (FE) results (open circles) according to the multiscale constitu-
tive model were compared to patient-specific data (lines). Material and
structural parameters are given in Table 1

tification performed on AAA tissues (Martufi and Gasser
2011; Gasser 2011; Gasser et al. 2012). Consequently, colla-
gen in TAA appears to be remarkably more undulated. The
higher values found for λmin and λmax are consistent with
the observed high elastin content in the thoracic aorta, which
tends to increase the recoil effect of elastin and initiate the
recruitment of collagen at a higher macroscopic stretches
(Dobrin and Mrkvicka 1994; Raghavan et al. 1996).

Collagen has a main impact on the mechanical proper-
ties of arterial tissue at high strain levels, and a direct cor-

relation between collagen content and tissue stiffness and
strength has become generally accepted (Roach and Burton
1957). It is noted here that the stiffness in the CFPG complex
(determined by parameter k) was lower in the TAA tissue as
compared to the values for AAAs (Martufi and Gasser 2011;
Gasser 2011; Gasser et al. 2012), which may point towards
the observed lower stiffness of the thoracic aorta due to lower
collagen density (Bergel 1961; Langewouters et al. 1984).

5.4 Relaxation test

A uniaxial relaxation test obtained recording the stress at
fixed displacement was performed on a single cubic tissue
element. Because the spectrum of the collagen deposition
stretch was assumed to be constant, the mechanical stimulus
was also constant for the relaxation test, where the macro-
scopic stretch is time-independent.

Without constraining the collagen production rate (i.e.
ρ̇+

max = ∞), collagen would be constantly produced, such
that the stress increases continuously until infinity. Con-
sequently, we used the relaxation test to define the limit
of the collagen production rate ρ̇+

max. To this end, a strain
of 14 per cent (Gasbarro et al. 2007) was applied, and
a steady-state target stress of 64 kPa was reached with
ρ̇+

max = 3.8 × 10−5 (sr day)−1. Here, sr stands for steradian
and denotes the unit of the solid angle. The target stress was
computed as the circumferential stress for a healthy thoracic
aorta of 29 mm in diameter (Mao et al. 2008) with a wall
thickness of 2.1 mm and loaded with a MAP of 75 mmHg.
The undulation parameters λNEW

min = 0.84 and λNEW
max = 1.205

were used, where Sect. 5.5 motivates this choice.

Table 1 Passive properties and
remodelling properties of
thoracic aortic aneurysm (TAA)

Passive properties

Matrix material

Neo-Hookean parameter μ 0.022 MPa

Collagen fibres

Stiffness of the CFPG-complex k 7.5 MPa

Density ρ 1/4π1/sr

Lower limit of the straightening stretch λmin 1.135

Higher limit of the straightening stretch λmax 1.5

Remodelling properties

Homeostatic conditions

Turnover parameter η 2 months

Lower limit of the prestretch λNEW
min 0.840

Higher limit of the prestretch λNEW
max 1.205

Growth conditions

Turnover parameter η 2 months

Maximum collagen production rate ρ̇MAX 3.8 × 10−51/sr day

Lower limit of the prestretch λNEW
min 0.856

Higher limit of the prestretch λNEW
max 1.221
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Fig. 2 Calibration of the thoracic aortic aneurysm (TAA) tube model
(lines) with respect to a patient-specific clinical follow-up data

5.5 Thoracic aortic aneurysm tube model

The simplified tube model was loaded with a quasi-static
pressure of 75 mmHg (10 kPa), corresponding to the MAP
for the patient, and had an outer diameter of 36.7 mm and wall
thickness of 2.1 mm. Symmetry conditions were applied,
and 540 Q1P0 mixed hexahedral finite elements were used
to represent a quarter of the model. Bending effects from
inhomogeneous stress across the wall were captured by three
finite elements across the thickness.

The stress field with the passive constitutive description
was computed first, and a constant collagen fibre struc-
ture (ρ = 0.0796 sr−1, λmin = 1.135, λmax = 1.5, k =
7.5 MPa, ) was prescribed and served as the initial structure
for collagen turnover. Due to its highly nonlinear charac-
ter, the passive formulation predicted a strong stress gradi-
ent across the vessel wall; see Fig. 3a. Such stress gradi-
ents are thought to be non-physiological, and residual stress
in the load-free configuration is able to reduce the gradi-

ents across the wall thickness. Activating collagen turnover
(λNEW

min = 0.84 and λNEW
max = 1.205) in the model redistrib-

uted the stress (Fig. 3b) and homogenized the wall stress
distribution across the thickness, suggesting that the homeo-
static solution recovers the residual stresses in the load-free
state.

Increasing the undulation of collagen fibrils, i.e. decreas-
ing their pre-stretch at deposition, triggered aneurysm growth,
where the measured average expansion rate was used for
parameter identification. Specifically, the TAA tube model
matched the clinical follow-up data for λNEW

min = 0.856 and
λNEW

max = 1.221, i.e. the diameter increased by 1.2 mm/year
(Fig. 2). While the macroscopic stress did not change con-
siderably (Fig. 3c), depositing newly formed collagen at a
higher undulation caused not only growth of the TAA but
also failed to reach homeostasis, leading to a weak stress
gradient across the wall.

5.6 Patient-specific finite element simulation

The three-dimensional patient-specific TAA geometry was
reconstructed from a stack of CTA images imported into
an image-processing package (ScanIP; Simpleware Ltd.,
Exeter, UK). A consistent smoothing protocol was applied
to improve the reconstructed geometry without resorting
to CAD tools, which contributed to preserve the natural
details of the aneurysms. A mesh generating software
(ScanFE;SimplewareLtd.,Exeter,UK) was used to discretize
the reconstructed geometry into a preliminary grid of shells
for FEM analysis. The mesh quality was then improved with
a second mesh-processing package (Hypermesh; Altair Engi-
neering, Inc. Troy, MI, USA), through which the arterial wall
was discretized into 10203 hexahedral elements. A wall with
a constant thickness of 2.1 mm, consistent with the exper-
imental measures, was considered, and a single finite ele-
ment across the wall thickness was used. A mean arterial
blood pressure of 75 mmHg (10 kPa) was prescribed, and

Fig. 3 Maximum principal Cauchy stress computed with the thoracic
aortic aneurysm (TAA) tube model. a Prediction that neglected colla-
gen turnover (passive model). b Prediction that accounted for collagen

turnover and led to homeostasis (λNEW
min = 0.84; λNEW

max = 1.205). c
Prediction that accounted for collagen turnover and predicted growth
(λNEW

min = 0.856; λNEW
max = 1.221; ρ̇+

max = 3.8 × 10−5 (sr day)−1)
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Fig. 4 Maximum principal Cauchy stress development of a patient-specific thoracic aortic aneurysm (TAA). a Prediction that neglected collagen
turnover (passive model). b Prediction that accounted for collagen turnover leading to homeostasis. c Stress prediction after 1 year collagen turnover

the distal ends of supra-aortic vessels and of descending
aorta were fixed in all directions, while all nodal degrees
of freedom except rotation were blocked for the nodes in the
proximal aortic sinus. The stress field with the passive consti-
tutive description was computed first. In line with the results
from other passive TAA wall models (Nathan et al. 2011;
Shang et al. 2013), the macroscopic stress was distributed
non-uniformly over the wall (Fig. 4a). On top of the passive
prediction, collagen turnover was activated (λNEW

min = 0.84
and λNEW

max = 1.205). In our model, the collagen adapts until
the optimal microstructure configuration is reached, and the
macroscopic stress converge to the homeostatic solution with
an almost uniform stress distribution across the wall (Fig. 4b),
suggesting that residual stresses in the reference state are
accounted for once the homeostatic solution is generated.

The second step of the simulation was obtained by chang-
ing the undulation parameters of the collagen to simulate
aneurysm growth (Fig. 4c). The quantitative values of the
parameters (λNEW

min = 0.856 and λNEW
max = 1.221) were opti-

mized performing simulation on a simplified tube model
as described in the previous paragraph. The physiological
meaning of changing these parameters resides in assuming
that fibroblasts are capable of laying collagen at a predeter-
mined preferred stretch. It appears clear that since the aorta
is dilated and enlarging, the preferred undulation of the col-
lagen would be increasing slightly, as predicted by the sim-
ulations on the simplified tube model.

6 Summary and conclusions

Aortic aneurysms are the end result of a multifactorial
process that culminates in irreversible pathological remod-
elling of the aortic wall connective tissue (Fedak et al. 2003;
Davies 1998; Tang et al. 2005; Botta and Elefteriades 2006).
The overall result is a gradual imbalance between synthe-
sis and degradation of tissue constituents (Koullias et al.

2004a,b) leading to tissue proteolytic degradation (Koullias
et al. 2004a,b) and alteration of the ECM. The increased pro-
teolytic activity within the aortic wall is primarily attributed
to elevated concentration and activity of MMPs. Although
the exact mechanisms are still unknown, there is evidence
that this biological activity is localized, such that spots of
increased expression and activation of MMPs contribute to
fast local aneurysm expansion (Sinha et al. 2006).

Current management of patients with TAA disease involves
a multifaceted approach that includes evaluation for underly-
ing genetic causes, screening of family members, modifica-
tions of patient’s lifestyle, and imaging surveillance to mon-
itor growth. However, current surveillance data rely only on
maximum diameter measurements at two subsequent points
in time, which provide only limited information about the
local growth of the aneurysm (Martufi et al. 2013). Specif-
ically, complex changes of vessel wall morphology cannot
be captured, and regions of fast diameter growth, as a conse-
quence of local increase in biological activity, may be missed
(Martufi et al. 2013).

There is an urgent need to explore and investigate the
growth pattern of the entire aneurysm to highlight focal
areas of growth and non-invasively locate spots of increased
enzyme activation, which may be responsible for focal weak-
ening and aneurysm rupture. If successfully derived, this
local growth information will allow on one hand a critical
evaluation of conventional procedures to measure aneurysm
enlargement and, on the other hand, give detailed longitu-
dinal data to validate biomechanical models that describe
aneurysm growth (Martufi and Gasser 2012a,b).

Within this communication, we have provided one exam-
ple of the use of a structurally inspired model to study growth
of thoracic aneurysm. In our case study, the maximum diame-
ter of the aneurysm, as measured from CT at two follow-ups,
appeared to be growing at a rate of 1.2 mm/year, a typical
growth rate for thoracic aneurysms (Davies et al. 2002). We
applied a collagen-based growth framework that has been
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previously successfully adopted for abdominal aneurysms
(Martufi and Gasser 2012a,b). The simulations performed
included an initial simulation that remodels and reorients the
CFPG complexes and serves as the basis for subsequent sim-
ulations of growth in the medium term (in this case 1 year).
One of the clear advantages of using this active framework
of tissue remodelling is the ability to take into account the
presence of residual stresses in the load-free configuration.
The use of passive constitutive models requires the prescrip-
tion of residual stress in the load-free configuration in order
to predict physiological stress states. However, for complex
geometries like TAAs, the residual strain state is unknown
and hypothetical assumptions are relied on (Polzer et al.
2013). In contrast, with constitutive descriptions that account
for the vascular wall’s ability to adapt to the mechanical load-
ing state (such as the one described herein), the development
of the residual stress field is a natural consequence of the
method. It must be noted that the residual stress is due to
elastin and SMCs, in addition to collagen fibres (Alford et
al. 2008). Consequently, improvements in the framework are
needed to include the effects of elastin pre-stretch, as well as
SMCs activation.

Comparing the three stress maps of Fig. 3, one appre-
ciates the role of the collagen–proteoglycan complexes in
sustaining and redistributing the load in an aneurysm. Lower
stresses and a homogeneous stress across the wall thickness
are obtained going from baseline to the homeostatic state
of the aneurysm (Fig. 3b). From there, the model predicts
growth at the maximum diameter level of 1.2 mm/year, in
accordance with what was observed clinically.

There are several limiting assumptions in this study. First,
remodelling is due solely to collagen–proteoglycan bundles
that grow and change their orientation as a function of the
local mechanics. The isotropic matrix in the model accounts
for elastin and other ECM tissue constituents. No degradation
of the elastic matrix is modelled; rather the amount of elastin
as estimated at baseline (likely lower than what present in a
healthy wall) is assumed to remain constant for the duration
of the growth simulation. Rationale for this assumption is
that elastin degradation is more involved in the initial stages
of aneurysm formation than at later stages. Nonetheless, a
modification of the model that accounts for further elastin
degradation would be beneficial, in particular when long-
term predictions are sought after. Second, smooth muscle
cells are not directly modelled; as a consequence, no active
contraction is considered for the tissue. This assumption is
very reasonable for the AAA case where almost no SMCs are
present in a physiological functional state in the later stages
of the pathology (Lopez-Candales et al. 1997). The same
has not been demonstrated to be true for thoracic aneurysm
(Tang et al. 2005), and therefore, this limitation needs to be
addressed. Third, the thoracic tissue demonstrated anisotropy
in its material characteristics. For simplicity, we fitted the

equibiaxial stress-strain curves with an isotropic constitutive
law at baseline. The anisotropy in the tissue is recovered
after the first step of the simulation due to collagen fibres
remodelling. It should be further evaluated whether other
tissue components contribute to anisotropy at baseline, and
if this is the case, anisotropic constitutive laws at baseline
should be derived.

Finally, while deposition and reorientation of collagen
fibres in our model depend on the local state of deformation
and stress, an intermediate step (the simplified tube model)
was necessary in order to calibrate the material parameters to
the observed global growth patterns. We are currently eval-
uating non-invasive indices that could be used to modulate
material parameters locally, without the need for a prior cal-
ibration.

Quantitative measurements of regional deformations or
local strain could serve as an index to infer the local state of
the wall and could be used as a gauge to change the structural
parameters in our growth framework. Deformation (strain)
and strain rate measurements are already extensively used to
evaluate ventricular ischaemia (Leung and Ng 2010), heart
failure (Mak et al. 2012), and cardiac hypertrophy (Shih et al.
2011). Previous studies have showed significant changes in
the material properties as well as in the collagen content and
orientation in aneurysmal tissue. In particular, the deforma-
bility of an aneurysm appears to be related to its strength (Di
Martino et al. 2006); therefore, a local increase in deforma-
tion could help identifying areas where there is elevated activ-
ity of tissue constituents turnover so that changes in material
parameters could come from non-invasive measures that are
clinically feasible, instead of relying on prior calibration.

Although nonlinear continuum mechanics is directly
applicable to biomechanical problems, developing compu-
tational models able to adequately address clinical cases
remains a challenging task. Indeed, most models have
employed classical phenomenological approaches (passive
models) and have used advances in medical imaging only to
define patient-specific geometries. Models that account for
the vascular wall’s ability to adapt to the mechanical loading
state (growth & remodelling models) are more suited to give
a comprehensive and clinically relevant view of aneurysms
pathophysiology and could further increase the accuracy of
risk indices for rupture and complications.

This review focused on the structural aspects of aneurysm
mechanics. Abnormal flow patterns and haemodynamic
stresses on the diseased aortic wall are thought to play an
important role in the development of TAAs; this notwith-
standing, we chose to focus on the structural stresses, due
to their involvement in the mechanical failure (rupture) of
aneurysms. In conclusion, TAA disease is characterized by a
strong regional heterogeneity within the thoracic segments in
terms of biomechanical properties, atherosclerotic distribu-
tion, proteolytic activity, and cell signalling pathways. There-
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fore, maximum diameter measurements are ill suited to pro-
vide a reliable risk measure for rupture and complications
because they overlook the highly heterogeneous nature of
the aortic vessel.

The integration of biomechanical patient-specific vari-
ables, including local wall deformability, local stresses, and
mechanical properties patterns, is expected to be a para-
digm change in the management of these complex patients
to improve diagnosis and tailor individual’s treatments.
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