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a b s t r a c t

Aortic dissections and aortic aneurysms are fatal events characterized by structural changes to the aortic
wall. The maximum diameter criterion, typically used for aneurysm rupture risk estimations, has been
challenged by more sophisticated biomechanically motivated models in the past. Although these models
are very helpful for the clinicians in decision-making, they do not attempt to capture material failure.
Following a short overview of the microstructure of the aorta, we analyze the failure mechanisms
involved in the dissection and rupture by considering also traumatic rupture. We continue with a liter-
ature review of experimental studies relevant to quantify tissue strength. More specifically, we summa-
rize more extensively uniaxial tensile, bulge inflation and peeling tests, and we also specify trouser, direct
tension and in-plane shear tests. Finally we analyze biomechanically motivated models to predict rupture
risk. Based on the findings of the reviewed studies and the rather large variations in tissue strength, we
propose that an appropriate material failure criterion for aortic tissues should also reflect the microstruc-
ture in order to be effective.

Statement of Significance

Aortic dissections and aortic aneurysms are fatal events characterized by structural changes to the aortic
wall. Despite the advances in medical, biomedical and biomechanical research, the mortality rates of
aneurysms and dissections remain high. The present review article summarizes experimental studies
that quantify the aortic wall strength and it discusses biomechanically motivated models to predict rup-
ture risk. We identified contradictory observations and a large variation within and between data sets,
which may be due to biological variations, different sample sizes, differences in experimental protocols,
etc. Based on the findings of the reviewed literature and the rather large variations in tissue strength, it is
proposed that an appropriate criterion for aortic failure should also reflect the microstructure.
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1. Introduction

Aortic dissection and aortic aneurysm rupture are acute life
threatening events. Overall mortality rates of dissections and
aneurysms of the thoracic aorta remain high despite the improve-
ments over the years [93,138,97]. Ruptured aneurysms of the
abdominal aorta are estimated to cause 4–5% of sudden deaths in
the United States, and the event of rupture has mortality rates as
high as 80% [119].

Aortic dissection is an acute condition of the aorta which typi-
cally starts with an intimal tear to the presumably already weak-
ened wall, followed by a crack in the radial direction. The crack
then proceeds within the medial layer, or between the media
and the adventitia, causing the layers of the aortic wall to separate,
thereby creating a false lumen where the blood can flow into
[83,58]. This leads to a dilatation and a further weakening of the
intact outer wall of the false lumen. In most fatal conditions, the
aorta bursts causing the patient to bleed to death quickly [91,24].
Stanford type A dissections – affecting the ascending aorta – are
shown to become chronic only rarely, whereas type B dissections
– affecting the descending thoracic aorta only – are routinely
chronic with a thickened, straightened intimal flap which lost its
mobility due to remodeling [101]. Approximately 67% of the cases
are reported to be type A dissections [97]. The risk factors include
but are not limited to age, hypertension, smoking, congenital disor-
ders such as bicuspid aortic valve (BAV), genetic disorders such as
Marfan syndrome and Ehlers-Danlos syndrome [57,33]. Intimal
tears leading to ascending aortic dissection are typically located a
few centimeters above the coronary arteries, whereas the ones
leading to descending aortic dissection are located a few
centimeters beyond the left subclavian artery [33]. For a mechan-

ical assessment of arterial dissections see the review article by
Tong et al. [142]. Fig. 1(a) illustrates the basic anatomy of the aorta,
while the sketch in Fig. 1(b) shows a dissected wall with arrows
indicating the blood flow.

Aortic aneurysms are local dilatations of the aorta, typically
more than 50% of the normal diameter [41]. The underlying mech-
anisms leading to aneurysm formation differ between the ascend-
ing aorta and the descending thoracic aorta [117], as well as
between the thoracic and the abdominal aorta [33,116,14] due to
different embryonic origins of the cells involved in the remodeling
process. The aneurysms in the ascending aorta are usually not
accompanied by atherosclerosis, whereas in the descending tho-
racic and the abdominal aorta it is a common finding [57]. Never-
theless, all aneurysms are characterized by alterations to the
extracellular matrix. For a review on the biomechanics,
mechanobiology, and modeling of aneurysms see Humphrey &
Holzapfel [54].

In addition to the above mentioned pathologies, thoracic aortic
trauma is accountable for a large percentage of losses involving
motor vehicle accidents, and it can initiate the dissection process
or cause an immediate rupture. Bertrand et al. [4] reported 1:2%
of the occupants involved in vehicular accidents sustained a trau-
matic injury of the aorta, of which 94% were deadly, accounting
for 21:4% of all fatalities. Traumatic aortic injury can also be due
to heavy falls on feet, airplane crashes, suicide attempts, or surgical
procedures [51,121,46]. The ascending aorta is reported to be the
most common injury site due to trauma [78], whereas the aortic
isthmus has been identified as the most vulnerable location for
injury by several studies [23,126,4] constituting a number as high
as 90% [23], followed by the aortic arch and the abdominal aorta
around the bifurcations.
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Fig. 1. (a) Anatomy of the aorta with some of its branches; (b) sketch of a dissected wall with arrows indicating the blood flow.
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To prevent further complications such as rupture, dilatations of
the aorta due to aneurysm or aortic dissection are surgically trea-
ted if the maximum diameter of the lesion is above 5:0 cm in
women or 5:5 cm in men, or if the maximal diameter increases
more than 0:51 cm in one year [69,45,43]. Clinicians consider sev-
eral indicators before decision-making about a surgical interven-
tion – such indicators include maximum diameter, expansion
rate, genetic risk factors and the family history just to name a
few. For example, the maximum diameter criterion is revised if
the patient suffers from a connective tissue disorder such as Mar-
fan syndrome, see Brownstein et al. [9], and Fig. 1 therein. Even
though it has been shown that the risk of rupture and dissection
of aneurysms increase significantly at sizes larger than 6 cm for
the thoracic aorta [26], this criterion is in contradiction with the
observation that aneurysms can rupture or dissect at any diameter
[11,98,154,97,117], and it ignores the more complex relationships
between the rupture and the material properties such as the
heterogeneity of tensile strength in the wall of aortic aneurysms
[149]. Clinicians need more reliable tools to assess the risk of inter-
vention versus the risk of rupture, as the maximum diameter crite-
rion can underestimate the rupture risk of smaller aneurysms, and
overestimate it for the larger ones.

To gain a more in-depth understanding of the possible mecha-
nisms leading to these fatal events, this review analyzes experi-
mental studies that aim to quantify the strength of aortic walls
towards a material failure perspective and reviews biomechani-
cally motivated models to predict rupture risk. After summarizing
the microstructure of the aorta in Section 2, we continue with a
brief account of damage and failure mechanisms involved in the
dissection and rupture in Section 3. Subsequently, in Section 4
we summarize some important experimental studies that quantify
the strength, and in Section 5 we summarize the state-of-the-art
on the biomechanics-based rupture risk prediction models for clin-
ical use. Finally, within Section 6, we provide concluding remarks.
Readers interested in damage models or computational aspects of
failure are referred to, e.g., the two recent book chapters of Holzap-
fel & Fereidoonnezhad [52] and Gültekin & Holzapfel [44],
respectively.

2. Microstructure

We continue with a glance at the structure of the aorta as it pro-
vides a basis for our discussion. The aorta is composed of the
intima, media and adventitia, as shown in Fig. 2(a). The intima is

Fig. 2. Structure of the aorta: (a) healthy but aged aortic wall with non-atherosclerotic intimal thickening composed of three layers – intima (I), media (M) and adventitia (A).
Republished with permission from Gasser et al. [40]; (b) layered collagen architecture of a healthy and aged abdominal aorta – more specifically the top image depicts the
out-of-plane structure in the circumferential-radial plane, while the three images at the bottom show in-plane sections of the intima (I), media (M) and adventitia (A) (white
scale bars corresponding to 100 lm. Republished with permission from Niestrawska et al. [89]; (c) 3D microstructure of an aortic media consisting of several lamellar units –
circumferentially-oriented radially-tilted smooth muscle cells (SMCs) with elliptical nuclei (N) sandwiched between elastic lamellas (EL) surrounded by a dense network of
interlamellar elastin fibers (IEFs shown with black arrows), elastin struts (ES), and reinforced elastin pores (EP). Reprinted from O’Connell et al. [94], with permission from
Elsevier; (d) schematic representation of two SMCs and two fenestrated EL with their interconnections – more specifically, collagen fibers (Coll) are closely associated with EL,
surface ridges of the left SMC are connected to both EL via elastin protrusions, right SMC is connected to the lower El via oxytalan fiber (Ox), and larger deposits (D) containing
collagen and heparan sulfate proteoglycan are found at indentations of the cell surface. Reprinted from Dingemans et al. [29], with permission from John Wiley and Sons.
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mechanically negligible in a young and healthy aorta, and it is
basically a single layer of endothelial cells [53]. This layer becomes
mechanically significant, especially with age, due to non-
atherosclerotic intimal thickening during which collagen fibers
are deposited [12]. Fig. 2(a) shows a sketch of such an artery with
intimal thickening, while Fig. 2(b) partly depicts the collagen archi-
tecture of a healthy (but aged) wall obtained from an abdominal
aorta and produced with second-harmonic generation microscopy.
The media consists of several concentric lamellar units bound
together, see Fig. 2(a) and (c). Each of these units contains smooth
muscle cells with their radially tilted longer axes oriented at an
angle closer to the circumferential direction, surrounded by colla-
gen fibers embedded in the extracellular matrix [94], see Fig. 2(c),
(d). Collagen in the media is typically present as two symmetric
families of fibers with a mean orientation closer to the circumfer-
ential direction, whereas in the adventitia the mean orientation is
closer to the longitudinal direction [120]. The media is the main
load bearing layer for physiological loads, and the adventitia acts
as a stiff jacket-like tube at higher levels of pressure, which
prevents the artery from overstretch and rupture [53]. The thick-
ness of the thoracic aortic media go hand in hand with an increase
in the number of lamellar units, and the thickness of a single lamel-
lar unit is constant amongst mammalian species (approximately
15 lm) [165,166]. However, human abdominal aortas have fewer
lamellae for a given thickness compared to other species [166].

Growth of the human thoracic aorta is thought to be primarily
due to the increase in the number of lamellar units, whereas in
the human abdominal aorta it is mainly due to the increase in
the thickness of the lamellar units [164].

A key structural change in thoracic aortic dissections is the
so-called medial degeneration, as first reported by Erdheim [34].
Typically, it involves smooth muscle cell loss, elastic fiber fragmen-
tation, and an accumulation of proteoglycans [8,5,167]. A weak-
ened aortic wall due to medial degeneration is also typical for
aneurysms and dissecting aneurysms of the ascending aorta [6],
not only with tricuspid aortic valve (TAV) but also with BAV and
bovine aortic arch phenotypes [102], see Fig. 3(a)–(f) for examples
of proteoglycan accumulation zones. Versican and aggreacan were
identified as the major components of such accumulations in tho-
racic aortic aneurysm and dissection patients [20]. In addition, one
can see a change in the elastic fiber structure of a dissected aorta
(Fig. 3(g)) where the elastic structure connecting the lamellar units
are highly degenerated compared to a control aorta (Fig. 3(h)) [87].
Collagen content has been reported to increase [159,15,158] or
decrease with an increased disruption [7,6] for aortic dissections.

Dilatation of the aortic wall secondary to disruptions in elastin
organization was reported in a mice study [61]. Although elastin
content in the thoracic aortas of patients with an ascending aneur-
ysm (TAV and BAV) decreased compared with control, it was not
significantly different between BAV and TAV groups [16,27]. In

Fig. 3. Microstructural changes due to pathological formations in human thoracic aortas with stars indicating mucoid accumulation areas (proteoglycan pools): (a), (b)
disorganized collagen network visualized by (a) a histological section stained by picrosirius – collagen framework is disorganized – and (b) scanning electron microscopy
(SEM); (c), (d) SEM images showing a lamellar structure disrupted probably by the proteoglycan pools (star) (Adv = Adventitia; End = endothelium coverage of the luminal
face). Reprinted from Borges et al. [6] (Copyright � 2013 Karger Publishers, Basel, Switzerland); (e), (f) histological sections stained by Alcian blue showing (e) a pathological
aorta with areas of mucoid accumulations (stars) – inset shows immunostaining for a-actin demonstrating the absence of SMCs inside the mucoid area; (f) control aorta
where the space between elastic lamellae (arrow) is occupied by SMCs, collagen, and a normal amount of mucoid substance (light blue). Reprinted from Borges et al. [8], with
permission from Elsevier; (g), (h) SEM images depicting the elastic fiber architecture of human aortic medias from (g) an aortic dissection patient and (h) a control subject
(black scale bars indicate 20 lm. Reprinted from Nakashima [87] (licensed under CC BY-NC-SA 2.1 JP).
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Dilatation of the aortic wall secondary to disruptions in elastin
organization was reported in a mice study [61]. Although elastin
content in the thoracic aortas of patients with an ascending aneur-
ysm (TAV and BAV) decreased compared with control, it was not
significantly different between BAV and TAV groups [16,27]. In

Fig. 3. Microstructural changes due to pathological formations in human thoracic aortas with stars indicating mucoid accumulation areas (proteoglycan pools): (a), (b)
disorganized collagen network visualized by (a) a histological section stained by picrosirius – collagen framework is disorganized – and (b) scanning electron microscopy
(SEM); (c), (d) SEM images showing a lamellar structure disrupted probably by the proteoglycan pools (star) (Adv = Adventitia; End = endothelium coverage of the luminal
face). Reprinted from Borges et al. [6] (Copyright � 2013 Karger Publishers, Basel, Switzerland); (e), (f) histological sections stained by Alcian blue showing (e) a pathological
aorta with areas of mucoid accumulations (stars) – inset shows immunostaining for a-actin demonstrating the absence of SMCs inside the mucoid area; (f) control aorta
where the space between elastic lamellae (arrow) is occupied by SMCs, collagen, and a normal amount of mucoid substance (light blue). Reprinted from Borges et al. [8], with
permission from Elsevier; (g), (h) SEM images depicting the elastic fiber architecture of human aortic medias from (g) an aortic dissection patient and (h) a control subject
(black scale bars indicate 20 lm. Reprinted from Nakashima [87] (licensed under CC BY-NC-SA 2.1 JP).
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addition, changes in the elastin architecture of BAV patients com-
pared with TAV were region-specific, and were characterized by a
decrease in the number of radially oriented elastin fibers [146]. Pri-
mary elastin fiber orientation in the aneurysmatic media of TAV
patients changed from longitudinal in the inner part to circumfer-
ential in the outer part distinctly in the right lateral region com-
pared with other regions [128].

Similar collagen levels were observed between control and
ascending aneurysm samples [61,68,27], and between BAV and
TAV phenotypes [104,103,27] contradicting the findings of signifi-
cantly higher collagen in BAV compared with TAV and control [16].
Regardless, the organization of collagen may still be significantly
changed during aneurysm development in the thoracic aorta [7].
Sassani et al. [118] reported notable regional variations in the 2D
collagen orientation, with the right lateral and posterior regions
having diagonal fibers at smaller angles to the longitudinal axis.
On the other hand, Forsell et al. [38] reported similar collagen ori-
entations in aneurysmatic BAV and TAV groups. Phillippi et al.
[103] demonstrated that both collagen and elastin fibers in the tan-
gential plane were more aligned in BAV aneurysms and BAV con-
trol, and more disorganized in TAV aneurysms compared with
TAV control. Percentage of radially oriented elastin and collagen
fibers in the outer media was significantly higher in BAV patients
and higher in TAV patients compared with control [147].

Abdominal aortic aneurysms (AAAs) typically show increased
collagen synthesis at earlier stages, whereas later in the process
collagen degradation exceeds its synthesis, and it is accompanied
by elastin degradation [125]. The out-of-plane collagen dispersion
in AAAs is significantly higher when compared with abdominal
aortic tissues, and the characteristic wall structure (with three dis-
tinct layers) cannot be identified anymore in AAA samples. In addi-
tion, collagen fibers in the abluminal layer of AAAs loose their
waviness and appear as thick straight struts [89].

Several factors in the donor anamnesis may have an influence
on the microstructure making it difficult to conclude, for example,
which disease is accompanied with which structural changes and
at which stages. Nevertheless, the microstructure remains a crucial
contributor to mathematical models if one wishes to describe the
mechanics and failure.

3. Failure mechanisms involved in dissection and rupture

We now study the load combinations that act on the tissues
in vivo prior to dissection and rupture, which should be taken care
of for a better understanding of tissue failure. In Section 3.1 we
start with different theories regarding the loading conditions initi-
ating and propagating the aortic dissections, and continue in Sec-
tion 3.2 with theories regarding the global and local loading

conditions prior to rupture in vehicular trauma. As we will see in
the following sections, different loading conditions may lead to
similar tissue failure.

3.1. Initiation and propagation of aortic dissection

The study of van Baardwijk & Roach [2] applied pulse pressure
to canine thoracic aortas after creating an intimal tear. The authors
identified the maximum rate of pressure change ðdP=dtÞmax as the
most clearly linked parameter to the propagation of dissection
since the crack advanced at the upstroke of the pulse wave. Gaps
between the lamellae, as identified during histological investiga-
tions, pointed to shearing mechanisms that are responsible for
the crack propagation, and the crack typically propagated between
adjacent elastic layers. The dissection rate was variable between
the pulses, and it was inversely related to the tear depth within
the medial layer in contrast to expectations, suggesting heteroge-
neous wall properties throughout the thickness.

On the other hand, Carson & Roach [13] reported that the med-
ial strength of the porcine aortas does not change with depth under
static pressure. The authors stated that the structures linking the
lamellae are weaker than the lamellae themselves, resulting in a
crack propagation between the lamellae. In addition, the fusion
points of the lamellae can force the crack to change the direction.
The authors reported quite high pressure values to initiate a bleb,
but observed a quick drop in the pressure allowing the dissection
to propagate under a physiological load level. A minimum pressure
value required for the crack to propagate was not reported therein.
Using similar methods to Carson & Roach [13], Tiessen & Roach
[141] reported similar results regarding the effect of the tear depth
for human aortas, however, the authors noted that the dissection
propagated around the plaques instead of going through them.
The experiments on porcine aortas performed by Roach & Song
[114] showed that although it was much easier to initiate a dissec-
tion in the abdominal aorta when compared to the thoracic aorta,
the dissections propagated more easily in the thoracic aorta, see
Fig. 4. The authors suggested that this is because of structural dif-
ferences in the elastin pattern between the two sections of the
aorta; parallel sheets with fenestrations in the thoracic aorta and
a honeycomb-like structure in the abdominal aorta. In a later
study, Tam et al. [139] reported that the dissection closer to the
adventitial side required a lower pressure to propagate.

The study of Rajagopal et al. [111] suggested hemodynamics
together with abnormal mechanical properties, geometry, and
the anisotropic wall structure to be important factors for the initi-
ation and the propagation of aortic dissections. The authors pro-
posed that an increased maximum systolic pressure and the
mean aortic blood pressure are responsible for the initiation, and
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an elevated pulse pressure and the heart rate facilitate the propa-
gation. Mikich [83] proposed that the blood flow and the hemor-
rhage in the media alone cannot cause an initiation and
propagation of a dissection, but the process is mainly influenced
by smooth muscle cell contraction.

Haslach, Jr. et al. [48] proposed that collagen fiber pullout, dur-
ing which bonds and filaments attached to the fibers rupture due
to shear, is a prerequisite for rupture in circumferential aortic ten-
sile strips and inflated ring specimens. For the longitudinal tensile
strips, however, rupture is caused by a peeling mechanism during
which the bonds between collagen fibers and the ground matrix
rupture. In addition, hydration of the tissue is suggested to play
an important role to recover from permanent deformation, loss
of which eventually leads to rupture. This research group con-
ducted more ring inflation tests, see Haslach, Jr. et al. [47,49], con-
cluding that, as a result of heterogeneous circumferential
deformation, non-negligible circumferential shear stresses could
be the reason for the crack propagation in the circumferential-
longitudinal plane considering the lamellar structure of the media.
Histological investigations of block shear tests showed voids
between the collagen bundles, see Fig. 5(a)–(c), possibly resulting
from the relative motion of the layers, which can be an indicator
of ruptured inter-fiber cross-links [47]. Sommer et al. [131]
reported similar observations within in-plane shear tests, as shown
in Fig. 5(d), and this mechanism could explain the delaminations
observed by Helfenstein-Didier et al. [50] during uniaxial tensile
tests, as depicted in Fig. 5(e).

Following the protocol reported by Sugita & Matsumoto [135],
recently Sugita & Matsumoto [136] performed biaxial extension
tests on thinly sliced porcine thoracic aortas with a reduced cross
section in the center and reported a heterogeneous deformation
field in terms of strains similar to Sugita & Matsumoto [134]. Strain
distribution and the collagen realignment were similar between
the crack initiation sites and the remaining tissue sample, in con-
trast to the idea behind the maximum principal strain failure crite-
rion. Since the collagen density was significantly lower at the crack
initiation sites and the cracks propagated along the local collagen

fiber direction, the authors suggested that the initiation and prop-
agation of the crack is primarily effected by the collagen architec-
ture. However, anticipated crack initiation at the lowest retardance
sites – in other words the sites with the least collagen content –
was not observed for all specimens. This suggests that the cross-
links between the fibers might also play an important role in the
dissection process.

Considering the changes to elastic fibers in aortic dissections
and their role in energy dissipation, Chung et al. [19] studied elas-
tic energy loss, defined as the hysteresis divided by the total strain
energy. The authors found that an increased elastic energy loss is
associated with medial degeneration and with increased collagen
to elastin ratio. Furthermore, Chung et al. [18] reported a decrease
in the directional differences in energy loss – hence in the degree of
anisotropy – in samples with severe medial degeneration. By using
newborn mice and genetic engineering to have defects in the elas-
tic fiber structure, Kim et al. [63] suggested that not only elastin
but properly assembled and cross-linked elastic fibers are respon-
sible for a low energy loss in the aorta.

3.2. Traumatic rupture

Blunt aortic trauma typically constitutes a transverse tear in the
aortic wall, rarely a longitudinal one (see Fig. 6(a)). The mild degree
trauma involves an intramural rupture (laceration), typically lead-
ing to a traumatic aortic dissection initiated by a circumferential
tear to the intima, which may propagate and lead to complete rup-
ture later in life [62,106]. Severe trauma involves a transmural
injury to the aortic wall, which can be in the form of partial, com-
plete, or multiple transections. Fig. 6(b)–(c) shows examples of
intramural ruptures with different extents. Multiple ruptures as a
combination of intramural and transmural ruptures are also
reported in the literature [132,23].

One of the first mechanisms proposed to explain traumatic rup-
ture was the sudden increase in the intraluminal pressure. For
example, the shoveling effect – the heart being trapped between
the vertebral column, the sternum and the mediastinum due to

Fig. 5. Initiation/propagation of aortic dissections due to shear stresses: (a)–(c) cracks visible after a block shear test, where the white areas are openings in the tissue.
Reprinted from Haslach, Jr. et al. [47] with permission from Springer Nature; (a), (b) are slices in the circumferential-longitudinal plane where the horizontal direction is
longitudinal – (a) circumferential deformation parallel to the collagen fibers and (b) longitudinal deformation; (c) slice in the radial-circumferential plane after
circumferential deformation, where the horizontal direction is circumferential; (d) cracks visible as black zones between the lamellae in the radial-circumferential plane after
an in-plane shear test in the circumferential direction. Reprinted from Sommer et al. [131], with permission from Elsevier; (e) cracks that occurred during a uniaxial test
indicated by black arrows. Reprinted from Helfenstein-Didier et al. [50], with permission from Elsevier.
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an elevated pulse pressure and the heart rate facilitate the propa-
gation. Mikich [83] proposed that the blood flow and the hemor-
rhage in the media alone cannot cause an initiation and
propagation of a dissection, but the process is mainly influenced
by smooth muscle cell contraction.

Haslach, Jr. et al. [48] proposed that collagen fiber pullout, dur-
ing which bonds and filaments attached to the fibers rupture due
to shear, is a prerequisite for rupture in circumferential aortic ten-
sile strips and inflated ring specimens. For the longitudinal tensile
strips, however, rupture is caused by a peeling mechanism during
which the bonds between collagen fibers and the ground matrix
rupture. In addition, hydration of the tissue is suggested to play
an important role to recover from permanent deformation, loss
of which eventually leads to rupture. This research group con-
ducted more ring inflation tests, see Haslach, Jr. et al. [47,49], con-
cluding that, as a result of heterogeneous circumferential
deformation, non-negligible circumferential shear stresses could
be the reason for the crack propagation in the circumferential-
longitudinal plane considering the lamellar structure of the media.
Histological investigations of block shear tests showed voids
between the collagen bundles, see Fig. 5(a)–(c), possibly resulting
from the relative motion of the layers, which can be an indicator
of ruptured inter-fiber cross-links [47]. Sommer et al. [131]
reported similar observations within in-plane shear tests, as shown
in Fig. 5(d), and this mechanism could explain the delaminations
observed by Helfenstein-Didier et al. [50] during uniaxial tensile
tests, as depicted in Fig. 5(e).

Following the protocol reported by Sugita & Matsumoto [135],
recently Sugita & Matsumoto [136] performed biaxial extension
tests on thinly sliced porcine thoracic aortas with a reduced cross
section in the center and reported a heterogeneous deformation
field in terms of strains similar to Sugita & Matsumoto [134]. Strain
distribution and the collagen realignment were similar between
the crack initiation sites and the remaining tissue sample, in con-
trast to the idea behind the maximum principal strain failure crite-
rion. Since the collagen density was significantly lower at the crack
initiation sites and the cracks propagated along the local collagen

fiber direction, the authors suggested that the initiation and prop-
agation of the crack is primarily effected by the collagen architec-
ture. However, anticipated crack initiation at the lowest retardance
sites – in other words the sites with the least collagen content –
was not observed for all specimens. This suggests that the cross-
links between the fibers might also play an important role in the
dissection process.

Considering the changes to elastic fibers in aortic dissections
and their role in energy dissipation, Chung et al. [19] studied elas-
tic energy loss, defined as the hysteresis divided by the total strain
energy. The authors found that an increased elastic energy loss is
associated with medial degeneration and with increased collagen
to elastin ratio. Furthermore, Chung et al. [18] reported a decrease
in the directional differences in energy loss – hence in the degree of
anisotropy – in samples with severe medial degeneration. By using
newborn mice and genetic engineering to have defects in the elas-
tic fiber structure, Kim et al. [63] suggested that not only elastin
but properly assembled and cross-linked elastic fibers are respon-
sible for a low energy loss in the aorta.

3.2. Traumatic rupture

Blunt aortic trauma typically constitutes a transverse tear in the
aortic wall, rarely a longitudinal one (see Fig. 6(a)). The mild degree
trauma involves an intramural rupture (laceration), typically lead-
ing to a traumatic aortic dissection initiated by a circumferential
tear to the intima, which may propagate and lead to complete rup-
ture later in life [62,106]. Severe trauma involves a transmural
injury to the aortic wall, which can be in the form of partial, com-
plete, or multiple transections. Fig. 6(b)–(c) shows examples of
intramural ruptures with different extents. Multiple ruptures as a
combination of intramural and transmural ruptures are also
reported in the literature [132,23].

One of the first mechanisms proposed to explain traumatic rup-
ture was the sudden increase in the intraluminal pressure. For
example, the shoveling effect – the heart being trapped between
the vertebral column, the sternum and the mediastinum due to

Fig. 5. Initiation/propagation of aortic dissections due to shear stresses: (a)–(c) cracks visible after a block shear test, where the white areas are openings in the tissue.
Reprinted from Haslach, Jr. et al. [47] with permission from Springer Nature; (a), (b) are slices in the circumferential-longitudinal plane where the horizontal direction is
longitudinal – (a) circumferential deformation parallel to the collagen fibers and (b) longitudinal deformation; (c) slice in the radial-circumferential plane after
circumferential deformation, where the horizontal direction is circumferential; (d) cracks visible as black zones between the lamellae in the radial-circumferential plane after
an in-plane shear test in the circumferential direction. Reprinted from Sommer et al. [131], with permission from Elsevier; (e) cracks that occurred during a uniaxial test
indicated by black arrows. Reprinted from Helfenstein-Didier et al. [50], with permission from Elsevier.
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the compression of the chest and the abdomen – can force the
blood from the heart into the aorta suddenly increasing the intra-
luminal blood pressure [3]. The effect of this pressure increase can
be elevated by the cardiac cycle in different ways. For example,
Wilson & Roome [161] hypothesized that the aorta is more likely
to rupture if an impact to the chest is received at the beginning
of diastole since the aorta is completely filled with blood, whereas
Marsh & Moore [77] suggested that the deceleration forces acting
on the heart during the systole creates a greater risk of rupture
of the great vessels at the location of their attachment to the heart.
In addition, a phenomenon known as water hammer effect might
occur due to the sudden deceleration of the blood in the arch
impacting the anterior wall of the aorta and resulting in traction
forces on the isthmus region [65,126]. The occlusion of the aortic
lumen due viscoelastic effects that decrease the aortic diameter
can cause formation of shock waves propagating in the counter-
blood flow direction, thereby exerting high axial stresses on the
aortic wall and causing a transverse rupture [65].

In addition to the hemodynamic effects, local concentrations of
shear stresses may arise due to high deceleration forces [42], the
rotation of the first ribs [22], or a combination of rapid deceleration

and chest compression [126]. Vertical inertial forces [168], rapid
deceleration occurring at different rates at different parts of the
body [77,22,126], cranial deceleration [121], the heart being dis-
placed in the thoracic cavity due to inertial effects [153] and the
displacement of mediastinal structures [126] can all cause stretch-
ing of the aortic wall between fixation points resulting in an injury
to the isthmus area due to stress concentrations. Field et al. [37]
suggested that traumatic injury does not necessarily follow along
the luminal/abluminal direction, considering that some patients
did not present an intimal flap. The authors hypothesized that
the geometry of the isthmic region in combination with the high
number of small branching vessels lead to stress concentrations
which are naturally occurring, and the stretching of these vessels
may pronounce the effect of inertial or compressive chest loading
resulting in intimal rupture, or intramural hematoma.

The above mentioned mechanisms for initiation and propaga-
tion of dissection as well as traumatic aortic injury indicate that
the cardiac cycle, the blood flow and the geometry of the aorta
together with the aortic attachment points are important factors
to consider as they influence the boundary conditions to be
imposed on the problem.

Fig. 6. Aortic dissection and rupture due to traumatic injury. Reprinted from Prijon & Ermenc [106], with permission from Elsevier: (a) case presenting multiple ruptures:
intramural and transmural, latter both in circumferential and longitudinal directions indicated by white arrows; (b) intramural rupture of the intima; (c) intramural rupture
of the intima and the media.
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4. Tissue strength quantification

Aneurysms rupture when the wall stress exceeds the wall
strength. Although it sounds simple, the requirement here is to
reliably characterize both the (in vivo) stress state of the wall
and the (in vivo) tissue strength, and neither is trivial. It is inar-
guably valuable to know how the aortic wall behaves under differ-
ent loading modes – separated and mixed – to be able to predict
the stress state of the wall. However, how much of the stress the
tissue can bear at certain loading conditions with a given state of
the microstructure remains unknown. As an essential element to
a failure criterion framework, the strength quantification needs
to be addressed. In this section, we provide an overview of the doc-
umented experimental studies quantifying the strength of the
aorta in health and disease. We review uniaxial tensile tests per-
formed until failure, bulge inflation and peeling tests and (roughly)
summarize related data in the Tables 1–3, respectively. Finally we
describe other tests quantifying the tissue strength such as in-
plane shear, direct tension and trouser tests. For an illustration of
the different tests used to quantify failure properties of aortas
see Fig. 7.

4.1. Uniaxial tensile tests performed until rupture

Uniaxial tensile tests have been widely employed to character-
ize the mechanical properties of aortic tissues. Because of the ani-
sotropic microstructure of the aortic wall, they are typically
performed in circumferential and longitudinal directions to obtain
direction-dependent properties. The shape of the specimen is
either rectangular or (better) bone-shaped, as shown in Fig. 7(a).
Table 1 summarizes some of the studies documented in the litera-
ture and provides failure stress and stretch values under uniaxial
tensile loading. This table is not meant to be a complete summary
of all uniaxial rupture tests published in the literature, however, it
aims to provide a representative overview and points to the rather
large variability in the failure stress and stretch values, also visual-
ized in Fig. 8.

In terms of failure stress the thoracic aortic tissue has been
reported to be stronger in the circumferential direction than in
the longitudinal direction [85,56,39,104,122,35,131]. However,
Vorp et al. [157] observed no significant differences in regard to
the testing direction. The study of Mohan & Melvin [85] stated that
the longitudinal aortic strength should be more than twice as high
as the circumferential strength for the transverse failure to occur.

Their quasi-static tests showed no such difference, however, once
the strain rates were increased the strength ratios got closer to
1:2. The extension ratios were not effected by the strain rate.

In terms of the ‘yield stress’ the anterior region of AAAs was
reported to be the weakest, especially along the longitudinal direc-
tion [140] – ‘yield stress’ is here related to the yield point defined
as the point on the stress-strain curve where the slope starts to
decrease with increasing strain. Failure stresses of anterior, right
lateral, posterior and left lateral samples of the ascending aortas
were not significantly different for control [56], for aneurysmatic
[55,56], and for dissected tissues [72] with respect to the circum-
ferential direction. However, failure stresses in the longitudinal
direction were significantly higher in the right lateral region com-
pared with the anterior and posterior regions [56], but also in the
left and right lateral regions compared with the anterior region for
aneurysms [55]; and in the right lateral region compared with the
left lateral region for dissections [72]. Ferrara et al. [35] reported
stronger and stiffer posterior regions with respect to anterior in
the circumferential direction for thoracic aortic aneurysms,
whereas the opposite trend was observed for the longitudinal
direction. Kritharis et al. [68] found similar failure properties in
the noncoronary sinuses of the control and aneurysm groups for
both young and old patients, whereas failure stresses in the right
and left coronary sinus regions were smaller circumferentially
and greater longitudinally in aneurysms compared with control.

Although all three layers of ascending thoracic aortic aneurysms
exhibited higher failure stresses in the circumferential direction
than in the longitudinal direction, the differences were significant
only for the media from all regions and for the adventitia from the
lateral region [129]. For dissected tissues, failure stresses and
stretches were significantly higher in the circumferential than in
the longitudinal direction in the inner media at the distal location,
but the outer media did not show significant differences regarding
the testing direction [72]. Failure stretches of the ascending tissue
did not show notable differences between the layers [129,72].
However, failure stresses were significantly higher for the adventi-
tia than for the media and intima for aneurysms [129], and they
were significantly higher for the outer media than for the inner
media for dissections [72].

Healthy abdominal aortic tissues had significantly higher ulti-
mate strength and yield strength compared to AAAs [110]. Failure
tension (for definition see Raghavan et al. [109]) was suggested to
be a better predictor of strength than failure stress [109], however,
no significant differences were found between ruptured and
unruptured AAAs in terms of either parameter [108]. In contrast,

(a) Anterior: CIRC

Tr
ue

 st
re

ss
 (N

\c
m

2 )

400

0

300

200

100

0 1.20.90.60.3

ATAA
Control

(b)
ATAA
Control

Tr
ue

 st
re

ss
 (N

\c
m

2 )

400

0

300

200

100

0 1.20.90.60.3

Anterior: LONG

Engineering strain (-) Engineering strain (-)

Fig. 8. Stress-strain data of ascending thoracic aortic aneurysm (ATAA) and control specimens taken from the anterior region with (a) circumferential and (b) longitudinal
orientation obtained from uniaxial tensile tests. Data show a large variability in failure properties. Reprinted from Iliopoulos et al. [56], with permission from Elsevier.

8 S. Sherifova, G.A. Holzapfel / Acta Biomaterialia xxx (xxxx) xxx

Please cite this article as: S. Sherifova and G. A. Holzapfel, Biomechanics of aortic wall failure with a focus on dissection and aneurysm: A review, Acta
Biomaterialia, https://doi.org/10.1016/j.actbio.2019.08.017



	 S.	Sherifova,	G.A.	Holzapfel	/	Acta	Biomaterialia	99	(2019)	1–17	 9

4. Tissue strength quantification

Aneurysms rupture when the wall stress exceeds the wall
strength. Although it sounds simple, the requirement here is to
reliably characterize both the (in vivo) stress state of the wall
and the (in vivo) tissue strength, and neither is trivial. It is inar-
guably valuable to know how the aortic wall behaves under differ-
ent loading modes – separated and mixed – to be able to predict
the stress state of the wall. However, how much of the stress the
tissue can bear at certain loading conditions with a given state of
the microstructure remains unknown. As an essential element to
a failure criterion framework, the strength quantification needs
to be addressed. In this section, we provide an overview of the doc-
umented experimental studies quantifying the strength of the
aorta in health and disease. We review uniaxial tensile tests per-
formed until failure, bulge inflation and peeling tests and (roughly)
summarize related data in the Tables 1–3, respectively. Finally we
describe other tests quantifying the tissue strength such as in-
plane shear, direct tension and trouser tests. For an illustration of
the different tests used to quantify failure properties of aortas
see Fig. 7.

4.1. Uniaxial tensile tests performed until rupture

Uniaxial tensile tests have been widely employed to character-
ize the mechanical properties of aortic tissues. Because of the ani-
sotropic microstructure of the aortic wall, they are typically
performed in circumferential and longitudinal directions to obtain
direction-dependent properties. The shape of the specimen is
either rectangular or (better) bone-shaped, as shown in Fig. 7(a).
Table 1 summarizes some of the studies documented in the litera-
ture and provides failure stress and stretch values under uniaxial
tensile loading. This table is not meant to be a complete summary
of all uniaxial rupture tests published in the literature, however, it
aims to provide a representative overview and points to the rather
large variability in the failure stress and stretch values, also visual-
ized in Fig. 8.

In terms of failure stress the thoracic aortic tissue has been
reported to be stronger in the circumferential direction than in
the longitudinal direction [85,56,39,104,122,35,131]. However,
Vorp et al. [157] observed no significant differences in regard to
the testing direction. The study of Mohan & Melvin [85] stated that
the longitudinal aortic strength should be more than twice as high
as the circumferential strength for the transverse failure to occur.

Their quasi-static tests showed no such difference, however, once
the strain rates were increased the strength ratios got closer to
1:2. The extension ratios were not effected by the strain rate.

In terms of the ‘yield stress’ the anterior region of AAAs was
reported to be the weakest, especially along the longitudinal direc-
tion [140] – ‘yield stress’ is here related to the yield point defined
as the point on the stress-strain curve where the slope starts to
decrease with increasing strain. Failure stresses of anterior, right
lateral, posterior and left lateral samples of the ascending aortas
were not significantly different for control [56], for aneurysmatic
[55,56], and for dissected tissues [72] with respect to the circum-
ferential direction. However, failure stresses in the longitudinal
direction were significantly higher in the right lateral region com-
pared with the anterior and posterior regions [56], but also in the
left and right lateral regions compared with the anterior region for
aneurysms [55]; and in the right lateral region compared with the
left lateral region for dissections [72]. Ferrara et al. [35] reported
stronger and stiffer posterior regions with respect to anterior in
the circumferential direction for thoracic aortic aneurysms,
whereas the opposite trend was observed for the longitudinal
direction. Kritharis et al. [68] found similar failure properties in
the noncoronary sinuses of the control and aneurysm groups for
both young and old patients, whereas failure stresses in the right
and left coronary sinus regions were smaller circumferentially
and greater longitudinally in aneurysms compared with control.

Although all three layers of ascending thoracic aortic aneurysms
exhibited higher failure stresses in the circumferential direction
than in the longitudinal direction, the differences were significant
only for the media from all regions and for the adventitia from the
lateral region [129]. For dissected tissues, failure stresses and
stretches were significantly higher in the circumferential than in
the longitudinal direction in the inner media at the distal location,
but the outer media did not show significant differences regarding
the testing direction [72]. Failure stretches of the ascending tissue
did not show notable differences between the layers [129,72].
However, failure stresses were significantly higher for the adventi-
tia than for the media and intima for aneurysms [129], and they
were significantly higher for the outer media than for the inner
media for dissections [72].

Healthy abdominal aortic tissues had significantly higher ulti-
mate strength and yield strength compared to AAAs [110]. Failure
tension (for definition see Raghavan et al. [109]) was suggested to
be a better predictor of strength than failure stress [109], however,
no significant differences were found between ruptured and
unruptured AAAs in terms of either parameter [108]. In contrast,
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Fig. 8. Stress-strain data of ascending thoracic aortic aneurysm (ATAA) and control specimens taken from the anterior region with (a) circumferential and (b) longitudinal
orientation obtained from uniaxial tensile tests. Data show a large variability in failure properties. Reprinted from Iliopoulos et al. [56], with permission from Elsevier.
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circumferential strips of ruptured AAA tissues were reported to
have significantly lower failure stresses compared with the unrup-
tured AAA tissue strips by Di Martino et al. [28]. Vorp et al. [156]
reported isotropic failure properties for orthogonal strips taken
from abdominal aortic aneurysms. Moreover, the failure stress in
the longitudinal direction was significantly lower for AAA com-
pared with control. Partially calcified AAA tissue was significantly
weaker than the fibrous AAA tissue in terms of the failure stress,
stretch and tension [95]. Failure stresses of the AAA wall were also
reported to decrease with increasing intraluminal thrombus (ILT)
thickness [155,82].

Vorp et al. [157] reported aneurysmatic ascending aortas to
have significantly lower failure stresses and stiffer behavior com-
pared to controls. García-Herrera et al. [39] documented no signif-
icant differences between the mechanical strength of aneurysmal
BAV and aneurysmal TAV aortic specimens, and the corresponding
age-matched control group for the ascending aorta. Significantly
higher failure stresses were reported in aneurysmatic BAV ascend-
ing aortas when compared to aneurysmatic TAV ascending aortas
for the intact wall [102,104,38,27,36], and for the media [27].
The failure stretches in two valve phenotypes were similar
[102,38], but also significantly higher for BAV than for TAV
[27,36]. Histological investigations showed that proportional
differences in the tensile strength between BAV and TAV groups
cannot be explained by alterations in the elastin content [27] or
the collagen content [104,27]. However, the stiffness increase

and extensibility reduction in ascending aneurysmatic tissues were
associated with a decreased elastin content [128].

In the study of Vande Geest et al. [150] no statistically signifi-
cant gender-related differences were reported in terms of strength,
unlike Sokolis & Iliopoulos [127] who identified that circumferen-
tial aneurysmatic specimens obtained from female patients exhib-
ited significantly lower failure stresses compared with the ones
obtained from male patients. Furthermore, failure stresses of the
aorta are reported to decrease [92,39,68,36], and also the failure
stretches [92,68,36] with increasing age. In general, strength was
not correlated to diameter [28,55], but it was inversely related to
wall thickness [140,28,55].

4.2. Bulge inflation tests

Although uniaxial tensile tests provide valuable insight into the
strength characteristics of aortic tissues, they are limited when it
comes to representing in vivo loading conditions. Methods to quan-
tify tissue strength using planar biaxial tests are not yet developed
to the authors’ knowledge, therefore, biaxial tests performed via a
bulge inflation method, see Fig. 7(b), are the focus of this section.
Table 2 summarizes some studies documenting failure stress and
(when available) extension to failure, defined in various ways
(see the related table).

Aortic specimens failed consistently in the direction perpendic-
ular to the longitudinal axis in bulge inflation tests for human [86]

Table 1
Overview of uniaxial tensile test results on aortas – tests performed until failure: ABA, abdominal aorta; AN, aneurysmatic; ASA, ascending aorta; BAV, bicuspid aortic valve; Circ,
circumferential; DTA, descending thoracic aorta; H, healthy; Long, longitudinal; TAV, tricuspid aortic valve; þ values for stress; * values for extension.

Study Species Location Healthy/ Additional Direction n Failure Failure
Diseased information stress (kPa) stretch (–)

Mohan & Melvin [85] Human DTA H Quasi-static Circ 18 1720� 890 1:23� 0:28
Long 18 1470� 910 1:47� 0:23

Dynamic Circ 16þ;17* 5070� 3290 1:60� 0:28
Long 18þ;21* 3590� 2040 1:64� 0:28

Raghavan et al. [110] Human ABA H – Long 7 2014� 394 –
AN – Circ 16 1019� 160 –

Long 45 864� 102 –
Vorp et al. [155] Human ABA AN ILT> 4 mm Circ 7 1380� 190 –

ILT< 4 mm Circ 7 2160� 340 –
Vorp et al. [157] Human ASA H – Circ 7 1800� 240 –

Long 7 1710� 140 –
AN – Circ 23 1180� 120 –

Long 17 1210� 90 –
Di Martino et al. [28] Human ABA AN Ruptured Circ 13 540� 60 –

Unruptured Circ 26 820� 90 –
Vande Geest et al. [152] Human ABA AN For model Circ 60 805� 60 –

input
For validation Circ 21 832� 85 –

García-Herrera et al. [39] Human ASA H < 35 yrs Circ – 2180� 240 2:35� 0:1
Long – 1140� 100 2:00� 0:1

> 35 yrs Circ – 1200� 200 –
Long – 660� 70 –

AN BAV Circ – 1230� 150 1:80� 0:08
Long – 840� 100 1:58� 0:06

TAV Circ – 1190� 130 –
Long – 880� 120 –

Pichamuthu et al. [104] Human ASA AN BAV Circ – 1656� 98 1:92� 0:04
Long – 698� 31 1:63� 0:02

TAV Circ – 961� 61 1:61� 0:04
Long – 540� 37 1:47� 0:03

Shah et al. [122] Porcine ASA – – Circ 11 2510� 439:3 1:99� 0:07
Long 11 750� 102:6 1:92� 0:16

Ferrara et al. [35] Human ASA AN Anterior Circ 37 1440� 700 1:35� 0:16
Long 34 940� 490 1:34� 0:15

Posterior Circ 32 1850� 700 1:36� 0:12
Long 19 740� 180 1:31� 0:09

Sommer et al. [131] Human ASA AN Media Circ 7 1282� 822 1:52� 0:20
Long 10 565� 198 1:52� 0:18
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and for porcine tissue [76], and the dynamic biaxial failure pres-
sure was significantly higher than the quasi-static one, 2.14 times
[86]. Sugita et al. [137] also documented the normal aorta to be
weakest in the longitudinal direction under bulge inflation tests,
but there was no dominant crack direction for the aneurysmal tis-
sues. The authors did not observe a persistent rupture initiation at
local strain concentration zones in contrast to Kim et al. [64] who
reported local strain and stress concentrations at the rupture
locations. The study of Kim et al. [64] deduced a stable stress
parameter for rupture, quantifying the stress in the direction nor-
mal to both families of collagen fibers using the values provided in
Table 2. Romo et al. [115] showed that localized thinning of the
wall is responsible for rupture and not the location of maximum
stress. The related values in Table 2 are the stresses in the direction
perpendicular to the crack direction at rupture. Duprey et al. [32]
calculated failure stress and stretch similar to Romo et al. [115].
Cracks showed dissection-like properties, where the media and
the intima failed first creating a sudden drop in the stress curves,
but the adventitia was still able to carry (some) load. The authors
found no significant differences between BAV and TAV patients,
whereas age had a significant impact on the failure properties. In
addition, they reported no correlation between the aneurysm
diameter and the failure stress/stretch. Luo et al. [70] investigated
the elastic properties, direction of maximum stiffness, stress,
strain, and the energy consumption at the rupture sites of 9
aneurysmatic ascending aortic samples. The authors reported the
tissues to consistently fail in the direction of maximum stiffness
and highest energy, indicating that higher stiffness does not mean
higher strength. Since high stiffness and energy values mean more
collagen recruitment, they concluded that collagen fibers must
play a significant role in the rupture process.

Pearson et al. [100] found no significant differences in rupture
pressure between the ascending, descending, and isthmus regions.
However, they reported significantly larger extension to failure in
the ascending aortic samples compared to the isthmus samples,
which is in contrast to Marra et al. [76] who found no significant
influence of the aortic location on the axial failure stress or stretch.
Histological investigations in Pearson et al. [100] showed isthmus
samples to have a higher collagen to elastin ratio, likely making
the samples from this region less extensible. The failure stresses
were significantly larger for the descending aorta than for the isth-
mus region, however, the overlap in the data between the isthmus
and the adjacent regions let the authors conclude that the mechan-
ical failure properties cannot account for the clinical observations
pointing to the isthmus as a primary injury location.

4.3. Peeling tests

As mentioned above, the propagation of the dissection is mainly
attributed to the lamellar structure of the aortic wall. Peeling tests,
which is not the sole appropriate method, can provide us with the
delamination strength of the wall at different locations. The
‘strength’ of the wall is typically quantified in terms of force per
width (F=w) and the dissection energy (Wdiss). On the basis of some
studies Table 3 provides an overview of these values for the aorta,
and Fig. 7(c) shows a sketch of a peeling test.

Higher force per width for axial strips compared to circumferen-
tial strips of the abdominal aortic media was reported by Sommer
et al. [130] – note that this difference was not significant. Further-
more, the authors observed that the damage was spread over six
to seven lamellae. Fig. 9(a) and (b) depicts the histological sections
of circumferential and longitudinal strips under peeling. Pasta
et al. [99] investigated the dissection properties of humanascending
aortas in aneurysmalBAVandTAVpatients. Compared to the control
group, both aneurysm groups required significantly lower force per
width,where the TAV groupwas significantly stronger than the BAV
group. The controls showed a strong anisotropy, where the axial
directionwas significantly stronger, whichwas not observed in nei-
ther aneurysm group. Scanning electron microscopy investigation
showed a larger number of ruptured elastin fibers, which is in accor-
dance with the fiber bridging failure mode, see Fig. 9(c).

Kozuń [66] showed that the dissection properties are direction
dependent also for stage II atherosclerotic aortas (classification
according to Stary [133]), in particular the force per width F=W
and the dissection energy Wdiss were higher in the longitudinal
direction. In addition, a significantly higher dissection energy
Wdiss for the adventitia/media + intima (A-MI) interface compared
to the adventitia + media/intima (AM-I) interface was reported.
Following Kozuń [66], Kozuń[67] found the dissection energy for
A-MI and AM-I interfaces in both circumferential and longitudinal
directions to decrease with later stages of atherosclerosis (classifi-
cation according to Stary [133]) until stage IV, whereas stages V
and VI were characterized by an increase in the energy. Tong
et al. [143] reported a decreased dissection energy for the media/
intima (MI) composite as well as a decreased anisotropy with
increasing ILT age. In addition to the values provided in Table 3,
the authors performed peeling tests on the ILT. Histological inves-
tigations showed smooth peeling surfaces in the ILT due to single
fibrin fibers or smaller protein clots within the ILT. In addition,
the elastin content in the wall decreased as the thrombus age
increased, whereas the collagen content did not change signifi-

Table 2
Overview of bulge inflation test results on aortas: AN, aneurysmatic; ASA, ascending aorta; Circ, circumferential; DTA, descending thoracic aorta; Long, longitudinal; TA, thoracic
aorta; aLaplace stress; b stress perpendicular to the crack direction; c mean stretch; d circumferential stretch; e average Green–Lagrange strain; f stretch perpendicular to the crack
direction.

Study Species Location Healthy/ Speed Additional Direction n Failure Failure
Diseased (mm/min) information stress (kPa) extension (–)

Marra et al. [76] Porcine TA – 60 – Long 25 1750� 710 1:523� 0:178c

Pearson et al. [100] Porcine ASA – – – – 10 3699� 789 1:85� 0:114d

DTA – – 10 4260� 1626 1:70� 0:138d

Isthmus – – 10 3248� 1430 1:66� 0:109d

Kim et al. [64] Human ASA AN 15 Media Circ 6 547:5� 362:6 0:192� 0:08e

Long 6 335:3� 103:8 0:261� 0:117e

Adventitia Circ 3 636:6� 322:7 0:252� 0:091e

Long 3 976� 247:2 0:343� 0:123e

Sugita et al. [137] Porcine TA – 15 Proximal – 6 1810� 430a –
Distal – 6 2290� 740a –

Human TA AN – – 6 980� 390a –
Romo et al. [115] Human ASA AN 15 Media – 9 780� 200b –

Adventitia – 6 1460� 103b –

Duprey et al. [32] Human ASA AN 15 Composite – 31 1260� 940b 1:37� 0:15f
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and for porcine tissue [76], and the dynamic biaxial failure pres-
sure was significantly higher than the quasi-static one, 2.14 times
[86]. Sugita et al. [137] also documented the normal aorta to be
weakest in the longitudinal direction under bulge inflation tests,
but there was no dominant crack direction for the aneurysmal tis-
sues. The authors did not observe a persistent rupture initiation at
local strain concentration zones in contrast to Kim et al. [64] who
reported local strain and stress concentrations at the rupture
locations. The study of Kim et al. [64] deduced a stable stress
parameter for rupture, quantifying the stress in the direction nor-
mal to both families of collagen fibers using the values provided in
Table 2. Romo et al. [115] showed that localized thinning of the
wall is responsible for rupture and not the location of maximum
stress. The related values in Table 2 are the stresses in the direction
perpendicular to the crack direction at rupture. Duprey et al. [32]
calculated failure stress and stretch similar to Romo et al. [115].
Cracks showed dissection-like properties, where the media and
the intima failed first creating a sudden drop in the stress curves,
but the adventitia was still able to carry (some) load. The authors
found no significant differences between BAV and TAV patients,
whereas age had a significant impact on the failure properties. In
addition, they reported no correlation between the aneurysm
diameter and the failure stress/stretch. Luo et al. [70] investigated
the elastic properties, direction of maximum stiffness, stress,
strain, and the energy consumption at the rupture sites of 9
aneurysmatic ascending aortic samples. The authors reported the
tissues to consistently fail in the direction of maximum stiffness
and highest energy, indicating that higher stiffness does not mean
higher strength. Since high stiffness and energy values mean more
collagen recruitment, they concluded that collagen fibers must
play a significant role in the rupture process.

Pearson et al. [100] found no significant differences in rupture
pressure between the ascending, descending, and isthmus regions.
However, they reported significantly larger extension to failure in
the ascending aortic samples compared to the isthmus samples,
which is in contrast to Marra et al. [76] who found no significant
influence of the aortic location on the axial failure stress or stretch.
Histological investigations in Pearson et al. [100] showed isthmus
samples to have a higher collagen to elastin ratio, likely making
the samples from this region less extensible. The failure stresses
were significantly larger for the descending aorta than for the isth-
mus region, however, the overlap in the data between the isthmus
and the adjacent regions let the authors conclude that the mechan-
ical failure properties cannot account for the clinical observations
pointing to the isthmus as a primary injury location.

4.3. Peeling tests

As mentioned above, the propagation of the dissection is mainly
attributed to the lamellar structure of the aortic wall. Peeling tests,
which is not the sole appropriate method, can provide us with the
delamination strength of the wall at different locations. The
‘strength’ of the wall is typically quantified in terms of force per
width (F=w) and the dissection energy (Wdiss). On the basis of some
studies Table 3 provides an overview of these values for the aorta,
and Fig. 7(c) shows a sketch of a peeling test.

Higher force per width for axial strips compared to circumferen-
tial strips of the abdominal aortic media was reported by Sommer
et al. [130] – note that this difference was not significant. Further-
more, the authors observed that the damage was spread over six
to seven lamellae. Fig. 9(a) and (b) depicts the histological sections
of circumferential and longitudinal strips under peeling. Pasta
et al. [99] investigated the dissection properties of humanascending
aortas in aneurysmalBAVandTAVpatients. Compared to the control
group, both aneurysm groups required significantly lower force per
width,where the TAV groupwas significantly stronger than the BAV
group. The controls showed a strong anisotropy, where the axial
directionwas significantly stronger, whichwas not observed in nei-
ther aneurysm group. Scanning electron microscopy investigation
showed a larger number of ruptured elastin fibers, which is in accor-
dance with the fiber bridging failure mode, see Fig. 9(c).

Kozuń [66] showed that the dissection properties are direction
dependent also for stage II atherosclerotic aortas (classification
according to Stary [133]), in particular the force per width F=W
and the dissection energy Wdiss were higher in the longitudinal
direction. In addition, a significantly higher dissection energy
Wdiss for the adventitia/media + intima (A-MI) interface compared
to the adventitia + media/intima (AM-I) interface was reported.
Following Kozuń [66], Kozuń[67] found the dissection energy for
A-MI and AM-I interfaces in both circumferential and longitudinal
directions to decrease with later stages of atherosclerosis (classifi-
cation according to Stary [133]) until stage IV, whereas stages V
and VI were characterized by an increase in the energy. Tong
et al. [143] reported a decreased dissection energy for the media/
intima (MI) composite as well as a decreased anisotropy with
increasing ILT age. In addition to the values provided in Table 3,
the authors performed peeling tests on the ILT. Histological inves-
tigations showed smooth peeling surfaces in the ILT due to single
fibrin fibers or smaller protein clots within the ILT. In addition,
the elastin content in the wall decreased as the thrombus age
increased, whereas the collagen content did not change signifi-

Table 2
Overview of bulge inflation test results on aortas: AN, aneurysmatic; ASA, ascending aorta; Circ, circumferential; DTA, descending thoracic aorta; Long, longitudinal; TA, thoracic
aorta; aLaplace stress; b stress perpendicular to the crack direction; c mean stretch; d circumferential stretch; e average Green–Lagrange strain; f stretch perpendicular to the crack
direction.

Study Species Location Healthy/ Speed Additional Direction n Failure Failure
Diseased (mm/min) information stress (kPa) extension (–)

Marra et al. [76] Porcine TA – 60 – Long 25 1750� 710 1:523� 0:178c

Pearson et al. [100] Porcine ASA – – – – 10 3699� 789 1:85� 0:114d

DTA – – 10 4260� 1626 1:70� 0:138d

Isthmus – – 10 3248� 1430 1:66� 0:109d

Kim et al. [64] Human ASA AN 15 Media Circ 6 547:5� 362:6 0:192� 0:08e

Long 6 335:3� 103:8 0:261� 0:117e

Adventitia Circ 3 636:6� 322:7 0:252� 0:091e

Long 3 976� 247:2 0:343� 0:123e

Sugita et al. [137] Porcine TA – 15 Proximal – 6 1810� 430a –
Distal – 6 2290� 740a –

Human TA AN – – 6 980� 390a –
Romo et al. [115] Human ASA AN 15 Media – 9 780� 200b –

Adventitia – 6 1460� 103b –

Duprey et al. [32] Human ASA AN 15 Composite – 31 1260� 940b 1:37� 0:15f
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Fig. 9. Histological images (Elastica van Gieson) of the dissection tips obtained from a peeling test of an aortic media during peeling in (a) circumferential and (b) longitudinal
directions. Republished from Sommer et al. [130], Copyright � 2008 ASME, permission conveyed through CCC, Inc. The images highlight the irreversible mechanism of the
separation at the microscopic level. (c) Schematic of fiber bridging failure; the matrix is already separated but still connected by an unruptured fiber (above); force–separation
law (F vs D) for a collagen fiber bridge with nonlinear loading and linear post peak behavior starting at Fmax and related Dp (below) – modes of fiber deformation and failure
are depicted in the insets. Shaded region represents the energy Uf required for failure of the fiber bridge. Reprinted from Pal et al. [96], with permission from Elsevier.

Table 3
Overview of peeling test results on aortas: A, adventitia; ABA, abdominal aorta; Age*, age of intraluminal thrombus; AM, adventitia + media; AN, aneurysmatic; AT,
atherosclerosis; ASA, ascending aorta; BAV, bicuspid aortic valve; Circ, circumferential; F=w, force per width; Long, longitudinal; H, healthy; MI, media + intima; TA, thoracic
aorta; TAV, tricuspid aortic valve; Wdiss, dissection energy; þ according to [133].

Study Species Location Healthy/ Additional Direction n F=w Wdiss

Diseased information (mN/mm) (mJ/cm2)

Sommer et al. [130] Human ABA H Media Circ 5 22:9� 2:9 5:1� 0:6
Long 7 34:8� 15:5 7:6� 2:7

Pasta et al. [99] Human ASA H Control Circ 7 126� 6:6 –
Long 7 149� 7:6 –

AN TAV Circ 8 109:1� 5:2 –
Long 8 116:8� 6:1 –

BAV Circ 16 88:4� 4:1 –
Long 16 100� 4:1 –

Tong et al. [143] Human ABA AN Age* II, A Circ 11 – 10:1� 1:7
Long 9 – 9:3� 0:9

Age* III, A Circ 8 – 9:2� 2:0
Long 7 – 8:3� 1:3

Age* IV, A Circ 6 – 8:6� 1:4
Long 7 – 7:8� 1:0

Age* II, MI Circ 12 – 6:7� 1:2
Long 12 – 8:4� 1:9

Age* III, MI Circ 8 – 5:5� 1:1
Long 8 – 6:8� 1:7

Age* IV, MI Circ 7 – 4:2� 1:1
Long 6 – 5:1� 1:4

Kozuń [66] Human TA AT A–MI Circ 26 24:5� 7:5 5:6� 0:9
(stage II+) Long 7 32:4� 6:5 7:6� 1:7

AM–I Circ 22 26:5� 6:7 4:1� 1:0
Long 8 34:2� 3:5 4:7� 0:9

Noble et al. [90] Porcine TA – Control Circ 16 67:4� 11:7 15:18� 2:70
Long 16 76:7� 25:9 18:33� 6:42

Collagenase Circ 17 49:3� 11:9 10:81� 2:80
Long 14 53:9� 12:2 13:58� 3:12

Elastase Circ 16 58:8� 17:3 13:24� 4:00
Long 14 69:1� 27:0 17:18� 7:12

Glutaraldehyde Circ 13 91:2� 28:2 19:01� 6:05
treatment Long 14 83:6� 13:7 18:63� 3:35
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cantly. The authors reported a rate-dependent change in the dis-
section properties of both the ILT and the ILT-covered wall. Noble
et al. [90] analyzed the influence of collagenase, elastase, and glu-
taraldehyde treatment on the dissection properties of porcine tho-
racic aortas. Collagenase significantly decreased the resistance to
dissection, whereas glutaraldehyde increased it and elastase had
no significant effect. In terms of anisotropy, their results were sim-
ilar to Sommer et al. [130].

4.4. Other tests quantifying tissue strength

Trouser tests, as illustrated in Fig. 7(d), in addition to uniaxial
tensile tests, were performed on porcine descending thoracic aor-
tas by Purslow [107]. The author reported that the longitudinal
direction is more resistant to tearing than the circumferential
direction, such that some longitudinal test samples showed cracks
that deviated to the circumferential direction making data from
these tests unusable for further analysis. In addition, the author
found that the circumferential toughness increased with increasing
distance from the heart. The study of Chu et al. [17] showed that
the stiffness and the fracture toughness of aortas decreased with
increasing fatigue by using cyclic loading tests followed by biaxial
and guillotine tests. On the basis of the guillotine method docu-
mented by Chu et al. [17], Shahmansouri et al. [123] used a
custom-made toughness-tester apparatus for tests on control and
aneurysmatic ascending aortic tissues taken from four quadrants,
and the authors measured the circumferential toughness and the
incremental elastic modulus at 10% Green-Lagrange strain. Neither
parameter showed regional dependency, however, both correlated
well with the total amount of structural proteins (collagen and
elastin). More specifically, the toughness decreased with increasing
collagen content. The average toughness was not correlated with
the average circumferential or longitudinal moduli.

Curves of direct tension tests (see Fig. 7(e)) on abdominal aortas
[130] and thoracic aortas [131] showed three characteristic
regions, namely elastic, damage, and failure. The average radial
failure stress for human abdominal aortas was 140:1� 15:9 kPa
and for diseased human thoracic aortas 131� 56 kPa. Comparing
these values with the data from uniaxial tests in Table 1, it is clear
that the aorta is weakest in terms of the failure stress under radial
loading due to its lamellar structure, as also pointed out by
MacLean et al. [71], see Fig. 2.

In-plane and out-of-plane shear tests until failure in circumfer-
ential and longitudinal directions were performed on diseased
human thoracic aortas by Sommer et al. [131]. The sheared plane
and the direction of shearing during an in-plane shear test is
depicted in Fig. 7(f). Out-of-plane shear strength was almost 10-
fold higher compared to the in-plane shear strength, which is a
result of the lamellar structure and the collagen architecture of
the aorta. The shear-lap test results of Witzenburg et al. [163] were
similar to the in-plane shear tests of [131], although the geometry
of the samples were slightly different. The authors reported that
circumferential samples exhibited significantly higher peak stres-
ses (nominal) than longitudinal samples.

5. Biomechanically motivated models to predict rupture risk

There may be different reasons for the similar locations at
which traumatic injuries and the initiation of aortic dissections
occur, as pointed out in the introduction. One reason may be that
since the aorta is attached to the left pulmonary artery by the liga-
mentum arteriosum at the isthmus and to the vertebral column by
the fascia, it cannot deform as extensively as other locations lead-
ing to local stress concentrations. Another reason may be that the

aortic wall has an inherently different strength in these locations
due to its microstructure, e.g., due to differences in collagen and
elastin content, orientation, or cross-linking proteins. Since the
aorta may be subjected to stress concentrations and has heteroge-
neous strength distributions along the tree, stress and strength are
frequently used in models to predict rupture risk. Next we summa-
rize a few existing models designed to evaluate the risk of rupture.

Doyle et al. [31,30] performed inflation tests on silicone rubber
to mimic the inflation of abdominal aortic aneurysms (AAA), and
observed rupture at the regions of inflections instead of maximum
diameter. They also reported rupture at peak stress locations in
80% of the cases using computational models. Nathan et al. [88]
performed finite element analyses on 47 normal thoracic aortic
geometries by assuming that the aortic wall is homogeneous,
incompressible, isotropic and linearly elastic, a rather rough
assumption. The results showed that the mean wall peak stresses
occurred above the sinotubular junction ð0:43� 0:07MPaÞ and dis-
tal to the left subclavian artery ð0:21� 0:07MPaÞ, which is in line
with the common locations of dissection initiation. This led to
the conclusion that the stress distribution is the main contributor
to the dissection process. Biaxial extension tests on aneurysmatic
ðn ¼ 18Þ and healthy ðn ¼ 19Þ ascending aortic samples showed
that aneurysmatic samples are much stiffer under physiological
loading conditions [1]. Hence, the authors suggested that the
patient-specific wall stress could be a good predictor of rupture
risk. The study did not find any correlation between the maximum
diameter and the patient-specific stress levels. Addressing the
large variations in strength and the uncertainties in wall stress pre-
dictions, Polzer & Gasser [105] developed a probabilistic rupture
risk index (PRRI), calculated by using the wall strength and the
peak stress distribution. The authors were able to distinguish
between the intact and ruptured AAA cases. PRRI values were
strongly correlated with the mean arterial pressure, but not with
the maximum diameter.

On the basis of heterogeneous strength distribution in aneur-
ysm walls, Vallabhaneni et al. [149] suggested that the locations
with increased enzymatic activity within the wall could be respon-
sible for a local weakening making the aneurysm more prone to
rupture. Vande Geest et al. [151,152] reported different statistical
risk prediction models considering the heterogeneity of both the
wall stress and the wall strength. Simulations using the model of
Vande Geest et al. [151] indicated that the unruptured AAAs had
significantly higher failure stresses compared to the ruptured
group. Even though this model could not be validated by Reeps
et al. [112], it involves a non-invasive estimation of patient-
specific wall strength, and it was used by Joldes et al. [60] to
develop a rupture risk calculation software. The approach of Joldes
et al. [60] eliminates the need to use patient-specific material
parameters as the stresses are only determined by the external
load and the geometry, depending only weakly on the material
parameters (for a detailed discussion see Wittek et al. [162], Lu
[84], Joldes et al. [59]).

Trabelsi et al. [144] compared three different rupture risk
assessment methods, in particular, maximum diameter, rupture
risk index, and the overpressure index (see definitions therein).
The maximum diameter criterion was only weakly correlated with
the other two, and, remarkably, the patient with the smallest
aneurysm diameter had the highest rupture risk index. Duprey
et al. [32] suggested a rupture risk criterion for aneurysms of
ascending aortas based on a maximum stretch parameter cstretch
the authors introduced. It indicates that the failure is reached
when the stretch acting on the tissue is larger than its maximum
extensibility. The data obtained via bulge inflation tests therein
showed a strong correlation between cstretch and the physiological
elastic modulus. Trabelsi et al. [145] were able to further correlate
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loading due to its lamellar structure, as also pointed out by
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the conclusion that the stress distribution is the main contributor
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that aneurysmatic samples are much stiffer under physiological
loading conditions [1]. Hence, the authors suggested that the
patient-specific wall stress could be a good predictor of rupture
risk. The study did not find any correlation between the maximum
diameter and the patient-specific stress levels. Addressing the
large variations in strength and the uncertainties in wall stress pre-
dictions, Polzer & Gasser [105] developed a probabilistic rupture
risk index (PRRI), calculated by using the wall strength and the
peak stress distribution. The authors were able to distinguish
between the intact and ruptured AAA cases. PRRI values were
strongly correlated with the mean arterial pressure, but not with
the maximum diameter.

On the basis of heterogeneous strength distribution in aneur-
ysm walls, Vallabhaneni et al. [149] suggested that the locations
with increased enzymatic activity within the wall could be respon-
sible for a local weakening making the aneurysm more prone to
rupture. Vande Geest et al. [151,152] reported different statistical
risk prediction models considering the heterogeneity of both the
wall stress and the wall strength. Simulations using the model of
Vande Geest et al. [151] indicated that the unruptured AAAs had
significantly higher failure stresses compared to the ruptured
group. Even though this model could not be validated by Reeps
et al. [112], it involves a non-invasive estimation of patient-
specific wall strength, and it was used by Joldes et al. [60] to
develop a rupture risk calculation software. The approach of Joldes
et al. [60] eliminates the need to use patient-specific material
parameters as the stresses are only determined by the external
load and the geometry, depending only weakly on the material
parameters (for a detailed discussion see Wittek et al. [162], Lu
[84], Joldes et al. [59]).

Trabelsi et al. [144] compared three different rupture risk
assessment methods, in particular, maximum diameter, rupture
risk index, and the overpressure index (see definitions therein).
The maximum diameter criterion was only weakly correlated with
the other two, and, remarkably, the patient with the smallest
aneurysm diameter had the highest rupture risk index. Duprey
et al. [32] suggested a rupture risk criterion for aneurysms of
ascending aortas based on a maximum stretch parameter cstretch
the authors introduced. It indicates that the failure is reached
when the stretch acting on the tissue is larger than its maximum
extensibility. The data obtained via bulge inflation tests therein
showed a strong correlation between cstretch and the physiological
elastic modulus. Trabelsi et al. [145] were able to further correlate
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this rupture risk indicator with the membrane stiffness using the
analysis of CT-scans, concluding that the loss of elasticity increases
the rupture risk. However, the authors stated that the correlation
was not strong enough for this criterion to be suggested for use
in clinical practice.

Martin et al. [80] quantified the rupture diameter risk and the
yield diameter risk defined as the diameter Dsys at systolic pressure
divided by the diameter Df at rupture pressure (Dsys=Df ) and by the
diameter Dy at yield pressure (Dsys=Dy), respectively. Both risk indi-
catorswere relatedwith increases in the clinicallymeasuredparam-
eters such as systolic blood pressure, age, systolic wall tension and
pressure-strain modulus (rupture diameter risk was additionally
correlated with the aortic size index; for the related definition see
Davies et al. [25]), but not with the aneurysm diameter. Building
on this framework, Martin et al. [79] performed patient-specific
finite element analyses using geometries reconstructed from CT
scans and clinical blood pressure measurements, in addition to
mechanical data from these aortas reported previously by Pham
et al. [102]. The rupture diameter risk was correlated with the sim-
ulated peak wall stresses and with the tension-strain modulus, but
not with the systolic hoop tension and the overall aneurysm diame-
ter. The predicted rupture pressures decreased dramatically with
increasing rupture diameter risk.

6. Concluding remarks

Despite the advances in medical, biomedical and biomechanical
research, the mortality rates of dissections and aortic aneurysms
remain high. The present review article summarizes experimental
studies that quantify the aortic wall strength and it discusses
biomechanically motivated models to predict rupture risk. Follow-
ing the description of the aortic microstructure and the pathologi-
cal changes leading to dissection and aneurysm in Section 2, we
summarized experimental investigations that were designed to
better understand failure mechanisms involved in dissection and
rupture in Section 3. In the case of aortic trauma, we have seen
in Section 3.2 that there may be different global load cases on,
e.g., the chest resulting in a similar load on the aortic wall leading
to a similar material failure. As suggested by Richens et al. [113],
multivariate hypotheses are more suitable to explain under what
loading conditions the aorta ruptures. Such hypotheses can bring
the global mechanisms together, i.e. shearing, torsion and stretch-
ing, and suggest which stresses play a more pronounced role dur-
ing rupture. Various loads acting on the aortic wall prior to rupture
call for the strength identification under different loading modes.

In Section 4 we focused on uniaxial tensile, bulge inflation and
peeling tests while briefly touching upon trouser, direct tension
and shear tests. We identified contradictory observations and a
large variation within and between data sets, which may be due
to biological variations, different sample sizes, differences in
experimental protocols, etc. However, we pointed to the underly-
ing structural similarities/differences as the main contributor to
the similarities/differences of the strength values. Considering
the pathological microstructural changes, aneurysmatic and dis-
sected tissues are expected to exhibit different strength properties
compared to control tissues although this is not always the case
according to themechanical test results, as pointed out in Section 4.
However, it seems that the micro-architecture, in particular the
content and organization of collagen and elastin and their cross-
linking proteins play an important role during failure.

Finally, in Section 5 we looked at what is proposed in the liter-
ature to predict the risk of rupture as an alternative to the maxi-
mum diameter criterion. Realistic geometries and appropriate
constitutive models are crucial to identify wall stresses and zones
of stress concentration. Martufi & Gasser [81] elaborated on a wall-

averaged stress state (membrane stress state) to be a more realistic
AAA rupture risk indicator, also pointing out the importance of
using appropriate constitutive models to predict wall stresses. As
mentioned before and addressed by several risk prediction models,
not only the stress state at a point in time but also the strength dis-
tribution is likely to be heterogeneous. Although rupture risk pre-
diction models address an important issue in clinical practice, they
do not model material failure.

Let us finally consider a few more recent findings on tissue fail-
ure. Converse et al. [21] showed that ‘arterial yielding’ was closely
correlated with the onset of collagen damage, which is indicated by
the binding of collagen hybridizing peptide to undulated collagen
[169]. In addition, damage accumulation increased with increasing
stretch beyond the ‘yield threshold’, and it occurred primarily in
the fibers along the loading direction [21]. This suggests that orien-
tation and dispersion of collagen determine the strength of, e.g.,
aortic tissues [124] and the pericardium [160]. Marino et al. [74]
proposed a damage model considering interstrand delaminations
as a source of inelastic deformation, as suggested by multiscale
models of collagen fibrils [75,73] and by atomistic computations
[10,148]. Employing the experimental protocols documented in
Converse et al. [21], Marino et al. [74] showed that damage onset
and excessive damage accumulation agree well with the predicted
evolution of the model parameters that describe tissue softening
associated with permanent molecular elongation, and tissue failure
associated with loss of fibril structural integrity.

More advanced failure criteria for fibrous biological tissues are
of pressing need to better understand aneurysm rupture and prop-
agation of aortic dissections, and to substantially improve clinical
decision making; should also go hand in hand with developments
in clinical biomarkers and/or suitable imaging modalities. In the
light of this review, we suggest that an ideal failure criterion
should include the strength of the material under different loading
cases and the effect of the tissue microstructure on the strength at
different length scales. In particular, a failure criterion should be
based on microstructural properties including the content and
organization of remodeled collagen and remnant elastin and their
cross-linking proteins, especially under the influence of proteolytic
activity. Such failure criteria may also improve G&R models neces-
sary of addressing the key issue of rupture-potential.
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