This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/RBME.2019.2950140, IEEE
Reviews in Biomedical Engineering

1

Review of current advances in the mechanical
description and quantification of aortic
dissection mechanisms
Joseph Brunet1,* , Baptiste Pierrat1 , and Pierre Badel1
1

Mines Saint-Etienne, Univ Lyon, Univ Jean Monnet, INSERM, U 1059 Sainbiose, Centre CIS, F 42023 Saint-Etienne France
*
Corresponding author: joseph.brunet@emse.fr

Abstract—Aortic dissection is a life-threatening event
associated with a very poor outcome. A number of complex phenomena are involved in the initiation and propagation of the disease. Advances in the comprehension
of the mechanisms leading to dissection have been made
these last decades thanks to improvements in imaging and
experimental techniques. However, the micro-mechanics
involved in triggering such rupture events remains poorly
described and understood. It constitutes the primary
focus of the present review. Towards the goal of detailing
the dissection phenomenon, different experimental and
modeling methods were used to investigate aortic dissection, and to understand the underlying phenomena
involved. In the last ten years, research has tended to
focus on the influence of microstructure on initiation and
propagation of the dissection, leading to a number of
multiscale models being developed. This review brings
together all this material in an attempt to identify main
advances and remaining questions.
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I. I NTRODUCTION
The largest artery in the body, the aorta, is the most
prone to dissection, a mechanical failure event with
very serious consequences. Though well described
clinically, the conditions and mechanisms initiating
this life-threatening event are partially described and
known to limited extent, making dissection a poorly
understood vascular incident. The present review aims
at bringing together current knowledge and material
addressing this essential problematic, in order to highlight possible relevant future directions for research in
this field.
The aorta is composed of three layers. The innermost layer is the intima. It is composed of (i)
a single and smooth layer of endothelial cells in
contact with blood, called endothelium, underlying
on (ii) a thin basal membrane (∼80 nm) and (iii)
a sub-endothelial layer composed of smooth muscle
cells, collageneous bundles and elastic fibrils [1], [2].
Subendothelial layer thickness depends on location,

age and disease. Although the endothelium does not
contribute significantly to the mechanical behavior of
the arterial wall, the subendothelial layer certainly
does. Holzapfel et al. [3] demonstrated that in coronary
arteries the subendothelial layer exhibits a significant thickness, load-bearing capacity, and mechanical
strength in comparison with the media and adventitia.
The middle layer is the media. It is a complex structure
consisting in several lamellar units called musculoelastic fascicles, separated by elastin laminae. Each
unit is mainly composed of elastin, type I and III
collagen and smooth muscle cells [4], [5]. The media
is separated from the intima by the internal elastic
lamina and from the adventitia by the external elastic
lamina. Due to its organization, similar to laminate
composites, the media resists to relatively high loads
in longitudinal and circumferential directions but is
weaker in the radial direction [6]; hence, it is prone
to dissection separation, a delamination event. The
outermost layer is the adventitia. It is composed mainly
of fibroblasts, fibrocytes, ground substance and type I
collagen [5]. It is surrounded by connective tissue and
the limit between the two is not clearly defined. The
vasa vasorum, a network of vessels and capillaries in
the adventitia and outer part of the media, provides
blood supply and nourishment to the aortic wall. The
adventitia has a significant role in the stability and
ultimate strength of the artery. At the unloaded state,
adventitial collagen is crimped, the consequence is
that the media mainly contributes to the mechanical
behavior of the arterial wall at low pressure. However,
at a significant strain, collagen fibers are straightened
and the arterial wall becomes extremely stiff, effectively preventing the artery from overstretching and
rupture. Furthermore, the arterial wall is not stress-free
without external loads, layer-specific residual stresses
were evidenced [7] and shown to play an important role
as pointed out by Holzapfel et al. [8]. In particular,
it may homogenize the circumferential stress, thus
diminishing the stress gradients through the aortic wall.
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Aortic dissection is a sudden delamination of the
aortic wall occurring in the medial layer. In the majority of cases, dissection is described as initiating with
an intimal tear which then allows blood flowing in
the media [9], although intramural haemorrhage can
also lead to dissection [10], [11] (Figure 1). Aortic
dissection most often occurs in the ascending aorta,
along the right lateral wall, where the maximum shear
stress caused by blood flow is located [12]. Another
common site is below the ligamentum arteriosum, in
the descending thoracic aorta [13], [14]. The dissection
can propagate either in the antegrade or retrograde
direction from the intimal tear or haemorrhage. Once
the intimal entry (or tear) is formed, propagation starts,
eventually creating an intimal flap. Two pathways for
the blood are then present, the true lumen and the
false lumen . This condition is extremely dangerous
for the patient as it affects the mechanical integrity
of the arterial wall, compromising its strength and
hemodynamics due to the false lumen narrowing the
true lumen, or occluding collateral vessels, which leads
to a decrease in blood supply of tissues and organs.
Aortic dissection requires rapid diagnosis and
decision-making. The incidence of this pathology is
35 cases per 100,000 people per year among the 6575 years of age. Risk factors include hypertension,
atherosclerosis and genetic disorders that affect connective tissue like Marfan syndrome [12]. Without
intervention, up to 90% of patients with acute aortic
dissection die within weeks [15]. Aortic dissection can
also be caused by traumas, for instance occurring in
a car accident [12], or during catheter insertion [16],
[17]. For example, balloon angioplasty can lead to
several undesirable side effects including permanent
damaging of the arterial wall caused by over-stretch
and atherosclerotic plaque fracture [18].
Because its immediate consequences are
hemodynamics-related, existing aortic dissection
was often studied from the perspective of fluid
mechanics and fluid-structure interactions [19], the
objective of such approaches being to determine
which treatment would be the most appropriate for a
given patient, with minimum potential complications.
Various approaches were applied to investigate the
effect of hemodynamics on aortic dissection. Thanks
to advances in medical imaging such as 4D magnetic
resonance imaging (MRI), blood flow velocity [20],
[21] and arterial wall displacement [22] can be
measured during the cardiac cycle which constitutes
valuable input for such approaches. However, the
accuracy is still not sufficient to assess the wall
shear stress accurately [23], especially in aortic
dissection where flow velocity gradients around the
dissection are high, and the presence of an intimal flap
makes it even more complex. To address this issue,
computational fluid dynamics approaches coupled

with patient-specific models were used [24]–[27].
These models allowed obtaining local pressure and
wall shear stress values. Yet, some assumptions
on which they rely are questionable. A major one
is to consider the aortic wall as rigid, while it is
very compliant and its geometric variations may be
substantial. A relevant approach, in that respect, is
fluid-structure interaction modeling [28]–[30] which
couples fluid and solid mechanics. Though very
promising, these models involve many constitutive
and numerical parameters, in addition to intrinsic
complexity (example: remeshing issues when large
transformations occur) [31]. Although the results of
such investigations are crucial to improve clinical care
and help in decision making for patients suffering
from an already detected dissection, models related
to hemodynamics will not be reviewed in this paper.
Readers are referred to the work of Morris et al. [32]
for further reading on these aspects.
The mechanical event of aortic dissection itself can
be separated in two different mechanisms: initiation
and propagation, the causes and most influential factors
of which are not well understood. Rajagopal et al.
[33] postulated that initiation of the aortic dissection
can be related to systolic blood pressure, while pulse
pressure and heart rate can influence its propagation.
Osada et al. [34] observed that most aortic dissections
developed in the outer third of the media, alongside
the vasa vasorum, suggesting an important role of the
vasa vasorum in initiation of aortic dissection. Recently, pooling of glycosaminoglycans/proteoglycans
was identified as a possible cause for aortic dissection
initiation by creating significant stress concentrations
and intra-lamellar swelling in the arterial wall [35]–
[37].
The various conclusions and hypotheses formulated
based on these studies reveal a marked lack of understanding of the underlying mechanisms involved in
aortic dissection initiation and propagation certainly
due to the complexity and multiple causes involved.
In particular, advanced mechanical analyses of the
underlying mechanisms based on mechanical experiments, as well as structural observations at the relevant
scales combining mechanical loading and imaging,
would deeply improve current knowledge of these lifethreatening events and could improve clinical decision
criteria. In this context, the objective of the present
review is to focus on previous works which address
relevant aspects to these questions of initiation and
propagation of aortic dissection. An overview of the
experimental techniques will be addressed first. Then,
modeling approaches will be presented along with
their added value and limitations. This review will be
concluded by open questions and perspectives.
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Figure 1: Aortic dissection propagating in the medial layer of the aortic wall. (a) An intimal tear is present and allows the
blood to flow in the media creating a false lumen. (b) In some cases, an intramural haematoma caused by a rupture in the
vasa vasorum can also progress in dissection. Reproduced from Nienaber et al. [12].

II. E XPERIMENTAL APPROACHES TO DISSECTION
MECHANICS

Aortic dissection is a complex vascular event involving several phenomena at different scales. Experimental studies focusing on the mechanisms behind
this phenomenon are still rare in the literature. A
likely reason is that aortic dissection, and especially
its initiation, is a dynamic, transient process which
turns out to be difficult to observe or quantify due to
its spontaneity and relative short duration. In addition,
the complexity of the vascular wall micro-structure
explains the difficulty of identifying the modes of
rupture involved in aortic dissection.
In this regard, it must be mentioned that imaging
techniques have been a prerequisite to any progress
towards improved management and understanding of
dissection. On both clinical and research sides, available imaging techniques present advantages and drawbacks, requiring compromises to be made according
to each use. Acquisition time, field of view, resolution
are typical features of interest in this context. Imaging techniques are essential to most of the research
presented in this review but all technical aspects and
choice-making criteria are out of the present scope.
Only a brief overview of the most common techniques,
used in clinics and/or research works detailed herein, is
provided in Table I. It should be emphasized that this
comparison was made from a research point of view
and not from a clinical one.
Animal tissues are extensively used for in-vitro mechanical testing (Section II-A), although human tissue
has also been characterized. Porcine aortic tissue is
usually regarded as a good candidate due to its anatomical similarity, although not identical [60], with human

aortic wall [61]. However, the majority of porcine
aortas are harvested on young healthy animals while
aortic dissection occurs in cases of medial degeneration
and hypertension [62]. On the other hand, mouse
models have been widely used for in-vivo testing, as
detailed in section II-B.
In the following, we report the work of several
authors who performed experimental investigations
aiming at describing and quantifying the mechanisms
involved in aortic dissection. In brief, macro-scale investigations mainly provided global descriptive trends
on dissection propagation, as well as quantitative energetic values involved in the delamination phenomena.
On the other hand, experiments performed at lower
scales were relevant in addressing more quantitative
aspects related to elementary mechanisms possibly
involved in the dissection sequence from initiation to a
propagated dissection, towards a possible classification
of these mechanisms. This section is divided into
two parts, addressing respectively in vitro and in vivo
investigations.
A. In vitro characterizations
Fracture can happen following three modes: mode I
is described by a normal opening with respect to the
crack surface, mode II is described by shear sliding
parallel to the crack surface but orthogonal to the
leading edge, and mode III is described by shear sliding
parallel to the crack surface and to the leading edge
(Figure 2). These modes can be mixed depending on,
for instance, the external loading, the material properties, and the crack propagation. Though mode I is very
likely to be dominant in an already opened dissection
which propagates due to blood pressure, a detailed
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Imaging Technique

Spatial Resolution

Field of view

Advantages

Drawbacks

References

Clinical Computed Tomography (CT)*

∼ 500 µm

Non limiting

Widely available

Contrast agent needed
Ionizing radiation

[38]–[40]

Non limiting

Great scale of view
Good contrast

Long-time scan
Lack of availability

[38], [41]

Maximum depth: 100 mm

Great temporal resolution
Portable
Cheap

Operator-dependent

[42], [43]

Tissue damaged

[44]

Tissue damaged

[45]–[47]

∼ 1 mm

Clinical MRI*

Clinical Echocardiography techniques*

∼ 100 µm

Light-based histology

0.2 µm

In plane: ∼ 10 mm

Good resolution
Wall scale

Electron-based histology

∼ 5 nm

In plane: ∼ 10 µm

Extremely good resolution

High-resolution Ultrasound

30 - 100 µm

Maximum depth: 15 mm; lateral: ∼ 20 mm

Great temporal resolution
Good field of view

Poor resolution

[48]–[51]

Maximum depth: ∼ 300 µm; lateral: ∼ 750 µm

Great resolution
Intrinsic fluorescence of tissues

Limited field of view
Poor penetration

[47], [52], [53]

Good field of view
Great resolution

Ionizing radiation
Contrast agent needed

[54]–[57]

Great resolution

Shadowing effect
Poor penetration
Low contrast

[52], [58], [59]

Multiphoton microscopy
X-ray computed tomography

Optical coherence tomography

15 - 1000 nm

∼ 1-10

0.150 - 4 µm

1 - 10 µm

mm3

Maximum depth: 5 mm; lateral: ∼ 1 mm

* Representative equipment used in standard clinical practices

Table I: Comparison of the different imaging techniques currently used in clinics and research. Values present in this table
are given as orders of magnitude of what can be accomplished with standard methods, lower resolutions can be achieved in
special conditions. Spatial resolution and field of view correspond to a range of values found in the mentioned references
for imaging arterial tissue.

and accurate description of fracture modes and their
ratios from early initiation to complete propagation
of dissection remains an open question. The present
subsection introduces studies that were performed to
characterize these fracture modes in the context of
arterial dissection.

Mode I
Opening

Mode II
Sliding

Mode III
Tearing

Figure 2: The three fracture modes: opening mode (mode
I), sliding mode (mode II), and tearing mode (mode III).

1) Liquid infusion test: One of the first techniques
used to study the mechanisms leading to dissection
was developed by Roach and co-workers. A fluid was
infused at a constant flow rate into the media using a
thin needle, resulting in the progressive delamination
of elastic laminae in the path of least resistance, while
recording pressure and volume. In an early study,
Carson et al. [63] assessed the strength of the media
and its influence on the propagation of the dissection
thanks to this technique. The test was done on 31
opened porcine upper descending thoracic aortas. The
peak pressure to tear the aortic media was 77.2 ±
1.5 kPa (579 mmHg) which is a non-physiological
blood pressure suggesting that the mechanical strength
of the aortic wall has to be weakened for aortic
dissection to initiate. The energy release rate required
to propagate the dissection was 15.9 ± 0.9 mJ/cm2 ,
and the pressure required to propagate the dissection
dropped down to a physiological range, which suggests

a clear distinction between initiation and propagation
events. Tiessen et al. [64] investigated the influence
of several parameters on the propagation of dissection
in 21 opened unpressurized human aortas. The peak
pressure to tear the media was 79 ± 29 kPa and their
results did not show any significant effect of age and
tear depth on medial strength of human aorta. However,
sex, location and atherosclerotic plaque formation did.
Roach et al. [65] studied the influence of the location
on the energy required to propagate the dissection in
17 opened porcine aortas. The energy release rates
were 2.84 ± 1.19 mJ/cm2 for the upper thoracic aorta,
2.90 ± 1.21 mJ/cm2 for the lower thoracic aorta,
1.88 ± 0.89 mJ/cm2 for upper abdominal aorta and
11.34 ± 4.05 mJ/cm2 for lower abdominal aorta. It
was also observed that the lower abdominal aorta tore
at a lower pressure but required higher energy to
propagate the dissection. Observations with scanning
electron microscopy (SEM) suggested a change in the
elastin microstructure between the thoracic aorta and
the abdominal aorta. This could explain the difference
in values. Using the same technique, but with pressurized aortas under static conditions (i.e. no flow),
Tam et al. [66] investigated the influence of tear
depth on the propagation of the dissection in porcine
thoracic aorta. Blebs were created in the media using
saline solution and a circumferential slit was made
on the intimal side to connect the true and false
lumen. Then, the aortas were pressurized under noflow conditions until propagation. Their results showed
that propagation of the dissection occurred for tear
(normalized) depth of 0.44 to 0.89 (with 1 being
closest to the adventitial side). A positive correlation
was found between the propagation pressure and the
number of medial units remaining in the dissected wall.
Conversely, but logically, inverse correlation was found
between the propagation pressure and the tear depth.
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These correlations were not found in the previously
detailed studies [63], [64] which may be explained by
differences in the experimental methods and/or tissues.
2) Radial tensile test: An intuitive way to approach
the mechanisms underlying aortic dissection is radial
tensile testing aimed at directly studying medial separation. This mechanical test gives an indication about
the interlamellar connection strength in the aortic wall,
which is relevant in dissection propagation because it
is likely to be driven by mode I fracture properties.
To prepare the specimens for radial tensile test, the
artery is opened longitudinally and a rectangular or
cylindrical sample is cut out. Sandpaper and glue are
commonly used to fix the sample in the testing machine
and avoid slippage in the clamps. Maclean et al. [6]
compared the response of upper and lower porcine
thoracic aorta to radial stresses with the response to
longitudinal and circumferential stresses. The elastic
modulus was calculated for different values of strain,
showing that, just before failing, it is significantly
lower in radial direction (61.4 ± 4.3 kPa) than in
longitudinal and circumferential directions (112.7 ±
9.2 kPa and 151.1 ± 8.6 kPa). Later, Sommer et al.
[67] investigated the strength of the media of 8 human
abdominal aortas using the same test. The radial failure
stress was 140.1 ± 15.9 kPa. The stress-strain curves
were divided in three parts: region S1 for elastic, S2 for
damage accumulation and S3 for failure, with the behavior of S1 being linear elastic unlike most biological
tissues which exhibit a typical J-shaped curve. Furthermore, a peeling-like mechanism was observed during
rupture, showing a lamellar decohesion process (Figure
3). Another more recent study on human thoracic
aortic tissue confirmed that the tensile strength could
be ranked in decreasing order from circumferential,
to longitudinal and radial direction [68]. This result
could explain the fact that, once a tear is present, the
dissection propagates generally in the tangential plane
(either in longitudinal or circumferential direction).
3) Peeling test: Peeling is a mechanical test that
was often used to study the propagation of dissection.
While tensile tests in radial direction allow assessing
the strength between layers of the aortic wall, the
peeling test is more appropriate to measure the mode
I energy release rate in the separation of layers [69].
To prepare the specimens for such a test, the artery
is opened longitudinally and a rectangular strip is
cut out. One end of the specimen is, then, split in
the thickness to get two tongues that are respectively
fixed in each clamp of the testing machine. Sandpaper
or glue is also commonly used to avoid slippage in
the clamps. A schematic of the experimental setup
before and after the test is shown in Figure 4. Force
and displacement are measured throughout the test,
allowing extraction of the mode I energy release rate

Figure 3: Force-displacement curves, from direct tension
tests, of 8 samples of human abdominal aortas, with the
thick curve representing the arithmetic mean response. The
initial decohesion of the medial layers S3a is followed
by a peelinglike failure mechanism S3b. Reproduced from
Sommer et al. [67].

(involved in dissection propagation). The advantage
of peeling tests mainly lies in the control of fracture
propagation, unlike direct tension tests or inflation tests
where fracture is unstable. Sommer et al. [67] analyzed
the dissection properties of the media of 12 human
abdominal aortas using peeling tests. The dissection
energy release rates were 5.1 ± 0.6 mJ/cm2 in the
circumferential direction and 7.6 ± 2.7 mJ/cm2 in
the longitudinal direction. This indicates a possible
anisotropy of propagation properties, suggesting a preferred propagation of dissection in the circumferential
direction. The authors suggested that, from a structureto-mechanics point of view, this may be explained by
the anisotropic arrangement of the different components like elastin, collagen fibers and smooth muscle
cells, which may impact the fracture response as it does
for the elastic response of such tissue. This is supported
by the fact that peeling in the longitudinal direction
generated a "rougher" surface compared to peeling
in the circumferential direction. It is also interesting
to note that the crack of the medial dissection was
observed to spread over six or seven elastic lamina,
hence not being confined to the same lamellae when
propagating. Tong et al. [70] used the same methodology on 62 human carotid bifurcations to study their
dissection behavior. The dissection energy release rate
required was lower in circumferential direction than
in longitudinal direction and the surface generated by
longitudinal peeling tests was "rougher" compared with
the surface generated by the tests in the circumferential
direction, consolidating the hypothesis of anisotropy
of cohesive properties previously observed in Sommer
et al. [67]. Also, the measured energy release rate
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significantly varied with the location, higher energy
is required to propagate a dissection in the common
carotid artery than in the internal carotid artery. Pasta
et al. [71] used peeling tests to compare the dissection
behavior of aneurysmal and non-aneurysmal human
ascending thoracic aorta from bicuspid aortic valve
(BAV) or tricuspid aortic valve (TAV) patients. The
results exhibited a delamination strength significantly
greater for non-aneurysmal samples than for aneurysmal samples, regardless of the valve morphology and
testing direction. They also showed that, for aneurysmal samples, delamination strength of BAV samples
was significantly lower than delamination strength of
TAV samples for both directions. This demonstrates
that patients with thoracic aneurysm have a greater
risk of aortic dissection and that patients with BAV
are more prone to aortic dissection than patients with
TAV, in qualitative agreement with clinical experience.
Considering that several studies reported structural
differences between these categories of tissues [72]–
[74], this conclusion raises the need to explore and
understand the mechanisms involved at the microstructural level. A significant difference was also found
between circumferential and longitudinal directions
within non-aneurysmal specimens with higher delamination strength in longitudinal direction, like in Tong
et al. [70]. However, this significant difference was
not observed within aneurysmal specimens which suggested that the delamination behavior of aneurysmal
samples was isotropic.

Figure 4: Experimental set up for peeling test, before the
test and after the test. Reproduced from Noble et al. [75].

4) Tearing test: Also called trousers test, the tearing
test is close to the peeling test in its implementation
(the orientation of the sample is simply changed in the
testing machine); however, the mechanisms of failure
observed may be different as this test allows investigating mode III fracture. Purslow et al. [76] performed this
experiment on descending thoracic aortas and showed
that the failure stress is greater in the circumferential
direction than in the longitudinal direction, and in both

orientations the strength increased further away from
the heart. To date, more investigation is necessary to
confirm the presence of mode III in aortic dissection.
5) Shear test: Several studies addressed shear testing on arterial wall to find its shear modulus. Vossoughi et al. [77] applied shear deformation on bovine
aortic rectangular samples (hence deforming them in
a parallelogram-like shape) and derived their shear
modulus. Other studies used extension-inflation-torsion
tests on human common carotid arteries [78] and
porcine coronary artery [79] to also derive the shear
modulus. However, these studies did not investigate
rupture of the tissue under these testing conditions. In
another approach, Haslach et al. [80] drew radial lines
on ring-shaped samples of bovine descending aorta and
observed that these lines, during inflation of the ring,
actually curved due to non-uniform circumferential
displacement. Thus the authors concluded that shear
stress may arise when inflating the aorta, confirming
their earlier finding [81]. To investigate this, shear
tests were performed on bovine rectangular aortic wall
blocks in longitudinal and circumferential directions.
No difference in the shear stress response was found
between the two directions but a redistribution of the
interstitial fluid due to shear deformation was observed.
More interestingly regarding vascular damage, the histology performed in this work revealed growth of local
voids within medial tissue along the collagen fibers
(Figure 5), indicating inter-fiber crosslink rupture. The
increasing number of such voids was hypothesized
to favor crack propagation in the arterial wall by
connecting them. Furthermore, some bridge-crossing
fibers can be seen in Figure 5. The nature of these
bridging fibers (collagen, elastin, or both) remains to
be clearly identified, as they were designated as elastin
fibers in Pasta et al. [71] while they are clearly collagen
in Haslach et al. [80] who used collagen staining.
Focusing on more relevant and advanced tests for
understanding dissection micro-mechanisms, Haslach
et al. [80] performed the ring inflation experiment by
making an additional radial cut on the intimal side,
with the aim of simulating an intimal tear initiating
a dissection. Their results showed that the crack first
grew in circumferential direction, and eventually this
circumferential crack propagation stopped when a radial crack formed and completely broke the sample.
Since circumferential crack propagation cannot be induced by circumferential stress or radial compressive
stress, this observation suggested that a non-zero shear
stress was present during inflation. It was concluded
that rupture of the aortic ring in this test involved mode
II fracture propagation, probably caused by shearing of
inter-fiber crosslinks, and a final rupture due to a mode
I radial crack by pull-out or rupture of the collagen
fibers. Though this study was performed in the absence
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of blood, it questions the influence of shear-driven,
hence mode II, effects in dissection. A hypothesis that
can be formulated is that the early stages of crack
opening would be controlled by mode II properties,
while the following propagation would be driven by
mode I properties when the blood rushes into the crack.
The authors concluded that mode II should be considered with more interest in future research. Haslach et
al. [82] inflated healthy bovine aortic rings with an
intimal-medial longitudinal tear. The crack propagated
in the circumferential direction suggesting that mode II
fracture is predominant compared to mode I opening,
confirming the precedent results. In order to quantify
these shear rupture phenomena, Sommer et al. [68]
performed tri-axial shear tests on 16 human thoracic
aortas. The tri-axial shear tests were done following the
different orientations of the orthotropic microstructure
of the aorta. The aortic medial shear strength was found
to be higher in the rz-plane and rθ-plane (’out of
plane’) than in the zθ-plane (’in plane’). Furthermore,
higher ultimate ’in-plane’ shear stresses and amounts
of shear were found in the longitudinal direction compared to the circumferential direction which denotes
an anisotropy of the tissue concerning failure under
shear loading. Ultimate ’in plane’ shear stresses in
the circumferential and longitudinal direction were
not significantly different for aneurysmatic tissues, but
significantly different for dissected tissues. In addition,
uni-axial tensile tests were performed in circumferential, longitudinal and radial directions in the same
study. They revealed much lower failure strength under
’in plane’ shear loading compared to longitudinal and
circumferential tensile strength, suggesting that aortic
tissues are weaker against shear stress compared to
tensile stress. In a comprehensive study, Witzenburg et
al. [83] investigated and quantified the failure behavior
of aortic tissue by performing uni-axial, equi-biaxial,
peel and shear lap tests on porcine ascending aortas.
Uni-axial testing revealed higher strength in the lamellar plane (circumferential and longitudinal direction),
while peel and shear lap tests showed a low strength
for interlamellar connections (radial direction). Unlike
Sommer et al. [68], shear lap tests showed a significantly higher peak stress in circumferential direction
(185.4 ± 28.4 kPa) than in longitudinal direction
(143.7 ± 16.0 kPa). Note, however, that this difference
may be explained by the differences between tests or
tissues. The authors noticed that the shear lap failure
stress was remarkably lower than the uni-axial failure
stress in both longitudinal (753 ± 228 kPa, n=11) and
circumferential (2510 ± 979 kPa, n=11) directions,
confirming the previous observations in [68].
6) Tension-inflation test: In many ex vivo models,
a tear was created in an excised sample of aorta, a
pulsatile pump mimicked the blood flow, and pressure

Figure 5: Slice of bovine descending aorta after translational
shear test, loaded in the circumferential direction, with
×400 magnification. Voids can be seen between collagen
fibers in the medial circumferential-radial plane. Bridges
crossing these voids are also visible. The vertical direction
is circumferential. The stains used were Fast Green FCF,
which stains the collagen green, Safranin O, which stains
the proteoglycans and other tissue polyanions reddish, and
Hematoxylin, which stains cell nuclei. Reproduced from
Haslach et al. [80].

and flow rate were recorded [84]–[87]. In particular,
the recent study by Peelukhana et al. [88] investigated
the effect of geometric and hemodynamic parameters
on the propagation of dissection in descending thoracic
porcine aortas. A single entry tear was made inside
the samples and a pulsatile pressure setup was used
to propagate the dissection. A significant effect of the
initial intimal-medial tear geometry (circumference,
longitudinal length, and depth) on the dissection propagation was observed. Furthermore, unlike the mean
pressure, pulse pressure was found to be the major
contributor to flap movement and hence to dissection
propagation. Using a similar setup, Prokop et al. [89]
and Van Baardwijk et al. [90] both found that ( dP
dt )max
had a significant influence on the dissection propagation in contrast to mean pressure. Based on mathematical reasoning, Rajagopal et al. [33] questioned this
conclusion and hypothesized that both pulse pressure
and cycle frequency, which are related to ( dP
dt )max , are
the main contributors to dissection propagation.
In ex vivo models, the procedure to create the initial
tear is obviously less complex than in in vivo models.
Furthermore, the different parameters like location and
geometry of the initial tear or pressure and flow rate of
the blood flow can be controlled, making this method
useful to investigate the influence of these parameters
on the propagation of dissection. Another advantage,
compared to in vivo models, is that human aorta can be
studied. However, this type of model was only useful to
study propagation of dissection and not the initiation.
In addition, the underlying micro-mechanisms could
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not be described based on the cited work of this
subsection, suggesting the need to develop experiments
at lower scales.
7) In situ testing: In situ imaging combined with
mechanical testing is a promising approach to observe
microstructural deformation, and possibly rupture. This
allows the identification of underlying phenomena occurring under mechanical loading. Ideally, the sample should be imaged by a 3D non-invasive imaging
technique, under physiological conditions [91], thus
preventing the use of histology as it alters the mechanical integrity of the sample. With such approaches,
all previous tests presented in section II-A could be
performed to investigate the respective mechanisms
involved and quantify structural descriptors at the
relevant scale depending on the imaging technique.
Therefore, in situ imaging is extremely interesting
in the investigation of aortic dissection because it
theoretically allows the observation of the initiation
sequence and the propagation. The main limitation is
the temporal resolution, as aortic dissection is a sudden
rupture event. Due to this obstacle, the literature is
limited on the application of such method on aortic
dissection.
Among possible techniques, X-ray computed tomography is a non-destructive technique widely used in
both industrial and medical fields. The principle is
based on the attenuation of X-rays by matter and their
detection by an X-ray sensor after penetration throughout the opaque sample. Several views are taken at different angles and mathematical methods allow the 3D
geometry and the internal structure to be reconstructed.
To image soft tissues, a contrast agent is needed to
obtain enough contrast with conventional absorptionbased equipment [54]. The resolution with this technique can be close to 1 µm and the field of view is
around 1 mm3 . However, µ-CT can damage the sample
due to radiation induced by the photon beam [92]
and this should be kept in consideration and carefully
checked. X-ray phase-contrast imaging, derived from
the same technique, is also suitable for low contrast
tissue and was already used by Walton et al. [56] to
achieve sub-µm spatial resolutions. Using absorptionbased X-ray tomography, Helfenstein-Didier et al. [55]
did in situ tensile tests on medial layers of porcine
thoracic aorta (Figure 6), with sodium polytungstate
as contrast agent, to assess the microstructural deformation and rupture of the samples under tension. The
contrast agent allowed to observe lamellar units of the
media. The images showed that the medial rupture
always starts on the intimal side. Furthermore, the
process of damage initiation, delamination and rupture
of the media was described. The authors highlighted
the importance of intra-lamellar delamination (mode
II) and the need for further investigation.

Figure 6: X-ray computed tomography images of a tensile
test on a porcine medial sample at different time steps
obtained by Helfenstein-Didier et al. [55].

Another in situ imaging technique is optical coherence tomography (OCT), it is particularly used
in ophthalmology to image transparent media such
as retinal tissue and detect the presence of diseases
[93]. This technique provides good axial and lateral
resolution (∼ 10 µm), and better imaging depth (< 5
mm) than most other optical techniques [52]. Thanks to
its high speed acquisition, some studies combined OCT
and digital volume correlation during mechanical test
to measure the three dimensional deformation fields
[58], [94]. Advances in laser field led to µ-OCT,
this technique allows the observation of cellular and
sub-cellular structure with an axial resolution of < 1
µm, a lateral resolution of < 2 µm [95]–[97], and a
maximum imaging depth of 500 µm [58], [59], making
this technique a potential candidate for microstructural investigations in arterial tissue. However, practical
implementation for thick non-transparent tissues is
not straightforward. A limitation to this technique is
that deeper tissue may benefit from less contrast and
luminosity due to shadowing effect. Ferruzzi et al. [98]
used OCT to observe the passive and active behavior,
under biaxial loading, of vulnerable thoracic aortas of
mouse models predisposed to aortic dissection, with
and without treatment with rapamycin (a macrolide
antibiotic and immunosuppressive compound used to
coat coronary stent and prevent organ transplant rejection). The authors observed that daily in vivo treatment
with rapamycin preserved or restored biaxial contractile properties, but not passive properties. The OCT
images showed spontaneous in vitro delaminations,
under physiological loading, in the specimens. In addition, samples from rapamycin-treated mice, tested
with induced smooth muscle cell contractility, were all
protected against intramural delamination whereas delamination occurred in 55% of the samples after inactivation of smooth muscle cells. In addition, calculations
showed that contraction reduced circumferential and
longitudinal stresses, suggesting that smooth muscle
cell tonus may act as a stress shield for a vulnerable
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extracellular matrix.
In recent literature, multiphoton microscopy has
been a popular imaging modality to observe the aortic
wall structure, however, to the author’s knowledge,
this technique was never used in conjunction with a
mechanical test, in the case of aortic dissection or
arterial rupture. The main advantage of multiphoton
microscopy is the possibility to use two-photon fluorescence (generated by both elastin and collagen) and second harmonic generation (generated by collagen only)
and collect their signals which are easily separable
due to their distinctive wavelengths. Hence, it allows
imaging collagen and elastin components without any
alteration of the sample. Another advantage of this
technique is that 3D observation is possible; however
maximum depth is around 300 - 600 µm in very best
cases, unless optical clearing techniques are used, as
was done in Schriefl et al. [99]. Some studies used
multiphoton microscopy to observed fibers and characterize tissue morphology (fiber orientation [100], [101],
waviness [102], [103], ...) and developed models based
on these observations. Several studies also used this
image modality to perform in situ testing on arterial
samples, yet without addressing dissection so far [53],
[100], [104], [105]. The main drawback with multiphoton microscopy is that the volume of observation
is limited (current limit is approximately 750x750x300
µm3 , depending on the setup) or that the merging of
multiple scans is needed. This limitation may be too
restrictive to observe an entire dissection. Also, using
a clearing agent to overcome the depth limitation alters
the mechanical properties of the tissues due to the
dehydration of the sample [106].
In situ imaging methodologies are really promising
in the understanding of aortic dissection, especially
for the initiation sequence. The choice of the imaging
technique is determined as a trade-off between their
advantages and drawbacks. X-ray computed tomography has a large field of view but its resolution is not
as good as OCT, furthermore, despite its small field of
view, multiphoton microscopy can image collagen and
elastin fibers without any manipulation of the sample.
Hence, future investigations may benefit from methods
based on such techniques which seem promising in the
understanding of aortic dissection, especially for the
initiation sequence.
B. In vivo characterizations on animal models
In vivo studies are extremely valuable to understand
the evolution of a disease in a physiological environment. Because in vivo investigations on human subjects
are not possible for obvious ethical reasons, animal
models were developed to further our knowledge of
the mechanisms behind the initiation and propagation
of aortic dissection. Three main types of animal models were commonly used in aortic dissection studies:

drugs- or chemicals-induced, genetically modified, and
surgery-induced models. The first and second are used
with mice and are of extreme importance to the understanding of aortic dissection underlying phenomena,
while the latter can be used with bigger animals and
provides a good insight on the effectiveness of aortic
dissection treatments over time.
Angiotensin II-infused ApoE -/- mouse is a popular,
though not unique, mouse model for aortic aneurysm
research [107] but Trachet et al. [108] demonstrated
that this model is also suitable for studying aortic
dissection. This model induces several microstructural
changes like elastin degradation, macrophage infiltration or thrombus formation. Trachet et al. [109]
used in vivo monitoring and ex vivo observation on
n=6 controls and n=47 angiotensin II-infused mice.
The in vivo monitoring was done with high-frequency
ultrasound and contrast-enhanced microcomputed tomography after 0, 3, 10, 18 and 28 days of angiotensin
II infusion. Ex vivo investigation used phase-contrast
X-ray tomographic microscopy. These in vivo and ex
vivo observations allowed monitoring the progress of
the disease and provided quantitative information about
interlamellar hematoma and medial layer ruptures. In
particular, the results showed that aortic regurgitation
and luminal volume of the ascending aorta significantly increased over time in angiotensin II-infused
mice. Furthermore, a significant increase in single
laminar ruptures and several focal dissections were
observed in the animals. Another classical model used
to study aortic dissection is mice infused with βaminopropionitrile monofumarate (BAPN); it can be
combined with angiotensin II to induced the formation of aortic dissections in 100% of the mice [110],
[111]. In the same group than Trachet et al. [109],
Logghe et al. [112] used propagation-based phasecontrast synchrotron imaging to observe n=3 controls
and n=10 BAPN/AngII-infused mice after 3, 7 and 14
days of infusion. They were able to reconstruct the
complete geometry of murine aortas in 3D with an
isotropic voxel size of 1.625 micron, thus quantifying
the number of ruptures in medial layers. They also
observed that several micro-ruptures developed over
time in BAPN/AngII-infused mice and, at a certain moment, connect and create larger tears. This observation
suggests a new multi-focal propagation mechanism
which would deserve further investigations.
Another type of model, used to investigate the pathogenesis of thoracic aortic disease, is genetically engineered mouse models. For instance, Fbn1mgR/mgR
and Fbn1C1039G/+ , two mouse models of marfan syndrome, are widely used. They are obtained by mutation
in fibrillin-1 (FBN1) gene and provided advances into
the knowledge of molecular pathophysiology mechanisms associated with the onset and the development
of the disease as described in the review of Milewicz et
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al. [113]. Several other genetically engineered mouse
models exist and are used to investigate aortic dissection [114]. Although these models are critical to the
understanding of the pathogenesis of this disease, they
are not within the scope of this review.
One of the limitations of mouse models is the
difference in the number of elastic lamellae in the
media, ∼7 for mice and ∼50 for humans, which may
significantly affect the mechanical relevance of the
model. Indeed, a medial layer rupture will have a
much greater impact on mouse media than human
media. However, these models can provide valuable
data on the initiation stage of the aortic dissection that
can be helpful in the understanding of human aortic
dissection.
Another way to create in vivo aortic dissection
models is surgery, either open surgery or minimally
invasive surgery [61], [115], [116]. The principle of
these approaches is to create the initial tear in the aorta
and propagate the dissection with surgical instruments
(Figure 7). Though initiation can obviously not be
studied, this procedure has proven to be useful to study
the effectiveness over time of several treatments on
aortic dissection like stent graft placement or aortic
fenestration [117], [118]. However, with this technique,
only traumatic dissection due to surgery can be investigated. Other limitations of this procedure are the
invasiveness of the method and the difficulty to control
the propagation of the dissection, compromising the
possibility to extract quantitative data.

Figure 7: (a) Intraoperative fluoroscopic image showing the
tip of a catheter rupturing the abdominal aortic wall. (b)
and (c) schematics representing the creation of a surgically
induced dissection. Reproduced from Okono et al. [61].

The current state of experimental findings about
initiation and propagation of arterial dissection was
overviewed in section II. In summary, it should be
highlighted that the aortic wall presents an anisotropy
in term of tensile strength with a higher ultimate
tensile stress in circumferential direction compared to
longitudinal direction [68] which may explain why
the majority of intimal tears are observed to lie in
a radial-circumferential plane, transverse to the longitudinal direction [119]. The aorta also presents an

anisotropic behavior concerning the failure under shear
loading [68]. Another observation is that the aortic
wall presents a lack of resistance against shear loading
compared to tension loading [83]. This may be of
uttermost importance considering that Haslach et al.
[80] showed that shear stress may be present in the
wall during inflation. Fracture mode I and II were
investigated in several directions; however, the ratio of
each mode in the initiation and propagation of aortic
dissection and the mechanisms driving the transition
from an initial radial tear, or local medial defect
to the crack propagation in the tangential plane of
the artery remain unclear. This highlights the lack
of experimental studies investigating the relationship
between microstructure and mechanical response. In
situ imaging combined with mechanical testing seems
promising to observe the early stage of aortic dissection
and shed light on the underlying phenomena driving
aortic dissection.
III. M ODELS
Although arterial dissection is a challenging phenomenon with many open scientific questions, models
trying to investigate dissection are rather scarce in the
literature. This is likely due to the fact that aortic dissection is a complex process involving several phenomena at different scales, requiring several assumptions to
be made and thus affecting their relevance and potential
use.
A. Macro-scale models
The initiation of aortic dissection occurs when the
wall stress locally exceeds the tissue’s strength. Accordingly, some studies computed the wall stress using
finite element analysis and investigated the influence
of different parameters on the value and location of
peak wall stresses [120], [121], as was often done
to assess the rupture risk of aneurysms. The strong
assumption behind these studies was that the initiation
of dissection is more likely to occur at the peak wall
stress location. However, the calculation of this stress
was subject to several limitations: the material was
considered homogeneous, isotropic, linear elastic and
uniform throughout the aorta, with constant thickness.
Furthermore, the microstructure of the aortic wall was
not taken into account during the construction of the
models while it seems to be of high importance in
the understanding of aortic wall rupture as peak wall
stress was shown to be a poor predictor of the location
of rupture [122]. Last, it should be recalled that the
relevant measure of stress to be computed in rupture
risk assessment remains an open question.
Gasser et al. [123] developed a non-linear continuum
framework based on a continuous and a cohesive materials. The continuous material was modeled as a fiberreinforced composite with collagen fibers embedded
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in a non-collageneous isotropic ground matrix, while
the cohesive material was represented by a cohesive
constitutive law implemented at pre-defined interfaces
between adjacent regions of the model. The two materials were independent from each other. The framework
was then implemented in a finite element model to
reproduce a peeling test and investigate the propagation
of arterial dissection. Ferrara et al. [124] presented
a numerical model of dissection based on cohesive
fracture theory as an evolution of an earlier model
applied on the fracture of atherosclerotic plaques [125].
The model was implemented in a numerical finite
element simulation of a peeling test (Figure 8 (a)).
A sensitivity analysis was then performed to evaluate
the influence of the cohesive parameters leading the
interlamellar propagation of the dissection in the media
and the influence of the reinforcing collagen fibers
on the separation of the layers. These simulations
suggested that normal and shear strengths played an
important role in the separation process, unlike the
critical energy release rate. This study highlighted the
importance of shear stress in dissection and the need
for a failure criterion including the contribution of
shear stress. However, the authors underlined that the
influence of fiber orientation on shear strength of biological tissues needs further investigation. In addition,
this model needs experimental validation. Based on the
experimental tests performed by Helfenstein-Didier et
al. [55], Brunet et al. [126] confirmed that shear delamination strength between medial layers may contribute
to the initiation of aortic dissection by simulating a
uni-axial tensile test using a finite element model with
cohesive interfaces.
Using finite element method, Wang et al. [128] proposed a computational model to study the propagation
of a tear in a fiber-reinforced tissue. An energy-based
approach was used by calculating the energy release
rate, allowing the identification of the values of preexisting tear length and internal pressure needed to
propagate the tear. The effect of fiber orientation and
surrounding connective tissues was also investigated.
The model was verified for simple cases, using analytical solutions. The results demonstrated that the
presence of fibers reduced the risk of tear propagation,
especially when the fibers are parallel to the tear.
Nevertheless, decreasing the stiffness of surrounding
tissues increased the tear growth. This suggested that
connective tissue degeneration leading to softening
may facilitate the dissection propagation. Later, in
the continuation of their previous works, Wang et al.
[127] developed a residually-stressed two-layer arterial
model. As previously, the material properties were
modelled with Gasser-Holzapfel-Ogden model. The
initiation and propagation of the tear were modelled
using the extended finite element method, with the
behavior of the propagation being described with a

Figure 8: (a) Three different steps of the peeling simulation
with the contour level referring to the first principal Cauchy
stress in MPa. Reproduced from Ferrara et al. [124]. (b)
Evolution of the tear propagation during the inflation of the
residually-stressed artery at four different stages. Reproduced
from Wang et al. [127].

linear traction-separation law. The study determined
the critical pressure at which the dissection started to
propagate (Figure 8 (b)). The critical pressure investigated was dimensionless (normalized against the neoHookean parameter) and, thus, independent of material
properties. Both very short and very long circumferential tears were more stable, meaning that the critical
pressure was higher in these cases. Another finding was
that longer tears lead to inner wall buckling, as seen
on clinical CT scans. Concerning the effect of residual
stress, the opening angle increased with the critical
pressure, demonstrating that residual stress reduces the
risk of propagation. Thus, this model suggests that
tear length and residual stress play a key role in the
tear propagation. This model was also used in Wang
et al. [129] to investigate the influence of several
parameters on the dissection propagation by simulating
peeling and pressure-loading tests. The main findings
were that the tear preferentially propagates along the
stiffest direction, which is ruled by the fiber orientation. Furthermore, the model could reproduce various
buckling configurations seen on clinical CT images
and suggested that a deeper tear is more likely to
propagate, confirming that aortic dissection propagates
preferentially in the outer third media [34]. This result
was also observed experimentally, with different tests,
by Tam et al. [66] and Peelukhana et al. [88].
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Humphrey and colleagues developed several computational models to examine the influence of medial
pooling of glycosaminoglycans on aortic dissection.
They demonstrated, using semi-analytical and finiteelement-based continuum models, that accumulated
glycosaminoglycans may lead to significant intramural stress concentrations and intra-lamellar Donnan
swelling pressures [36], [130]. However, damage was
not included in these models. Later, Ahmadzadeh et al.
[37] developed a particle-based computational model
using an extended smoothed particle hydrodynamics
(SPH) method. The SPH model was composed of a bilayered murine aorta. It was verified with a continuum
model and validated against experimental data. The
purpose of the study was to investigate the role of
pooling of glycosaminoglycans in the initiation and
propagation of intra-lamellar delamination. The results
showed that smooth muscle cell activation can partially
prevent damage in the aortic wall, as demonstrated in
the literature [98]. The simulations also suggested that
close pools of glycosaminoglycans may initiate and
propagate a delamination by extending and coalescing.
The models presented in this subsection proved
successful to accurately describe aortic dissection behaviour at organ or wall-scale. However, nearly no
information about microstructure and associated mechanisms can be obtained with these models apart from
the fiber orientation. For a better understanding of the
mechanisms behind dissection initiation and propagation, lamellar-scale and micro-scale models are needed
(i.e. models where each lamella, or each micro-scale
constituent like collagen or elastin fibers is modeled
with its own properties). These are presented in the
following section.
B. Multi-scale models
Shah et al. [131] presented a computational model
combining micro-scale and macro-scale components.
The microstructure was modelled as an interconnected
fiber network in parallel with a neo-Hookean component that represents the non-fibrous contribution of
the extracellular matrix and the smooth muscle cells
(Figure 9 (a)). Damage was introduced at the fiber
level, with fibers failing when their stretch exceeds
a critical threshold. This value was identified, along
with elastic parameters, by fitting uni-axial and biaxial
extension tests on porcine aortic media. The model was
able to reproduce the uni-axial and biaxial responses
with good agreement in both pre-failure and failure
range. In addition, the model was able to replicate
radial tension response from the literature [6] that
were not used during the fitting process. The fitted
values of the parameters governing the fiber behavior
corresponded to elastin fiber rather than collagen fiber,
suggesting that elastin is leading the tissue response.

Though it may prove highly valuable for understanding
dissection, the lamellar structure of the media is not
considered in this model, which is a major limitation.
Witzenburg et al. [83] proposed an extension of the
previous model, based on histological observations.
This time, the microstructure was modelled as a fiber
network composed of a 2D sheet of elastin and collagen fibers attached radially by interlamellar connections representing smooth muscle cells and fibrillins.
The failure process at the fiber level was maintained
from the previous model. This model was able to match
the multiple experimental tests (uni-axial, equi-biaxial,
peel, and shear lap tests) performed on porcine ascending aorta and agreed well with experiments in the literature. This model constitutes one of the most relevant
microstructure-based models currently available. With
a similar approach, Thunes et al. [132], [133] used a
structural finite element model of the medial lamellar
unit including elastic lamellae and collagen fiber network (Figure 9 (b)). The influence of these two loadbearing components on the in-plane tissue strength
was investigated, allowing a better understanding of
aortic dissection initiation. The model parameters were
calibrated using multiphoton microscopy imaging and
uni-axial tensile tests in circumferential direction on
non-aneurysmal aorta from patient with a normal tricuspid aortic valve, aneurysmal aorta from patients
with a tricuspid aortic valve, and aneurysmal aorta
from patient with a bicuspid aortic valve. The model
was, then, validated against experimental tensile tests
in longitudinal direction. According to the results, one
of the leading parameter governing tissue strength was
the orientation distribution of collagen fibers which
controls the fraction of collagen fibers engaged at a
given stretch.
Pal et al. [134] based their model on the observations
of Pasta et al. [71], and more specifically the increase
in peeling force up to a certain value, followed by an
oscillation around a plateau value. This demonstrated
that delamination does not propagate continuously. An
explanation for this phenomenon might be that fibers,
present between the layers, create "bridges" between
them and support the load induced by delamination.
As a portion of fibers breaks, the measured force
drops, until new fibers are recruited, allowing the force
to increase again. This hypothesis was supported by
SEM observations where the authors mentioned a large
number of broken elastin fibers in the delamination
plane (Figure 10 (a)). In Pal et al. [134], the authors requalified these fibers as collagen and elastin,
eventually proposing a predictive mechanistic model
that investigated the effect of radially running collagen
fibers on the delamination strength (Figure 10 (b)).
Using a finite element code, the peel tension response
was validated against the results of the tests conducted
by Pasta et al. [71]. The model was used to show that
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Figure 9: Two examples of multiscale models. (a) Each element of the uni-axial or biaxial finite element geometry is
composed of eight Gauss points. These Gauss points consist of representative volume elements (RVE) composed of a
fiber network in parallel with a nearly incompressible neo-Hookean matrix. Reproduced from Shah et al. [131]. (b) The
model is composed of three layers: the intima (green), media (orange), and adventitia (blue). An intimal tear is present and
initiates the aortic dissection (top panel), the tear propagates in the media (middle panel), and delaminates the medial layers
(bottom panel). The media consists of several lamellar units, each of them composed of elastic lamellae (green region) and
interlamellar space (yellow region). A collagen fiber network (red) is present near the lamellae. Reproduced from Thunes
et al. [133].

the density and failure energy of the radially-running
collagen fibers were the main contributors to the delamination strength; however, the failure strength of
these fibers only affected the initiation of delamination.
These findings remain to be confirmed experimentally.
Different models trying to understand the mechanisms of initiation and propagation of aortic dissection
were overviewed in this section. Macro-scale models
led to several important results for the comprehension
of this disease. The importance of shear stress and the
need to investigate its influence was highlighted [124],
confirming experimental results [80], [83]. Pools of
glycosaminoglycans may create significant intramural
stress concentrations [36], [130] and play a role in
the initiation and propagation of aortic tears [37].
Residual stress and smooth muscle cell activation tend
to increase the load bearing capacity of the aortic
wall [37], [127]. Furthermore, as demonstrated by
experiments [66], [88], a deeper tear is more likely
to propagate [129]. These models provided valuable
information on aortic dissection mechanisms; however
the aortic wall is a complex heterogeneous structure
and models at a lower scale are needed to investigate
and quantify the influence of the different components.
Multi-scale models reproduced different mechanical
tests with great accuracy and highlighted the importance of elastin fibers [131] and collagen fibers orientation distribution [133]. The radially-running fibers
were investigated by Pal et al. [134] and seem to
be of major importance in the propagation of aortic
dissection. Unless explicitly mentioned above, the absence of experimental validation remains a limitation
and highlights the lack of experimental data on aortic

dissection.
IV. D ISCUSSION AND CONCLUSIONS
A number of experimental methods and their results were discussed. These different tests provided
qualitative information and quantitative values on the
phenomena occurring during aortic dissection. Several
questions regarding the pathogenesis and the initiation
sequence of the disease remain unanswered. Concerning the initiation sequence, two mechanisms leading
to aortic dissection were suggested, originating either
from an intimal or intramural tear [12], [135].
The first mechanism is believed to concern the
majority of cases: when an intimal tear is present in
the aortic wall, this tear will propagate in the outer
third of the media, involving about one half of the
circumference and creating an aortic dissection [119].
In 85% to 95% of cases, the intimal defect is in
the transverse direction, and in a few occurrences in
the longitudinal direction [119]. The most common
location of intimal tear is a few centimeters above
the aortic valve, along the right lateral wall where
the shear forces caused by the blood flow are the
strongest. The second location of intimal tear is below
the ligamentum arteriosum, in the descending thoracic
aorta, where the anchoring of the aortic arch with the
thoracic cage causes a large increase in stiffness of
the arterial wall [13], [135]. As a consequence of the
resulting stress or strain state, these areas may be more
prone to developing aortic dissections. The origin of
intimal tears, or defects that may initiate the dissection,
is not well understood, except in the case of injury due
to endovascular interventions. This important aspect
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(a)

(b)

Figure 10: (a) High magnification SEM image of the delamination plane after a peeling test on an ascending thoracic
aortic aneurysm with tricuspid aortic valve showing bundles of broken elastic fibers (F) existing between elastic sheets (E).
Reproduced from Pasta et al. [71]. (b) Schematic of (1) an artificial dissection, (2) the arrangement of collagen fibers in
the fracture plane, (3) a fiber bridge in the delamination plane, and (4) the force-displacement behavior of a collagen fiber.
Reproduced from Pal et al. [134].

would also deserve specific research. Nevertheless,
it is commonly accepted that a medial degeneration,
either from an inherited connective tissue disorder or
from an acquired condition compromising the aortic
integrity, is fundamental to allow aortic dissection [64],
[136], [137]. This degeneration manifests itself by
inflammation and extracellular matrix degradation [12],
[138], [139]. Hence, mechanical phenomena inducing
intimal tears should be investigated in conjunction with
biological events that may favor the occurrence of these
intimal injuries. For instance, disrupted smooth muscle
cell contractility or mechanosensing seems to be the
primary driver of aortic dissection [98], [114], [140].
Another essential question concerns the failure
modes involved in aortic dissection at the early stage of
propagation. Some authors proposed that propagation
of an intimal tear is the consequence of a peeling
mechanism induced by blood flowing into the defect
and pushing the medial layers apart, hence creating a
dissection. This scenario involves mode I separation.
Another hypothesis is that the intimal tear is propagated by circumferential shear stress, hence involving
mode II separation. Haslach et al. [80] hypothesized
that shear forces may be present in the arterial wall
during the systolic phase suggesting that crack growth

is, at an early stage, driven by internal wall mechanical
forces. Supporting this hypothesis, Khanafer et al. [29]
demonstrated, thanks to a fluid-structure interaction
model, that the peak wall stress and the maximum
shear stress are highest in the medial layer. Furthermore, Witzenburg et al. [83] demonstrated the lack
of resistance of the aortic media against shear stress
compared to uni-axial tensile stress. Thus mode I and
II fracture may be the consequence of the intramural
mechanical stress induced by the blood flow. More
details and evidence are still necessary to clarify these
scenarii.
The second mechanism believed to initiate aortic
dissection involves an intramural tear, clinically observed in the form of an hematoma due to a rupture
of the vasa vasorum [135], [141], [142]. This scenario
is supported by the fact that no intimal tear is found
in 4% to 12% of aortic dissections [10], [143]–[147].
These non-communicating dissections indicate that an
intimal tear is not crucial to initiate aortic dissection.
Instead, a weak cohesion of the medial layer would
be critical. Khanafer et al. [29] demonstrated that the
presence of an intramural hematoma in the aortic wall
has a significant effect on the peak wall stress acting on
the inner layer, supporting that such a defect can lead
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to aortic dissection. Furthermore, it was suggested that
intramural hematoma may eventually reach the lumen
and create an intimal entry [144]. In this scenario, the
intimal tear is secondary to the intramural hemorrhage,
as reported in several clinical cases [10], [146], [148],
[149]. Thus, intramural hematoma may be the cause of
some aortic dissections with intimal flap observed in
previous studies. It was also noted in several studies
that the vasa vasorum plays a key role in the aortic
integrity and that its impairment is followed by mechanical changes resulting in a weakened medial layer
[34], [150], [151].
Recent developments in imaging techniques foresee
new advances in the understanding of cardiovascular pathologies and especially aortic dissection. The
microstructural phenomena are certainly the key to a
complete understanding of the initiation and propagation of dissection [152]. Thus, modalities allowing the
observation of the microstructure without damaging the
sample are crucial. Several techniques seem promising,
for instance synchrotron-based X-ray phase-contrast
imaging [112] allowing to investigate the microstructure of a sample with a high resolution, on a large field
of view while preserving the integrity of the tissue.
However, the main challenge to be addressed is to observe a sudden microscopic phenomenon propagating
in one or a few seconds [13].
Similar trends were observed with the evolution of
modeling approaches, where microstructure is more
and more taken into account. Studies combining both
experiments and numerical simulation would deeply
improve current knowledge. In this context, modeling
the medial structure with multiple lamellar units seems
unavoidable to determine and quantify the mode of
failure involved in aortic dissection. However, a lack
of experimental data, in particular on the initiation sequence of aortic dissection, prevents further advances.
Such data would be necessary to feed models, and
more importantly to validate them.
On this aspect, promising techniques are emerging
which could be used to investigate dissection. Zitnay
et al. [153] presented a novel method using a collagen
hybridizing peptide to optically detect, using fluorescence properties of the peptide, the failure of collagen
fibers at the molecular level. With this technique, they
were able to track the collagen fiber failure in a rat tail
tendon fascicle during a tensile test. In a combined
experimental-modelling approach, the same method
was used during a tension-inflation test on sheep
middle cerebral arteries to investigate the relationship
between collagen fiber damage and its impact on the
mechanical properties of the tissue [154], [155]. The
results showed that the collagen fibers aligned with the
direction of loading were the first to damage. More
importantly, the authors observed that the tissue-level
yielding may be associated with the onset of collagen

damage. This promising technique could be used to
detect and follow the initiation sequence of aortic
dissection or to quantify the implication of collagen
fibers in the different rupture mechanisms.
The understanding of aortic dissection has improved
this past decade due to advances in imaging techniques
and in computational modeling. Nevertheless, some
unknowns remain, especially on the initiation process
leading to the propagation of the dissection. Short-term
efforts should focus on describing and quantifying the
mechanisms involved in the initiation sequence, as well
as the relative contribution of each failure mode. The
next step will have to involve mechano-biology and
remodeling, central issues to later address clinicallyrelevant matters like the identification of patients at
risk, together with the development of clinical decision
support tools to adress their follow-up and treatments.
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