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7 A B S T R A C T8

9

Thrombi are found in most abdominal aortic aneurysms, influencing the intrinsic properties of10

the vessel wall and potentially contributing to rupture. This review summarizes studies conducted11

to characterize the morphological and mechanical properties of thrombi from abdominal aortic12

aneurysms at both macroscopic and microscopic scales. A variety of in-vivo and ex-vivo13

approaches including imaging and mechanical experiments have been employed, and the results14

demonstrate: (1) the importance of the porous aspect in the cell filtration and vessel wall15

weakening, (2) hyperelasticity and viscoelasticity used to describe thrombi behavior, and (3)16

a lack of aggregated experimental data. Further research is required to develop multi-axial17

mechanical approaches for a more comprehensive characterization of the ILT, as well as to18

incorporate ILT remodeling into constitutive models.19

20

1. Introduction21

Cardiovascular diseases attributed to factors like hypertension, diabetes, obesity or smoking, are the primary cause22

of death worldwide with about 17.9 million deaths each year (1). Some of these pathologies directly affect the aorta23

such as aortic aneurysms or dissections. Aortic aneurysms are abnormal, localized dilations of the aorta, defined as an24

enlargement exceeding 1.5 times the original diameter of a specific aortic segment, most commonly occurring in the25

abdominal or thoracic regions. An aortic dissection results in a tear in the aortic wall creating a false lumen of blood26

circulation. This dissection can occurs in the ascending or descending thoracic aorta. Aortic aneurysm rupture and27

aortic dissection represent significant global public health challenges, impacting hundreds of thousands of individuals28

annually (2; 3; 4; 5). The mortality rate is alarmingly high, reaching 90% for ruptured abdominal aortic aneurysms (6)29

and 50% within the first 48 hours of symptom onset for aortic dissection (7).30

In the majority of cases, the aneurysmal region and the false lumen are preferential sites of thrombus formation. The31

thrombus is a highly complex and heterogeneous structure made of cellular elements such as red blood cells (RBC),32

white blood cells (WBC) and platelets (PLT), nested in a fibrin network. Actually, several questions are not fully33

resolved, including the complex on multi-factorial mechanisms of thrombus evolution and role in the progression of34

the pathology.35

Over the past 30 years, the study of aortic thrombi brought a multidisciplinary approach involving clinicians, biologists36

and biomechanics, with the aim of giving answer to: (i) How to monitor aortic thrombus formation and evaluate its age37

? (ii) Does thrombus have a detrimental role in the evolution of aortic pathologies ? (iii) How to build a representative38

model ?39

Actually, studies investigated morphological, mechanical and fluid properties of aortic thrombi to better understand40

its physiological behavior. Various imaging techniques were employed to capture the thrombus morphology, ranging41
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Characterization and modeling aortic thrombi

from macroscopic imaging with magnetic resonance imaging (MRI) to microscopic analysis using histology, scanning42

electron microscopy (SEM), and X-ray micro-computed tomography (micro-CT), each offering unique advantages43

and limitations. The mechanical characteristics were determined using various approaches including compression,44

tensile and shear experiments to understand thrombus behavior and define constitutive models. However, as no standard45

mechanical testing protocol exists and as the results of the different approaches were not aggregated, it is complicated46

to link most of the mechanical results. Finally, most of the experiments studied the aortic thrombus at macroscopic47

scale and only few provided microscopic quantitative data.48

Currently, collecting human thrombus samples is highly challenging. Some studies observed human thrombi from49

aortic dissections at macroscopic scale, but only a limited number have explored them at microscopic scale, primarily50

using murine models (8; 9; 10). Regarding thoracic aortic aneurysms (TAA), only macroscopic investigations were51

performed and no research has focused on examining the microstructure of human thrombi from the descending52

region. The available information is limited to recent case reports that describe fully removed thrombi (11) but lack53

detailed microstructural and mechanical characterization. Lastly, very few studies investigated the microstructure of54

human thrombi in the ascending region using histological techniques (12; 13; 14). Macroscopic qualitative results55

of thrombi from TAA or aortic dissections alone are insufficient to accurately characterize the thrombi. Based on56

these findings, we decided to focus our review on both morphological and mechanical characterization of the human57

thrombus from abdominal aortic aneurysms (HT-AAA) only. For several years, efforts were indeed made to conduct58

experimental studies on HT-AAA. A commonly suggested hypothesis addresses the detrimental role of the thrombus59

in the progression of the pathology (15). This hypothesis emerged from a combination of macroscopic and microscopic60

imaging analyses coupled with mechanical investigations, leading to constitutive models.61

Using Google Scholar, all relevant publications describing experimental characterization of the HT-AAA were62

reviewed. A total of thirty studies were selected following the review process. For MRI and histology, a specific63

criterion was applied to include only quantitative studies. For the remaining studies, no selection criteria were applied,64

and all studies were included. To resume, this review explores current experimental methods for characterizing65

thrombus morphology and mechanical properties, offering a critical lighting of their contributions to understanding66

the thrombus’s role in AAA progression, evaluate its age, develop constitutive models, and suggesting future research67

directions.68

2. General description of thrombi69

A simplified macroscopic description of thrombus formation can be explained by the disruption of the mechanisms70

of hemostasis, the process that maintains normal blood circulation after vascular damage. The hemostasis is a natural71

process that can be separated into three phases; platelets recruitment to the site of injury, blood coagulation leading to72

thrombin and fibrin formation, and then fibrinolysis that leads to the dissolution of thrombus. The resulted thrombus is a73

fibrous, porous and inhomogeneous structure. But sometimes, regulatory mechanisms of hemostasis are compromised74

by pathological processes and overproduction of thrombin occurs, leading to thrombosis (16). There are two main75

types of thrombosis: arterial and venous. These pathological thrombi can clog a vessel at their site of formation or76

create a blockage in another location (usually smaller vessels) when a piece of thrombus detaches (emboli).77

When focusing on aortic thrombi called intraluminal thrombus (ILT), it has been found special due to its different78

formation mechanism and the fact that no vessel clogging occurs. In the case of aortic aneurysms, the geometry of the79

aorta is modified by an enlargement modifying blood flow behavior. The modified hemodynamics in these geometric80

singularities can partly explain ILT formation and evolution (17). Related mechanisms are described in Figure 1. First,81

non-activated platelets (orange in Figure 1) are trapped inside vortical structures formed at the AAA entrance (18).82

Then, vortical structures propagate downstream while activating platelets due to higher shear stress (18). At this step,83

there is a mixing between non and activated platelets (yellow in Figure 1). Finally, activated platelets are released after84

the collapse of vortical structures and adhere to sites of low wall shear stress (WSS) (18). With aggregation and time,85

an inhomogeneous, multilayered, porous structure with permeability gradients is formed called ILT (Figure 1). The86

three layers are respectively called luminal, medial and abluminal from the lumen to the wall (Figure 1).87
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Figure 1: Formation process of ILT in AAA.

3. ILT morphology and composition88

Imaging methods aim to characterize the complex morphological features of thrombi. Understanding the intricate89

structures of thrombi is crucial for gaining insights into their formation, stability, mechanical behavior and potential90

clinical implications. Each of the reviewed imaging methods provides more or less quantitative answers to different91

questions related to ILT. We have proposed a quantitative list of the most common and new in-vivo/ex-vivo imaging92

approaches for obtaining the microstructure and composition of ILT.93

3.1. MRI94

Several factors, such as ILT size and its internal heterogeneous structure, were linked to AAA growth and rupture95

(19; 20). While studies using computed-tomography (CT) or MRI demonstrated that ILT size influences AAA growth,96

the role of its complex internal structure remains poorly understood (19). Compared to CT or ultrasounds (US),97

MRI allowed to reach better image contrast leading to an accurate ILT internal structure in-vivo visualization (19).98

Quantitative MRI studies on ILT were reviewed and are presented in supplementary material 1.99

A study investigated the efficiency of visualizing ILT internal structure using MRI making the distinction between100

organized and non-organized structures (19). This organization depends on the ILT age and its level of delamination101

with higher non-organized structures for old thrombi (19). Complementary insights were provided linking ILT102

macroscopic aspects with quantitative MRI signal intensity ratio (SIR) (20). The ILT was classified in three categories:103

(1) solid homogeneous appearance (SIR=1.25 ± 0.22), (2) thin luminal layer and mainly delaminated structure104

considered as fresh (SIR=2.08 ± 0.20), and (3) multilayered heterogeneous structure (SIR=1.83 ± 0.42) (20). SIR105

were significantly different between categories (1) and (2) (20). Moreover, high SIR were associated with delaminated106

structures. However, as category (3) was a combination between categories (1) and (2) in terms of structures, no107

significant SIR difference was found (20). The image quality highly depends on the MRI sequence type and protocol.108

More recent studies tried to better visualize internal ILT structure using different MRI approaches. A study conducted109

non-contrast black blood MRI technique on ILT in order to reach better spatial resolution (around 0.75×0.75×2 mm)110

and contrast (21). As the black blood technique suppressed the blood signal, better visualization of surrounding tissues111

as ILT was possible. This method was better for characterizing fresh ILT compared to conventional MRI (21). Another112

study correlated a link between ILT category and AAA growth rate using MRI (22). They demonstrated that category113

(2), corresponding to fresh ILT, led to higher AAA growth rate with 3.03 cm2/year against 1.6 cm2/year for category (1)114
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with homogeneous solid ILT (22). A potential explanation is that more solid ILT are better in reducing wall stress. Just115

like the internal structure, the biological active aspect of the ILT may be associated with AAA evolution. Using in-vivo116

and ex-vivo superparamagnetic iron oxide (SPIO) MRI, some works showed that the WBC infiltrated the luminal117

region of the ILT based on the amount of SPIO particles, compared to abluminal region. The high amount of WBC118

may potentially indicate protease release in the ILT, as elevated proteolytic activity levels are known to contribute to119

rupture (23). These findings could help in better evaluate clinical risks (23).120

To conclude, actual MRI findings correlate ILT size with AAA growth principally (19; 20; 22), specifying that
unorganized loose ILT lead to higher AAA growth rate based on high MRI signal intensities (22). Moreover, MRI is
the only in vivo technique capable of distinguishing the different structural organizations of ILT, unlike the commonly
used CT. However, this method is limited by the low contrast and spatial resolution (1×1×2 mm) of the images making
it difficult to visualize thrombus structure in detail. New approaches as black blood technique were developed to
improve the image quality (21) but these protocols are difficult to implement in routine clinical practice (costly and
time-consuming). Recognizing these limitations, alternative techniques may offer a more in-depth exploration of ILT
microstructure and composition, particularly when based on ex-vivo human samples.

3.2. Histology121

Histological examination plays a crucial role in visualizing the details of thrombus morphology and composition,122

providing insights complementary to non-invasive imaging techniques such MRI. Continuing to be regarded as123

the gold standard, this methodology probes the microscopic domain, revealing the intricate cellular and molecular124

details influencing the development, stability, and potential clinical implications. Quantitative histological data on ILT125

microstructure are still lacking, as it is difficult to obtain human samples since the advent of endovascular surgery.126

We decided to review quantitative histological analyses of ILT, as detailed in supplementary material 2, to determine127

whether specific ILT components (cells, proteins, etc.) and structural features contribute to the weakening of the aortic128

wall.129

Histological investigations were conducted and demonstrated networks of interconnected canaliculi within ILT, with130

an area that increases with distance from the luminal (24). With their size comprised between 5 to 36 𝜇𝑚2, the porous131

networks may allow the macromolecules and cells passage but only in regions near the lumen (24). Another work132

highlighted a limited cellular penetration to the medial layer (25). As this porous aspect might plays a role in the aortic133

wall feeding and AAA growth, a study provided quantitative porosity data on ILT resulting in a mean value of ≈ 20%134

for all three layers (26). Then, new insights linking both ILT thickness and microstructure with age, classifying four135

different phases: (1) presence of RBC only with a loose fibrin network, (2) loose fibrin network with less cells, (3)136

condensed fibrin network with thick bundles, and (4) condensed fibrin network without pores and no cells, with RBC137

concentration that decreased with age (from 80% to 0%) (27). The ILT composition also revealed a high amount of138

inflammatory cells (between 1.5% to 3% of WBC) and the presence of other specific proteins such as oxygen-regulated139

protein (ORP) (28) or matrix metalloproteinases (MMP) (28) using immunohistochemistry, justifying the AAA wall140

weakening by hypoxia and excessive proteolytic activity (27; 28). These findings were also observed qualitatively in141

other studies (29; 25). In fact, MMP-9 are associated with the development of neutrophil proteases that can degrade142

all matrix fibrillar proteins and thus provoke wall rupture. Moreover, the absence of RBC in the outer ILT region143

could contribute to wall hypoxia (24; 27; 29). Finally, histology may be useful to investigate potential issues linked144

with new AAA treatments approaches such as endovascular aneurysm sealing system (EVAS). A study revealed a145

fluid-displacement from ILT when applying pressure (30). As a result, a decrease of thrombus volume during and after146

EVAS procedure, that may potentially impaired the stability of the endobags and position of the stent frames in the147

abdominal aorta (30).148

These findings provided deeper insights into the formation and function of ILT. Thrombus is a highly heterogeneous
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porous structure composed of fibrin fibers, with cells predominantly located in the luminal layer. The entrapment
of cells, particularly RBCs, in the luminal region, combined with the presence of proteins that serve as markers
of hypoxia, suggests that the ILT significantly influences the integrity of the aortic wall and can provoke rupture.
However, it is crucial to acknowledge the limitations inherent in obtaining quantitative data on ILT microstructure
such as the low resolution of light microscopy (typically between 0.35 to 0.5 𝜇𝑚). The only quantitative porosity
values were obtained after eliminating pores smaller than 14 µm diameter (26), making results unreliable. Moreover,
histological sample preparation, including fixation, embedding, sectioning, and staining, introduces alterations to the
microstructure, particularly during fixation and sectioning, potentially leading to unreliable morphological data (26).
Furthermore, the studies predominantly relied on qualitative and/or quantitative assessments based on 2D sections,
emphasizing the need for 3D information to better delineate how cells navigate within distinct thrombus layers.

Figure 2: Histological sections of an ILT removed from an AAA. (a) Abluminal region stained with HE showing oriented
and condensed fibrin fibers with no porosity. (b) Medial region stained with HE showing fibrin fibers with thick bundles
with sometimes packs of agglomerated RBCs in pores. (c) Luminal region stained with CD61 showing a high amount of
platelets (brown) with loose fibrin fibers. The scale bars are equal to 50 𝜇𝑚 (adapted from (29)) [**Note: I am an author
of this article; Copyright: CC BY-NC-ND 4.0**, permission pending from Taylor & Francis**].

3.3. SEM149

In order to reach higher 2D image resolution (tens of nanometers) and magnification, SEM may be used to visualize150

in detail tissue structures and components with a significant depth of view. All SEM studies on ILT presented in151

supplementary material 3. A study observed the ILT using SEM and confirmed the histological hypothesis of an152

existing continuous interconnected network of canaliculi, starting branching at the luminal region (24). The cellular153

presence in the luminal layer was also confirmed by observing platelets, RBC and macrophages. The overall findings154

suggested that all cells were trapped when penetrating into this network of canaliculi, contributing to the aortic wall155

weakening. Another study observed the three ILT layers structure and justified notable differences with a luminal made156

of identifiable fibrin fibers with varying degrees of fineness, and compared to the two other layers with degenerated157

fibers that increases the further away from luminal (31). These observations were also confirmed by an other work158

(32) that presented a heterogeneous porous structure in relation the the formation process in successive layers. As159

demonstrated in the majority of studies (24; 27; 29; 25), the ILT structure varied greatly within the same ILT, but160

also between different patients which can have a different impact on the pathology. The importance of the structural161

heterogeneity was highlighted and demonstrated that ILT may be mainly made of large dense fibrin-rich regions162

influencing cell transport (33). Consequently, the ILT degradation might be reduced because of low fibrinolysis163

stabilizing the ILT size (33). Paired with SEM, energy dispersive X-ray spectroscopy (EDX) allows the determination164

of elemental composition. Using this approach, a study performed SEM and EDX analysis on both AAA wall and165

different ILT types based on their macroscopic appearance (Figure 3), and observed calcifications within the wall166

when associated with ILT that may reduce the vessel wall integrity and lead to potential rupture (34).167

SEM is a valuable tool for acquiring detailed structural and compositional information about ILT. The same findings
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as histology were observed with an ILT structure made of interconnected network of canaliculi, where cells are only
present in the luminal region. The presence of calcifications paired with the lack of cells in the outer wall region suggest
that the ILT may provoke wall rupture. However, obtaining representative quantitative data can be labor-intensive, as the
imaged areas are typically small (a few microns). Furthermore, quantitative and relative surface findings were derived
from prepared thrombi, involving processes such as fixation, dehydration, coating, and sometimes drying, which can
alter the morphology similarly to histological methods. Addressing these challenges necessitates the adoption of new
methods that can provide reliable 3D morphological data.

Figure 3: SEM images of different ILT types. (A,B,C,E,G) luminal layer. (D,F,H) medial layer. (I) transition between medial
and abluminal layer and (J) abluminal layer (taken from (34) with permission).
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3.4. X-ray micro-computed tomography168

Micro-CT is a high-resolution 3D imaging technique (up to 0.5 𝜇𝑚 resolution) that allows the visualization of both169

internal and external morphologies of biological samples using X-rays. Compared to conventional imaging methods170

(histology, SEM, etc.), micro-CT is non-destructive with scanning time that can vary from seconds to hours (35).171

However, due to the low contrast when imaging soft biological tissues, contrast agents may be used to binds specific172

components, known as contrast-enhanced micro-CT (CE-MCT) (35). Given the highly complex 3D morphology of173

ILT, this approach could provide valuable insights into the mechanisms of cell navigation within its structure, which174

are not yet fully understood. We decided to propose an exhaustive list of micro-CT studies on ILT as presented in175

supplementary material 4.176

As demonstrated in the majority of works (24; 25; 28; 36), the cell filtration within the ILT may play a crucial role177

in the aortic wall weakening explanation. In fact, depending on the architecture, the cells may or may not penetrate178

the ILT (24; 25). Based on precedent works on myocardial thrombi (37; 38), a study observed the 3D microstructure179

of ILT using CE-MCT at 3 𝜇𝑚 resolution (29) (Figure 4). First results showed comparative structures with previous180

histological investigations (27), that means a luminal made of loose fibrin fibers, a medial with more condensed fiber181

creating larger pores and finally a dense abluminal region. Compared to previous findings (26), different and lower182

porosities were reported for all three layers with comparable values for both luminal and medial regions of 8% while183

4% was reported for the abluminal (29). Moreover, smaller pores were observed in the luminal layer with mean values184

of 9 𝜇𝑚 compared to 29 𝜇𝑚 for the two others. These results seem surprising, since previous results showed that the185

areas with the largest pores are devoid of cells (24; 27). But these observations highlighted the importance of pore186

interconnection, also mentioned by a previous study (24). Based on micro-CT images, interconnected networks were187

observed over the entire luminal region only leading a permeability value around 10-14𝑚2. This results may justified188

the presence of cells in the luminal region. As classical used CE-MCT alters the morphological ILT properties (39)189

with an experimental protocol similar to histology and SEM, a new protocol that maintains the physiological ILT190

properties was developed (40). The results showed a higher porosity with a similar value for both luminal and medial191

layers around 13%, while 4% was reported for the abluminal layer (40). Finally, a fluid-permeable luminal region was192

observed with values between 1.7 × 10-15𝑚2 and 1.9 × 10-14𝑚2 (40).193

Micro-CT findings highlighted the importance of pore interconnection in the cell filtration within ILT structure. These
results confirm once again the role of ILT in the vessel wall weakening. However, some limitations are associated
with the use of micro-CT technique. First, the access to such facility is often limited and setting up a reliable protocol
is labor-intensive and time-consuming. When using commonly used preparation protocol for biological tissues, both
morphological and mechanical properties are altered (39; 41) and new protocol need to be used (40). As the different
components within the structure cannot be identified in a single sample where only grayscale variations are observed,
these variations likely correspond to different ILT components. High grayscale regions, for instance, may indicate
RBC-rich areas (42). Finally, a critical need remains for additional quantitative data to enhance the characterization of
ILT microstructure and establish connections with mechanical properties.

Figure 4: CE-MCT images of ILT samples using PTA staining showing the heterogeneity of the different ILT layers. (a)
Luminal layer. (b) Medial layer. (c) Abluminal layer. The scale bars are equal to 0.5 mm (adapted from (29)) [**Note: I
am an author of this article; Copyright: CC BY-NC-ND 4.0**, permission pending from Taylor & Francis**].
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4. ILT mechanical characterization194

Mechanical tests are essential to understand tissue response characteristics and provide crucial insights for building195

models. Some studies were conducted on in-vivo thrombi to assess tissue stiffness and ascertain their ages. Techniques196

such as strain elastography, as demonstrated in the work of (43), and shear-wave elastography, as evidenced in the197

study of (44), were employed for this purpose. However, these techniques have several limitations. In fact, a high198

amount of studies were conducted on animal models (45) and the majority concerned deep-vein thrombus (44; 45).199

Moreover, obtaining accurate quantitative data using elastography can be challenging due to the spatial resolution200

(on the order of millimeters), and the qualitative interpretation of the obtained results is notably operator-dependent,201

as mentioned in multiple studies (43; 44). For these reasons, we decided to focus on human ILT ex-vivo mechanical202

experiments only (supplementary material 5). Key experimental parameters must be emphasized as they significantly203

influence mechanical results: (i) sample preparation, dimensions and geometry (illustrated in Figure 5 for clarity),204

(ii) testing systems (gripping mechanisms, load cell, etc.), (iii) stress and deformation parameters (preconditioning,205

physiological deformation range, loading rate, etc.), (iv) tissue hydration conditions (e.g., thermostatic bath, native206

environment, or saline solution), and (v) metrology for displacement measurements (ceramic markers, speckle, digital207

image correlation, etc.).208
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Figure 5: Practical information for mechanical tests on ILT. (a) Schematic representation of the orientation of ILT samples
cut for mechanical testing. (b) Geometry description with rectangular-shaped (RS), bone-shaped (BS) and cylindrical-
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4.1. Uniaxial tensile test (UTT)209

The majority of UTT studies were performed until failure (UF) to determine the elastic modulus (E) from 0.05 to210

0.27 MPa (46) and/or tensile strength, but also to give information on the failure properties of ILT (see supplementary211

material 6). Moreover, all studies tested the various ILT layers separately. A study demonstrated a protective role of212

the ILT in reducing wall stress in AAA (46). This conclusion was affirmed after conducting finite element analysis213

(FEA) simulations, where the ILT was modeled with a linear material behavior based on their traction results (46).214

Nevertheless, the simulations were performed on 2D idealized AAA geometries (46). The rest of the studies highlighted215

the detrimental role of the ILT in the pathology, even if different mechanical behaviors were identified with linearity216

(34; 47) and non-linearity (25; 48; 49; 50). One of the work that found a linear behavior linked stiff or large ILT to217

an increased risk of AAA rupture, attributed to the weakening of the aneurysm wall (34). However, as ILT undergoes218

large in-vivo deformation up to 15% (51) under physiological pulse pressure, a linear behavior seems inappropriate219

(31). Most UTT studies that examined longitudinal (25), circumferential (47; 50; 48), or both directions (27; 49),220

reported a non-linear behavior, which is attributed to the tissue’s hyperelastic properties (31; 47; 50; 25; 49; 48). Many221

parameters such as the age of ILT or testing conditions can affect the mechanical behavior and the non-linearity was222

reported at different strains, from 5% (48) to 20% (31; 49) deformation, showing no clear transition. No significant223
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difference was observed between longitudinal and circumferential orientations for tensile properties of luminal and224

medial layers (27; 49). Finally, these studies reported ultimate tensile strength (UTS) values ranging from 0.019 to225

0.658 MPa, which decreases from the luminal to the abluminal regions and is lower in thick ILT compared to thin ILT.226

This wide range of UTS values was likely due to differing testing conditions such as loading rate and hydration levels.227

Even if the same type of ILT solicitations were conducted for the majority of studies, different strain-stress relationships
of ILT were reported with linear and non-linear behaviors. In addition, all studies concluded on an isotropic ILT
behavior and some authors developed different constitutive models as summarized in supplementary material 7, that can
be used to provide information regarding wall stress distribution in AAA from numerical simulations. The role of ILT
varies depending on the model employed in numerical simulations, ranging from protective (46; 52) to detrimental (26).
These different findings may be explained first by the variability in biological properties but also by the experimental
setup and testing conditions. Other limitations need to be mentioned with the fact that tensile test does not accurately
mimic the in-vivo loading conditions. Finally, the validity of results obtained through the UTS approach could be
called into question given that the latest studies using this technique dates back to 2015 (49; 48), and considerable
advancements have occurred in the field since that time.

4.2. Biaxial tensile test (BTT)228

Compared to classical UTT, BTT better mimic physiological loading and evaluate potential anisotropy because fibers229

are implicated. Only three studies conducted BTT on the different ILT layers separately (53; 27; 54). Among these230

studies, two reported an isotropic behavior (53; 54) (Figure 6) with slightly stiffer samples cut in the longitudinal231

direction compared to circumferentially-oriented cut samples, but no significant difference was observed (54). The other232

study observed an anisotropic behavior for one third of the luminal samples (27). The anisotropy may be correlated233

to the age of the ILT with anisotropic behavior only reported for old ILT, with highly degraded medial and abluminal234

layers (27). Then, a nearly linear force-strain relationship was identified which is quite unusual for this type of tissue235

as previously mentioned for UTT results (53). Using the same experimental protocol, another study (27) found a non-236

linear force-strain relationship was observed, which could be explained by the fact that the tissue was not hydrated237

during the test modifying its behavior. Finally, all studies identified also a decrease in stiffness from the luminal to the238

abluminal layers as reported by UTT studies (47; 31; 50).239

Compared to UTT, only a few studies conducted BTT to characterize the biomechanical properties of ILT. The same
results as for UTT were reported with a luminal layer stiffer than the abluminal. The results can be used to feed the
models used in numerical simulations to predict the wall stress within AAA, and make potential correlation with
rupture. However, the developed models (53; 27) have not been incorporated into numerical simulations, leaving the
experimental results inconclusive regarding the impact of ILT in AAA. Even if BTT allowed to provide new data
on the mechanical behavior of ILT, the experiment remains delicate to set up, particularly for cutting and gripping
samples. However, certain limitations should be acknowledged when considering BTT studies. This method does not
allow for the measurement of the UTS of ILT and does not fully replicate the in-vivo loading conditions, particularly
those involving compression. Finally, the reliability of results obtained using the BTT method may be questionable,
as only three studies have utilized this approach, with the most recent dating back to 2014 (54), despite significant
advancements in the field since then.

4.3. Compression test (COT)240

Like most soft biological tissues, ILT exhibits viscoelastic behavior. While this property was suggested in the literature241

(47), it has been rarely characterized in detail in existing studies. ILT undergoes in-vivo compressive loads that can242

induce over 10% deformation due to blood pressure (31). Compared to UTT, unconfined COT results showed stiffer243

properties from abluminal to luminal layers (32; 55). Moreover, studies highlighted both viscoelastic (55) and poro-244

viscoelastic (32) behaviors using stress-relaxation (SR) technique, also hypothesized by (47). All samples were tested245

layer by layer taking into consideration the multilayered ILT aspect (55; 32). Nevertheless, in-vivo physiological loading246

are applied on the three ILT layers simultaneously. Based on this observation, a study performed compression tests on247

the three layers simultaneously, showing a non-linear viscoelastic behavior with a high intra-patient variability (40).248
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Figure 6: Bi-axial test showing strain comparison using digital image correlation (DIC) between circumferential (Ex) and
longitudinal (Ey) directions at deformation of (A) 𝜆 = 1.07 and (B) 𝜆 = 1.14. The blue cells represent the area which can
be considered sensibly uniform and free from edge effects (Ex/Ey ≤ 1.1) (taken from (54) with permission).

Finally, a study conducted unconfined compression tests on entire ILT samples to investigate the stability of ILT249

following aneurysm repair using an endovascular aneurysm sealing (EVAS) system (30). They observed a fluid-250

displacement within ILT leading to a small decrease of volume (30). These results confirmed that ILT is a fluid-251

permeable porous medium in most cases (29; 26; 24).252

Only very few studies conducted unconfined COT bringing new insights concerning the viscoelastic behavior of
ILT (55; 32). Moreover, stiffer mechanical properties from abluminal to luminal regions (55; 32) were highlighted
unlike UTT results. However, comparing the results is challenging due to the significant differences in deformation
ranges, varying from 5%-15% (55) to 45%-55% (32). Only one study developed a constitutive model emphasizing the
importance of viscoelasticity in ILT simulations (32), with no direct connection made regarding the role of ILT in
vessel wall weakening. Finally, given that physiological loading is applied simultaneously to all three ILT layers, it
would be valuable to assess the viscoelastic behavior by testing all layers together.

4.4. Shear test (ST)253

As COT, ST were conducted to obtain the viscoelastic behavior of ILT. Using small strain ST experiments, ILT was254

found to linearly-behaves (56; 57) until 3% strain (56). The results for E (ranging from 15 to 60 kPa) were found to be255

consistent with UTT studies (31; 46), which reported an approximate value of 50 kPa (31) and a range of 50 to 200256

kPa (46). However, the small strain approach was questioned and large strain experiments was performed until 20%257

strain, demonstrating a non-linear viscoelastic behavior (58). Based on these results, a multi-mode viscoelastic model258

was developed to describe the linear and the non-linear viscoelastic properties of the ILT (58), but no study used this259

model in numerical simulations.260

ST is a valuable tool to purely obtain the viscoelastic behavior of biological tissues. However, it is complicated to
draw conclusion on the ILT influence in AAA as no numerical studies used the developed model. Moreover, only
three studies on ILT, all conducted prior to 2010, have been performed. Drawing conclusions from their results is
challenging, as two of these studies employed non-physiological deformations. Recently, tools have been utilized to
study the viscoelastic behavior of blood clots (59), and conducting similar experiments could offer valuable insights
into the mechanistic understanding of ILT.

5. Constitutive ILT models261

Constitutive models are essential tools for understanding the mechanical behavior of ILT and so for addressing262

vascular pathologies effectively. These models provide a mathematical framework to depict the relationship between the263

mechanical properties of ILT and external forces or deformations that they undergo in-vivo. Coming from experimental264
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studies and presented in supplementary material 7, constitutive models are used in numerical simulations to mimic the265

pathological behavior of ILT, and evaluate their impact in the pathology.266

A first constitutive model of ILT was developed at the end of the 90’s by Di Martino et al. (1998) with low complexity,267

describing the mechanical behavior of ILT as an isotropic, incompressible (or quasi-incompressible), linear and elastic268

material (46). The Hooke’s law269

𝜎 = 𝜖𝐸 (1)

was used to describe the behavior with 𝜎 the stress, 𝜖 the strain and E the Young’s Modulus. Since the majority270

of mechanical studies demonstrated a non-linear behavior, different hyperelastic models were developed. Both UTT271

(50; 47; 31; 49; 25) and BTT (53; 27) were used identifying the material parameters. Different strain-energy density272

function (SEDF) were used to described ILT behavior such as Mooney-Rivlin (eq.2), second- (eq.3) and third-order273

Yeoh (eq.4), and Ogden-type (eq.5)274

𝑊 = 𝑐1(𝐼1 − 3) + 𝑐2(𝐼2 − 3), (𝑐1, 𝑐2, material parameters from (31)) (2)

𝑊 = 𝑐1(𝐼1 − 3) + 𝑐2(𝐼1 − 3)2 (𝑐1, 𝑐2, material parameters from (53)) (3)

𝑊 = 𝑐1(𝐼1 − 3) + 𝑐2(𝐼1 − 3)2 + 𝑐3(𝐼1 − 3)3 (𝑐1, 𝑐2, 𝑐3, material parameters from (50)) (4)

𝑊 = 𝑐
3
∑

𝑖=1
(𝜆4𝑖 − 1) (𝑐, is a material parameter from (47)) (5)

where 𝑐 refers to material constant, 𝜆 refers to the principal stretches, and 𝐼1 and 𝐼2 are first and second invariants of275

the Cauchy-Green strain tensor. Only one study developed a anisotropic hyperelastic SEDF (eq.6)276

𝑊 = 𝜇(𝐼1 − 3) +
𝑘1
2.𝑘2

[𝑒𝑘2(1−𝜌)(𝐼1−3)
2+𝑘2𝜌(𝐼4−1)2 − 1] (𝜇, 𝜌, 𝑘1, 𝑘2, are material parameters from (27)) (6)

where 𝜇, 𝜌, 𝑘1 and 𝑘2 are stress-like parameters (27).277

The above mentioned hyperelastic models can describe the stress-strain properties of ILT tissue but can not explain the278

viscoelastic behavior. A study proposed a non-linear viscoelastic behavior of ILT using a multi-mode Maxwell model279

(58). Since the ILT is assumed to be incompressible, the Cauchy stress can be split into a volumetric 𝜎𝑣 and a deviatoric280

part 𝜎𝑑 (58). The deviatoric part was split into an elastic part called 𝜎𝑑0 , and into 𝑛 viscoelastic modes written as281

𝜎𝑑 = 𝜎𝑑0 +
𝑛
∑

𝑖=1
𝜎𝑑𝑖 (7)

In eq.(7), the elastic behavior was modeled with282
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𝜎𝑑𝑖 = 𝐺𝑖𝐵
𝑑
𝑒,𝑖 (8)

where 𝐵𝑑
𝑒,𝑖 corresponds to the deviatoric part of the elastic Finger tensor 𝐵𝑒 of mode 𝑖. A non-linear equilibrium mode283

was added to the viscoelastic modes with a modified Mooney-Rivlin-type284

𝜎𝑑0 = 2𝜕𝑊
𝜕𝐼1

𝐵𝑑 − 2𝜕𝑊
𝜕𝐼2

(𝐵−1)𝑑 (9)

where𝑊 is the SEDF, 𝐼1 and 𝐼2 the first and the second invariants of the Finger tensor. By developing, 𝜎𝑑0 was rewritten285

as286

𝜎𝑑0 = 𝐺0[(1 − 𝐴) exp(−𝐶
√

𝑏𝐼1 + (1 − 𝑏)𝐼2 − 3) + 𝐴] × [𝑏𝐵𝑑 − (1 − 𝑏)(𝐵−1)𝑑] (10)

with 𝐴 and 𝐶 material parameters that describe the non-linear behavior (27). Only one study identified a poro-287

viscoelastic behavior, that may significantly influence fluid transport from the lumen to the aortic tissue (32).288

Considering the ILT composed of two phases: solid (𝑉𝑠) and fluid (𝑉𝑓 ) (Figure 7) as described in the Biot consolidation289

theory (60), they modeled the viscous behavior of the solid phase with the Kelvin form of the standard linear solid290

(SLS) model, while introducing the permeability 𝑘 in the Biot consolidation equations (32).291

Figure 7: Illustration of the porous theory used to described the ILT behavior. Histological section of the medial layer
showing pores in white and matter in pink (taken from (29) with permission) [**Note: I am an author of this article;
Copyright: CC BY-NC-ND 4.0**, permission pending from Taylor & Francis**]. On the right, a representative elementary
volume (REV) of the ILT is taken with both solid skeleton and porous saturated space with fluid. The scale bar is 50 𝜇𝑚.

A wide range of constitutive models was developed in order to catch the ILT behavior. The commonly employed
models are primarily hyperelastic, enabling the representation of the non-linear characteristics of ILT. Moreover, these
models may be used to investigate stress analysis in AAA with ILT (26), directly estimate wall stress in AAA, and
predict potential rupture (58; 31; 26; 53). However, some studies highlighted the importance of poroelasticity (32)
and viscoelasticity (32; 56; 57; 58) to better predict AAA wall rupture risk. Numerical studies utilizing poroelastic
(61) or porohyperelastic (62) models demonstrated that ILT tends to reduce wall stress in AAA. They underscored
the importance of considering the porous properties of ILT, including biochemical transport processes such as oxygen
delivery. Only a limited number of studies explored these crucial properties, employing various experimental setups
and yielding diverse results. Lastly, there are limitations associated with the testing protocol, as well as the fact that
most models are based on luminal testing only, which cannot accurately represent the physiological ILT behavior.
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6. Conclusion and perspectives292

Various approaches have been employed to enhance the understanding of the morphological and mechanical properties293

of thrombus within AAA and their impact on the pathology. In-vivo investigations provided morphological insights294

into the heterogeneous, porous ILT structure, highlighting the presence of specific hypoxia markers that may affect295

vessel wall integrity and contribute to rupture. On the other hand, the scarcity of human samples and the number296

of ex-vivo morphological studies are highly limited. Although the ILT microstructure has been 2D- and 3D-imaged297

at cellular resolution, highlighting the significance of its porous structure in transmitting cells and nutrients to the298

aortic wall, questions remain about how cells navigate within this medium and play a role in AAA evolution. The299

ILT mechanical behavior was also investigated through several techniques with a common answer that ILT behaves300

as a non-linear material. However, unlike arterial wall (63), there is no standard protocol for thrombi testings, which301

introduces challenges in comparing and interpreting results. Crucial parameters when conducting mechanical test such302

as sample freshness or hydration are not always respected questioning the results as well. Furthermore, the use of a303

simple hyperelastic model may be insufficient, as key parameters such as poroelasticity and viscoelasticity must also304

be considered, as they play a crucial role in the time-dependent responses of biological tissues (64). Moreover, some305

hallmark features of poroelasticity have been highlighted experimentally with permeability gradients and fluid transport306

but are not accurately incorporated into existing models. Finally, only one study assessed ILT age and demonstrated that307

the mechanical properties of ILT may change significantly with age (27), highlighting the importance of considering308

ILT age in AAA-related research. High morphological and mechanical heterogeneities were observed in the ILT, raising309

the question of which model is most relevant and whether the influence of thrombus age should be incorporated into310

the model. Developing a reliable ILT model is essential, as it significantly influences numerical outcomes.311

Future perspectives must be explored to address the remaining unanswered questions. The advancement of imaging312

tools, such as phase-contrast micro/nano-tomography, opens opportunities for new studies to delve deeper into the ILT’s313

microstructure and composition. These techniques enable the acquisition of 3D morphology with nanometric spatial314

resolution, offering valuable insights into fluid and cell navigation mechanisms within this complex, heterogeneous315

porous medium. Concerning the mechanical characterization, the development of standardized protocols will facilitate316

the straightforward comparison of ILT properties. Moreover, in-situ mechanical testing may be conducted under X-317

rays micro-CT in order to directly link microstructure and mechanical properties of ILT. Then, better investigations318

of ILT viscoelasticity and poroelasticty with appropriate tests (59) may bring new insights concerning the mechanical319

responses of ILT. A wide range of mechanical parameters emerged from the experiments, but new multi-solicitation320

tests could be beneficial for identifying the most important parameters. Further investigations are needed on ILT321

modeling, considering whether to include ILT evolution/remodeling, as its properties undergo significant changes over322

time and with age. A need in longitudinal studies is also required to correlate numerical models and AAA evolution323

that include ILT. As one of the consequences of the presence of ILT would be the rupture of the vessel, further studies324

might compare morphological and mechanical ILT properties between non-ruptured and ruptured AAA to potentially325

make some correlations (size, microstructure, mechanics, composition, etc.). Finally, studies on aortic thrombi from326

dissections should be conducted on human subjects to: (1) assess both macroscopic and microscopic properties, (2)327

compare these properties with other aortic thrombi such as ILT, and (3) gain a deeper understanding of their formation328

and role in the progression of the pathology.329
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Table 6
Summary of values at break of ex-vivo ILT using UTT. The mean UTS are expressed in MPa. The subscripts L and C refer
to the sample orientation with longitudinal and circumferential directions, respectively. *: no information.

References Mean UTS (SD) Mean maximum deformation (SD)

(46) ILT: 0.085 (0.047) ILT: 0.636 (0.187)

(31) • LuminalL: 0.520 (0.070)
• LuminalC: 0.540 (0.070)
• MedialL: 0.300 (0.070)
• MedialC: 0.220 (0.050)

*

(47) • Luminal: 0.157 (0.058)
• Medial: 0.092 (0.038)
• Abluminal: 0.048 (0.023)

*

(50) ILT: 0.019 (0.013) ILT: 0.369 (0.157)

(25) * *

(49) • ILTL: 0.080(*)
• ILTC: 0.051 (*)

• ILTL: 0.628 (*)
• ILTC: 0.352 (*)

(48) • ILTthin: 0.658 (0.325)
• ILTthick: 0.320 (0.141)

*
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