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Abstract
In this study, the biomechanical role of intraluminal thrombus (ILT) in an abdominal aortic aneurysm (AAA) is investigated. 
The implications of ILT in AAA are controversial in literature. Previous studies have demonstrated that ILT provides a bio-
mechanical advantage by decreasing wall stress, whereas other studies have associated ILT with inhibiting oxygen transport 
and inducing aortic wall weakening. Therefore, we sought to explore the connection between ILT, mechanical stresses, and 
oxygen flow in different geometries of patient-specific aneurysms with varying ILT morphologies. The objective is to inves-
tigate the extent to which ILT influences the prediction of aneurysmal wall stresses that are associated with rupture, as well as 
oxygen concentrations to measure tissue oxygen deprivation. Three patient-specific AAA geometries are considered, and two 
models, one with ILT and one without ILT, are created for each patient to assess the effect of ILT presence. A fluid–structure 
interaction approach is used to couple the blood flow, wall deformation, and oxygen mass transport. Results are presented 
for hemodynamics patterns, wall stress measures, and oxygen metrics within the arterial wall. While ILT is found to reduce 
wall stress, simulations confirm that ILT decreases oxygen transport within the tissue significantly, leading to wall hypoxia.

Keywords  Abdominal aortic aneurysm (AAA) · Intraluminal thrombus (ILT) · Patient-specific · Hypoxia · Arterial wall 
stress · Fluid · Structure interaction

1  Introduction

An abdominal aortic aneurysm (AAA) represents a localized 
dilation of the central aorta that asymptomatically develops 
over long periods of time until sudden rupture. Upon rup-
ture, AAA patients have a mortality rate of over 80% (Kühnl 
et al. 2017). The asymptomatic nature of AAAs complicates 
diagnosis and detection (Moxon et al. 2010); thus, a proper 
understanding of the AAA development can lead to diag-
nostic tools and assessments to aid in the management of 
this disease. A majority of AAAs (over 75% according to 
Harter et al. (1982)) contain a layer called an intraluminal 
thrombus (ILT). The ILTs play a key chemo-mechanical role 

in the evolution of AAAs, which is still not fully understood. 
In particular, in 80% of clinical cases, AAAs were found to 
rupture in the ILT bearing regions (Silva et al. 2000). Yet, 
the impact of ILT layer on AAA progression and evolution is 
highly controversial in the literature, leaving open the ques-
tion of whether ILT increases or decreases AAA rupture 
risk (see (Boyd and Intraluminal thrombus, 2021; Wilson 
et al. 2013) for a comprehensive review on this controversy). 
Several studies have demonstrated that ILT decreases aortic 
wall stress, thereby providing a biomechanical advantage by 
acting as a mechanical buffer (Wang et al. 2002; Haller, et al. 
2018). In fact, some numerical studies that compared AAA 
wall characteristics between aneurysms with and without 
ILT have found ILT to lower wall stress (Wang et al. 2002; 
Bluestein et al. 2009; Martino et al. 1998; Georgakarakos 
et al. 2009; Li et al. 2008a; Mower et al. 1997), suggest-
ing that its presence could prevent AAA rupture. However, 
ILT has also been shown to create an inflammatory envi-
ronment by reducing oxygen flux to the aneurysmal wall 
(Coutard et al. 2010; Lim et al. 2013). The arterial tissue 
responses to altered oxygenation contribute to decreasing 
wall strength, due to which AAAs with an ILT were put at 
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a greater risk of rupture despite the lower subsequent wall 
stress (Vorp et al. 1996a; Vorp et al. 1996b). Similarly, it 
was concluded by Vorp et. al in Vorp et al. (2001); Vorp 
et al. 1998) that thrombi are detrimental due to the resulting 
localized hypoxia across the arterial wall. In particular, thick 
thrombi may exacerbate hypoxic conditions within the wall 
tissue, which stimulates inflammatory processes and causes 
neovascularization from the vasa vasorum, altered collagen 
production, degradation of the extracellular matrix of walls 
covered by ILT (Lim et al. 2013), and potentially lowering 
the wall tensile strength (Kazi et al. 2003). The controversy 
and limited research on the role of ILT in AAA progres-
sion and rupture point to a pressing need for more research 
on the topic. A proper understanding of AAA-ILT behavior 
could improve the development of diagnostic tools to assess 
aneurysm cases and potentially reduce the risk of fatalities.

Most computational models of AAAs have focused on 
the biomechanics of the wall in the absence of blood flow 
(i.e., (Vorp et al. 1998; Polzer et al. 2012)), although hemo-
dynamics is likely a key factor in the development of AAA 
(Virag et al. 2015). A patient-specific computational fluid 
dynamics (CFD) simulation by Zambrano et al. (Zambrano 
et al. 2016) explored the association between ILT and AAA 
growth. Their findings suggest that hemodynamic forces and 
ILT interact with each other and significantly affect AAA 
expansion, making AAA prognosis a complex problem. The 
impact of key morphological features of aneurysms on ILT 
formation is investigated in Bhagavan et al. (2018); how-
ever, ILT itself has not been included in this computational 
model. A few earlier studies that focused on the impact of 
ILT on the mechanical stress in the AAA wall had some 
modeling limitations, such as neglecting the interaction with 
the hemodynamics (Riveros et al. 2015; Polzer et al. 2011; 
Li et al. 2008b), and sometimes with idealized physical set-
tings, which resulted in relative success (Wang et al. 2002; 
Sun, et al. 2009; Raptis et al. 2016; Stergiou et al. 2019). 
Wang et. al (Wang et al. 2002) observed the effects of the 
ILT on the wall stress in patient-specific AAA geometries 
using the finite element method (FEM). The conclusion of 
this work was that the peak wall stress is reduced for all 
cases with the ILT as compared to the cases without the ILT. 
A similar study was performed by Haller et. al (Haller, et al. 
2018), where it was discussed that the peak wall stress is 
reduced for ILT-including cases. Nevertheless, it was found 
that the increased thrombus burden is associated with AAA 
rupture at smaller diameters. The above-mentioned numeri-
cal studies of the AAA wall stress calculation were based 
on the patient-specific image reconstruction but assumed 
uniform pressure inside the AAA, and did not account for 
flow induced stresses within the AAA, or for the different 
flow patterns in the presence of ILT. Recently, a coupled 
model for the interaction between an AAA, ILT, and blood 
flow was used to investigate the role of ILT on the risk of 

AAA rupture as assessed by the peak wall stress by Bukac 
et al. (Bukač and Shadden 2021). The AAA and ILT were 
described using a poroelastic model for ILT, and simula-
tions were performed in patient-specific models. However, 
the oxygen transport to the wall was not considered.

Therefore, although the relationship between ILT and 
AAA wall stress has been thoroughly investigated in prior 
research (Haller, et al. 2018; Zambrano et al. 2016; Bhaga-
van et al. 2018; Polzer et al. 2011; Li et al. 2008b; Raptis 
et al. 2016; Bukač and Shadden 2021), many of them did 
not include the interaction with blood flow in their computa-
tional methodology, or used modeling assumptions, such as 
the idealized geometries or simplified wall material models. 
Furthermore, as noted by Wang et. al (Wang et al. 2002), the 
incorporation of oxygen diffusion is still lacking in the mod-
els that assess the effects of ILT on wall stress and rupture. 
In the very few cases that considered the coupling between 
hemodynamics and mass transport (i.e., (Sun, et al. 2009; 
Zakerzadeh et al. 2021)), the arterial wall was modeled as 
a rigid material. Hence, the relationship between ILT and 
oxygen flow is not well described and there has been limited 
research of thrombus-mediated effects on mass transport in 
AAAs. To date, there are no computational models that cap-
ture both the oxygen flow inside of an AAA and its deforma-
tion coupled with blood flow dynamics.

In our previous studies on this subject, we identified 
parameters for which AAA oxygen transport is most relevant 
(Zakerzadeh et al. 2021; Zakerzadeh et al. 2020; Carbino, 
et al. 2022). In particular, in Zakerzadeh et al. (2021) the 
effects of vasa vasorum flow, kinematic diffusivities within 
the AAA tissue, and oxygen consumption in the arterial wall 
on concentrations within the tissue were analyzed in an ide-
alized AAA model. In (Zakerzadeh et al. 2020), the impact 
of a porous ILT and therefore the filtration velocities on the 
oxygen flow was illustrated. In particular, we investigated 
how ILT properties, such as permeability and diffusivity, 
affect the risk of oxygen deprivation in patient-specific 
AAA geometries. We also recently explored the connection 
between ILT length and thickness with local hypoxia using 
a comprehensive geometrical study in an idealized AAA 
(Carbino, et al. 2022). We have shown that ILT geometry 
variations can have the largest effect on oxygen transport and 
can cause further hypoxia and weakening of the wall where 
the ILT is present. However, the predictions of oxygen con-
centration in all these aforementioned studies are obtained 
using a rigid wall assumption for the arterial wall, which 
limited us to investigate the effect of ILT on the wall stress.

Therefore, in this study, we sought to explore the asso-
ciation between ILT, mechanical stresses, and oxygen 
flow in different geometries of patient-specific AAAs 
with varying ILT shapes and thicknesses. The objective 
is to investigate how ILT presence affect the transport of 
oxygen to the aortic wall, as well as tissue deformation, 
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and to quantify the ILT contribution on model outcome. 
To achieve this, we develop a coupled blood flow–tissue 
deformation–oxygen transport computational framework 
by combining a fluid–structure interaction (FSI) model 
with a mass transport model in AAA. This physiologi-
cally realistic framework is used to analyze the wall stress 
and oxygen concentration in patient-specific AAA mod-
els, based on which we assess the role of ILT on model 
predictions.

The central goal of this work is to simulate and exam-
ine patient-specific cases of AAAs and analyze the 
extent to which ILT presence influences aneurysmal 
wall stresses that are associated with rupture, as well as 
oxygen concentration values to measure hypoxia. To our 
knowledge, this is the first study to evaluate the effect 
of ILT on both oxygen flow and wall stress in an actual 
3D reconstructed patient-specific AAA model. The close 
dependence between hemodynamics, oxygen transport in 
the presence of ILT, and AAA wall stress indicates the 
importance of studying them together, but previous stud-
ies focus on relationships between just two of these three 
factors. In contrast, this study analyzes all three factors 
using patient-specific computer simulations of AAA. 
Three different patient-specific geometries are adopted, 
and two models are created for each patient: one with 
the presence of the ILT and one without ILT. Numerical 
simulations in the presence and absence of ILT are per-
formed and results for stress and deformation patterns, 
oxygen transport measures, and blood flow velocity fields 
are presented and compared.

2 � Formulation and methods

In this section, we summarize the mathematical model and 
governing equations to simulate the blood flow, oxygen 
transport, and wall mechanics of the patient-specific 3D 
AAA models. A schematic overview of the model under 
consideration is presented in Fig. 1. Subscripts f  , w , and 
ilt denote the blood flow in the lumen, AAA wall, and 
ILT medium, respectively. In particular, we examine three 
patient-specific AAA geometries shown in Fig. 2, where 
each included a thrombus of a different shape and thick-
ness. The geometries are reconstructed from computed 
tomographic (CT) scans image data, and the SimVascular 
software (Updegrove et al. 2017) is used to segment the 
lumen and ILT domains. The arterial wall is extruded from 
the inner vessel wall defined in the image data using a con-
stant thickness of 2 mm. The three domains result from this 
construction, lumen, ILT, and arterial wall, are meshed in 
the open-source software, Gmsh (Geuzaine and Remacle 
2009), using tetrahedral elements.

Two models are created for each patient: one with ILT 
and one with the same geometry of the arterial wall but 
without ILT. The reconstructed AAA including ILT is shown 
for each subject in Fig. 2. The ILT is shown in red, and the 
AAA and lumen are shown in gray. By visual comparison 
of geometries, patient 1 contains the largest aneurysm and 
the longest and thickest ILT, and the shape of it resembles an 
elongated sac, while patients 2 and 3 have relatively similar 
ILTs in thickness and length. Patient 2 has a moderately 
large aneurysm, while patient 3 has the smallest aneurysm 
diameter, as well as the smallest ILT in length and in thick-
ness. The ILT in the first AAA case occupies a significant 
part of the aneurysm volume. In patient 2, the aneurysm is 

Fig. 1   A sagittal CT image of a 
human AAA demonstrating the 
thrombus-covered region with 
dark gray (star and arrowhead), 
and the location of maximal 
aneurysm diameter (left), and a 
schematic of the patient-specific 
three-dimensional model of an 
AAA, Ω and Г indicates volume 
and boundary surface, respec-
tively. CT image is taken from 
(Chiu et al. 2014)
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spherical in shape and the ILT mostly occupies the upper 
half of it. The bifurcation was not considered in the geom-
etry of patient 1, while the second two patients have the 
bifurcation included. The geometric features of AAA and 
contained ILT varied widely among selected subjects and 
are given in Table 1. The volume of AAA is defined as the 
volume contained within the 3D reconstructed inner wall 
surface, while the volume of ILT is calculated as the volume 
contained between the 3D reconstructed inner AAA wall and 
the 3D reconstructed lumen.

We are particularly interested in understanding the three-
way interaction between the ILT, arterial walls, and blood 
flow. In the following, we review the models used in this 
study for the lumen, as well as the ILT and arterial wall 
domains.

2.1 � Blood flow in the lumen

Blood flow in the lumen is assumed to behave as a New-
tonian incompressible viscous fluid and is modeled by the 
Navier–Stokes equations. Considering blood as a Newtonian 
fluid is a reasonable approximation in AAA given the rates 
of shear typically found in the human aorta (Fournier 2017). 
Blood flow is also considered to be laminar and steady. We 
found the hemodynamic information as well as the peak wall 
stress and wall deformation obtained from the steady-state 
simulations to be very similar to transient flow rate wave-
forms. More discussion on this comparison is provided in 
Sect. 4.2.

Therefore, the flow inside the lumen is described by:

Uf  and �f  stand for the fluid velocity vector field 
in the lumen and the blood density, respectively. 
�f = −pf I + 2�fD(Uf ) is the fluid Cauchy stress tensor 
where pf  is fluid pressure in the lumen, �f  denotes blood 
dynamic viscosity, and the symmetric part of the fluid veloc-
ity gradient is defined as D

(
Uf

)
=

1

2
(∇Uf + ∇Uf

T ).
The oxygen transfer in the lumen is coupled with the 

blood flow equations and governed by the convection–dif-
fusion equation as follows:

Cf  stands for the oxygen concentration in the lumen and Df  
denotes the kinematic diffusivity of the oxygen transport in 
the blood. Here, the effect of oxygen binding to hemoglobin 
on oxygen concentrations in the lumen is neglected, as the 
focus here is on comparisons of relative transport over the 

(1)�f
(
Uf .∇Uf

)
= ∇.�f in Ωf

(2)∇.Uf = 0 in Ωf

(3)∇ ⋅

(
−Df∇Cf + Uf Cf

)
= 0 in Ωf

Fig. 2   Three patient-specific AAA geometries used in numerical 
simulations. The lumen and the arterial wall are shown in gray, while 
the ILT is shown in red. Two models are created for each patient: one 
with the presence of the ILT and one that lacks the ILT. Each geom-
etry is quite irregular and is different from patient to patient

Table 1   Characteristics of the patients including geometric features of three AAAs and contained ILT

Cases ILT Thickness (maxi-
mum) × 10–2 (m)

ILT Length × 10–2 
(m)

ILT Vol-
ume × 10–6 (m3)

AAA Length × 10–2 
(m)

AAA Vol-
ume × 10–6 (m3)

AAA Diameter 
(maximum) × 10–2 
(m)

Patient 1 1.74 8.16 45.7 8.23 102.5 4.80
Patient 2 1.35 5.25 25.0 7.00 82.5 5.00
Patient 3 1.27 4.95 17.0 6.50 61.1 4.22
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AAA wall. A summary of all fluid flow model parameters is 
provided in Table 2.

2.2 � Aortic wall and intraluminal thrombus

Both ILT and AAA wall are assumed to be hyperelastic, 
homogenous, incompressible, and isotropic materials. The 
governing equation for both domains is the momentum con-
servation given by:

where �w and �ilt represent the solid structure stress ten-
sors for wall and ILT, respectively. We adopt the constitu-
tive models for the AAA wall and ILT to be second order 
Mooney–Rivlin material models, for which the functional 
form of strain energy function (W) is defined by:

where α , β , c1 , and c2 are constant material parameters for 
the wall and ILT, and IB and IIB are the first and second 
invariants of the left Cauchy–Green deformation tensor B , 
respectively. The values for these constants and correspond-
ing references are obtained using population averages and 
provided in Table 2. The oxygen transport in the wall is 
described by the diffusion–reaction equation, given by:

where Cw is defined as the oxygen concentration in the arte-
rial wall and Dw is the oxygen diffusivity through the arterial 
wall tissue. The term rCw is the reaction term, accounting 
for the metabolic consumption of oxygen in cell metabo-
lism, where r is defined as the oxygen reaction rate constant 

(4)∇.(�w) = 0 in Ωw

(5)∇.
(
�
ilt
)
= 0 in Ωilt

(6)Ww = α
(
I
B
− 3

)
+ β

(
I
B
− 3

)2

(7)Wilt = c1
(
II

B
− 3

)
+ c2

(
II
B
− 3

)2
,

(8)∇ ⋅

(
−Dw∇Cw

)
= rCw in Ωw

(Iannetti et al. 2016). The ILT is assumed to be permeable 
to the transport of oxygen molecules through diffusion via 
the canaliculi network without any smooth muscle cells to 
consume oxygen. Therefore, no reaction term is considered 
in the thrombus. The oxygen transport in the ILT is modeled 
by the diffusion equation:

Here Dilt and Cilt stand for the oxygen diffusivity through 
the ILT and oxygen concentration in the ILT, respectively. It 
should be noted that the arterial wall and ILT are modeled as 
tissues impermeable to interstitial fluid flow but permeable 
to oxygen transport. Therefore, for oxygen transfer in the 
ILT and arterial wall, the effect of convective transport is 
ignored. Although ILT has a porous structure arising from 
its highly porous canalicular network (Adolph et al. 1997), 
neglecting the contribution of convective oxygen transport 
due to interstitial fluid flow (i.e., the movement of the fluid 
through the extracellular matrix of the tissue) has been justi-
fied in Polzer et al. (2011); Polzer and Bursa 2010) where 
the stress fields in the aneurysmal wall changed negligibly 
when a poroelastic model for ILT was used. Similar conclu-
sions were obtained in Ayyalasomayajula et al. (2010) where 
simulations were performed in order to compare poroelastic 
and impermeable ILT models, and the ILT permeability was 
found to have minimal effect on interstitial velocities that 
have been associated with driving oxygen transport in the 
ILT and arterial wall. We previously explored the effect of 
porous ILT on oxygen transport and our findings suggest 
that the effect of porosity of ILT on oxygen transport within 
AAA is small for the reported physiological range of ILT 
permeability (Zakerzadeh et al. 2020).

2.3 � Boundary conditions and physical parameters

In this section, we summarize the prescribed conditions over 
the coupled system boundaries. The following inflow and 
outflow boundary conditions are applied to the fluid 

(9)Δ ⋅

(
−Dilt∇Cilt

)
= 0 in Ωilt

Table 2   Material properties and 
values of physical parameters in 
simulation

Domain Parameter Description Parameter Value

Blood Density �f 1050 kg/m3

Dynamic viscosity �f 0.0035 kg/m.s
Oxygen diffusivity Df 1.6 × 10–9 m2/s (Rappitsch and Perktold 1996)

Arterial Wall Oxygen diffusivity Dw 1.08 × 10–9 m2/s (Moore and Ethier 1997)
Reaction rate r 8.4 × 10–3 s−1 (Caputo et al. 2013)
Mooney–Rivlin hyperelastic constant α 1.74 × 10–3 N/m2 (Raghavan and Vorp 2000)
Mooney–Rivlin hyperelastic constant β 1.88 × 10–2 N/m2 (Raghavan and Vorp 2000)

ILT Oxygen diffusivity Dilt 1.34 × 10–9 m2/s (Sun, et al. 2009)
Mooney–Rivlin hyperelastic constant c

1
7.98 × 10–4 N/m2 (Geest et al. 2006)

Mooney–Rivlin hyperelastic constant c
2

8.71 × 10–4 N/m2 (Geest et al. 2006)
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cross-sectional areas at the proximal and distal regions, 
respectively (the anatomical orientations depicted in Fig. 1). 
A uniform systolic pressure of pin

f
= 130 mmHg is applied 

as a boundary condition at the inlet of the fluid domain. This 
value is in the range of recorded data for the average in vivo 
luminal pressure values reproduced from Vosse, F.N.v.d. and 
N. Stergiopulos (2011). At the outlet of the fluid domain, a 
mass flow rate of 0.075 kg/s is applied which is obtained 
using the peak systole value of the flow rate waveform for a 
cardiac cycle presented in Reymond et al. (2009), and is in 
agreement with the experimental measurements that have 
shown that the maximum blood flow rate of the abdominal 
aorta is about 4.5 ± 0.9 L/min, as reported in Amanuma et al. 
(1992) and (Cheng et al. 2015). Using these information for 
static systolic pressure at the inlet and flow rate at the out-
lets, the obtained luminal velocity value matches the typical 
peak systolic blood velocity of 0.23 m/s within the aneurysm 
(Swillens, A.l et al. 2008). Moreover, the resulting Reynolds 
number of 1600, representing typical physiologic peak flow 
conditions during the cardiac cycle, is within the realistic 
range for Reynolds numbers in the abdominal aorta at rest 
(Ku 1997).

The fixed support condition is assigned at inlet and out-
let for AAA wall ending cross sections. In this way, all the 
degrees of freedom are set to zero and the arterial wall cross 
sections are prevented from moving and deforming. Moreo-
ver, the outer AAA wall is prescribed to be traction-free with 
zero external pressure imposed on the surface.

The inlet oxygen partial pressure is considered a uniform 
100 mmHg corresponding to the oxygen saturation of 97.7%. 
Therefore, the oxygen concentration of Cin

f
=5.12 × 10–3 kg/

m3 at the lumen inlet Γin
f

 is obtained by using the inlet partial 
pressure and molar mass of oxygen. At the model outlet Γout

f
 , 

the reference pressure value is prescribed, which can be arbi-
trarily set for incompressible flow. On the exterior of the 
arterial wall, the influence of the vasa vasorum is modeled 
by imposing the partial pressure of oxygen. Experimental 
studies showed that the level of adventitial oxygen tension 
is about one half of the oxygen tension in blood (Buerk and 
Goldstick 1982, 1986); therefore, the abluminal wall partial 
pressure is fixed at 50 mmHg to model the oxygen trans-
ported by the vasa vasorum (Kemmerling and Peattie 2018). 
At the cross-sectional areas of the wall representing the ends 
of the vascular domain, a zero-flux condition on the surface 
normal direction is prescribed.

At the cross-sectional areas of the wall representing the 
ends of the vascular domain, a zero-flux condition on the 
surface normal direction denoted by n is prescribed. Con-
servative interface flux conditions for the oxygen flow are 
employed at the ILT-wall ( Γilt−w ), lumen and wall Γf−w , and 
ILT-lumen ( Γf−ilt ) interfaces, and a continuity condition is 
assumed between the boundaries. Therefore, the model is 

complemented by the following concentration and flux inter-
face conditions.

Fluid–structure interfaces were defined on the combined 
wall-lumen ( Γf−w ) and ILT-lumen ( Γf−ilt ) interfaces. As 
for the FSI boundary conditions, it is assumed that the dis-
placement of the interface is the same for the fluid and solid 
domains. Moreover, the no-slip wall condition is defined at 
the FSI surfaces. Finally, normal stress equilibrium condi-
tions are assumed at all interfaces, and a bonded contact con-
straint condition is assumed at the ILT-wall interface ( Γilt−w).

2.4 � Computational modeling details

The computational framework has three components to sim-
ulate hemodynamics, aortic wall deformation, and oxygen 
transport. The coupled model is implemented in ANSYS® 
Workbench software (v. 21, ANSYS Inc., Canonsburg, PA, 
USA). More precisely, the blood flow dynamics and oxy-
gen mass transport are defined in ANSYS CFX, while the 
wall mechanics is modeled and solved in ANSYS Mechani-
cal. The fluid and structural components are joined along a 
single fluid–solid interface which is defined on the luminal 
surface and inside of the arterial wall and ILT, namely Γf−ilt∪ 
Γf−w boundary. Fluid flow and structural mechanics inter-
act via this coupling region, whose behavior is dictated by 
the ANSYS Workbench platform System Coupling module 
(Chimakurthi et al. 2018).

The equations and conditions listed in Sects. 2.1–2.3 are 
implemented in a fully coupled system. The steady-state, 
two-way FSI-oxygen transport simulations are performed. 
Continuity and Navier–Stokes equations governing the blood 
flow, as well as diffusion–reaction equations for oxygen 
transport are solved in CFX, and ILT and aortic wall defor-
mation equations are solved in mechanical solver. For the 
blood flow and oxygen transport, the finite volume method 
and a fully coupled solver for the pressure and velocity are 
used, whereas for the solid domain a three-dimensional finite 
element method is employed. The System Coupling com-
ponent controls the execution and convergence of fluid and 
solid simulations and solves fluid flow field and solid struc-
ture domains separately and in a sequential fashion, starting 
from the blood flow and oxygen transport simulations. In 
particular, the module first solves the fluid component in 
ANSYS CFX to obtain the oxygen concentration distribution 

Cf = Cw,
(
Uf Cf − Df∇Cf

)
.n =

(
− Dw ⋅ ∇Cw

)
.n on Γf−w

Cf = Cilt,
(
Uf Cf − Df∇Cf

)
.n =

(
− Dilt ⋅ ∇Cilt

)
.n on Γf−ilt

(10)
Cilt = Cw,

(
− Dilt ⋅ ∇Cilt

)
.n =

(
− Dw ⋅ ∇Cw

)
.n on Γilt−w
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as well as the non-uniform pressure distribution and flow 
velocity in the lumen.

The Laplace operator in the fluid momentum and oxygen 
transport equations is approximated by a centered scheme, 
and a second-order upwind interpolation scheme is applied 
for spatial discretization of convective terms in momentum 
equations within fluid zone. The convective term in the 
Navier–Stokes equations is linearized by the Picard itera-
tions (“ANSYS CFX-Solver Theory Guide”, ANSYS Inc., 
2010). The pressure variable in the Navier–Stokes equa-
tions is evaluated at the same nodes of the velocity field. 
The DNS method for laminar flow is employed for the solu-
tion, as the flow in the AAA demonstrated no turbulent char-
acteristics (Remax = 1600). The blood flow and oxygen trans-
port equations are solved simultaneously in a monolithic 
linear system. The system is then solved using an algebraic 
multigrid method exploiting incomplete LU factorization as 
smoother. The convergence criteria of the ANSYS CFX are 
set to 10–5 for the normalized residuals of the global lin-
ear system of equations for the mass and momentum. The 
obtained non-uniform pressure loads from the blood flow 
are then transferred and applied to the solid component, i.e., 
arterial wall and ILT, through the fluid–solid interface and 
the wall displacement and corresponding stresses are solved 
in ANSYS Mechanical. The displacement of the solid walls 
was transferred to the CFX, and fluid problem is solved for 
convergence. These stagger loops are reinitialized with the 
new deformed mesh that occurs from the solid deformation. 
The coupling iterations are repeated until the convergence 
is reached, i.e., the interactions between fluid and structural 
components are converged. In System Coupling, a maximum 
root-mean-square (RMS) residual of 0.01 must be reached 
for both fluid and solid domains to ensure the convergence 
of the solution of the coupled algorithm.

Using this computational framework, the association 
between mechanical stresses and oxygen starvation in the 
wall in different geometries of aneurysms with varying ILT 
shapes and thicknesses is explored. Computational analy-
sis is performed on three patient-specific AAA geometries 
(Fig. 2) to simulate hemodynamics, aortic wall dynamics, 
and oxygen transport. Two analyses are carried out for each 
patient in order to estimate the effect of ILT inclusion on 
stress distribution and oxygen flow within the aneurysmal 
wall: one simulation is performed with the 3D reconstructed 
ILT included in the geometry, while in the other simula-
tion the ILT was excluded. For each patient-specific AAA 
model, a mesh convergence study is carried out to assure 
an optimally sized mesh. This is accomplished by increas-
ing the number of elements until the maximum wall prin-
cipal stress and the wall displacement distribution does not 
change appreciably (relative error less than 5%). More pre-
cisely, stress and displacement analyses with coarser and 
finer meshes showed negligible error when comparing the 

von Mises stress, maximum principal stress, and total dis-
placement patterns. The fluid flow solution is also consid-
ered mesh independent for an error lower than 5% in terms 
of velocity and pressure. The elemental composition of the 
patient-specific geometries for resulting meshes that guaran-
teed mesh density independence is summarized in Table 3. 
The geometries are split into linear tetrahedral elements in 
order to perform the simulations.

3 � Results and discussion

In this section, we present the results of the numerical simu-
lations in three different patient-specific models with an ILT. 
Variables for blood flow fields, wall deformation patterns 
and stress mappings are extracted for each simulation. Out-
comes are also presented for the amount and distribution of 
the oxygen within the AAA. These results are compared to 
the ones obtained with the same AAA geometry but lacking 
the ILT.

3.1 � Hemodynamic patterns in AAA​

The simulation results provide qualitative and quantitative 
prediction of blood flow patterns and pressure distribution 
in the AAA models. The velocity streamlines depicted in 
Fig. 3 show some similarities and differences in the blood 
flow pattern between AAAs that contain an ILT deposition 
from those that did not include it. In all AAAs, regardless 
of the presence of the ILT, the streamlines indicate a heli-
cal pattern at the AAA bulge region. The spatial variation 
of blood velocity in the aneurysm shows that ILT removal 
impacts hemodynamics in the lumen and significant differ-
ences are noted when comparing cases with or without the 
ILT for each patient. Our findings revealed that the presence 
of an ILT resulted in the weakening of flow recirculation 
in the aneurysm sac and shifted the flow fields toward the 
center of the aorta. A larger recirculation vortex is observed 
when ILT is excluded in each case (Fig. 3). The velocity 
accelerates at the outlets where the diameter of the lumen 
is smaller. Flow recirculation and complex flow trajectories 
within the AAA are commonly observed among all cases 
with and without ILT; however, the recirculation zones are 
larger when ILT is removed, as the diameter of the lumen 
enlarges at this portion. In particular, it is clear that the 

Table 3   Mesh characteristics for different cases

Cases Number of elements Blood ILT Arterial wall

Patient 1 120,873 110,074 80,250
Patient 2 273,799 69,859 128,684
Patient 3 393,042 92,555 189,781
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presence of a large ILT significantly changes the flow pat-
terns within the AAA lumen by reducing the flow channel. 
Aneurysm sac diameter, aneurysm shape, and parent artery 
diameter are other parametric factors that influence the blood 
flow pattern within an aneurysm. For example, the neck size 
decides the amount of flow entering in the aneurysm sac and 
the volume of the aneurysm deciding on how sluggish the 
flow in the aneurysm sac is. Significant differences in flow 
pattern (as indicated by the streamlines in Fig. 3) are noted 
when comparing the case with and without the ILT for each 
patient.

Moreover, simulation results demonstrate physiologi-
cally realistic pressure distribution in the lumen of the 
three AAAs, with the maximum pressure value around 
1.74 × 104 Pa, equivalent to 130 mmHg at the proximal sur-
face. The distribution of the pressure along the lumen for 
the cases without the ILT is consistent with the cases that 
include the ILT. It is also found that the pressure distribution 
in the AAA is highly uniform and the pressure drop between 

the two endings of the AAA is minimal (~ 150–200 Pa) for 
all cases (pressure contours are not shown here). For the first 
case with the ILT, the pressure is high along a large portion 
of the lumen and decreases slightly at the outlet. This behav-
ior is consistent with the case without the ILT. The second 
case, with and without the ILT, shows a gradual decrease in 
pressure along the lumen. The third case is similar to the first 
where the pressure is high along the lumen and decreases 
at the outlets.

3.2 � Effect of the ILT and AAA wall deformation 
and stresses

From the structural analysis of tissue deformation, three 
response variables are extracted for each simulation. Namely, 
we analyzed measures for the arterial wall displacement, as 
well as the maximum principal stresses ( Smax ) and von Mises 
stresses ( �v ) distributions on the aortic wall. Moreover, for 
each individual simulation, the peak maximum principal 

Fig. 3   Comparison of 3D flow pattern using velocity streamlines in 
the investigated AAA models with and without ILT. Helical flow and 
strong recirculation are present inside the aneurysm sac. The color 
bar number represents the velocity magnitude at peak systole; lower 

velocity values are represented by colors toward the blue end of the 
spectrum, whereas red indicates higher values. The red arrows indi-
cate the location of larger recirculation zones in AAA models after 
ILT removal
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stress and the peak von Mises stress within the AAA are 
recorded and compared in the studied cases, with and with-
out ILT.

The wall total displacement distributions for all three 
AAA models with an ILT and without an ILT are shown 
in the top and bottom panels of Fig. 4, respectively. The 
displacements are visualized on the abluminal surface of the 
arterial wall. In all patients, the presence of the ILT reduced 
the displacements of the arterial wall within the aneurysmal 
region, while the corresponding displacements increase sig-
nificantly when the ILT is removed. From Fig. 4, the maxi-
mum displacement is computed and compared. It has been 
observed that the maximum displacement increases with the 
removal of the ILT. Specifically, the maximum displacement 
in patient 1 with the ILT is 1.46 mm and 2.05 mm without 
the ILT. A stark difference between the maximum displace-
ments is shown in patient 2 where the maximum wall dis-
placement is 1.39 mm with the ILT and 3.41 mm without the 
ILT. A similar pattern is shown in patient 3 with a maximum 
displacement of 1.26 mm with the ILT, while the lack of ILT 
shows a max displacement of 2.58 mm. Furthermore, our 

results revealed that total displacement of the aneurysmal 
wall is strongly dependent on location, as well as the pres-
ence of the ILT. Namely, as shown in Fig. 4, the displace-
ments are more pronounced within the AAA bulge, and the 
greatest point of wall deformation is found on the bulge for 
all the cases. However, for cases with ILT, displacements 
are larger near the areas within the bulge opposite to the ILT 
region, where diameter variations are noticeable. Moreover, 
the maximum displacement varied greatly among the cases, 
i.e., patient 2 with a small ILT displays the peak wall dis-
placement significantly higher than that of patient 1 with a 
large ILT. However, no significant differences appear for the 
total wall displacement when the results between the cases 
without ILT are compared.

To further investigate the effects of the ILT on AAA 
mechanics, in addition to the contour plots showing the wall 
displacement distribution (Fig. 4), we extracted from each 
patient the distribution of von Mises stresses and their maxi-
mum value, as well as the maximum principal stress on the 
aneurysmal wall. Areas of peak stress on or immediately 
adjacent to the fixed ends were ignored and the next highest 

Fig. 4   Views of the total displacement on the exterior of the AAA wall in both the presence and absence of the ILT among the patients. In all 
cases, the presence of the ILT (top row) reduced the overall displacement pattern of the arterial wall and its maximum value
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area used to mitigate boundary effects. The symbol Smax indi-
cates the maximum principal stress also known as the peak 
wall stress defined as Smax = ���

{
S1, S2, S3

}
, whereS1,S2 , 

and S3 are principal stresses and �v denotes von Mises stress. 
The von Mises stress is a measure of maximum principal 
stresses and is calculated by  using the equation 

�v =

√
1

2

{
(S1 − S2)

2 +
(
S3 − S2

)2
+ (S1 − S3)

2
}

 . The dis-

tribution of the maximum principal stress along the arterial 
wall in the presence and absence of the ILT is visualized in 
Fig. 5. Wall von Mises stress distributions in all three AAA 
models of varying geometry studied are depicted in Fig. 6. 
The upper row of aforementioned figures depicts the AAAs 
with the ILT, while the bottom row depicts the AAAs with-
out the thrombus. 

Results in Fig.  5 illustrate that similar to the maxi-
mum displacement pattern described previously in Fig. 4, 
the maximum principal stress increases with the removal 
of the ILT. The AAAs without the ILT show higher lev-
els of stresses indicated by the red colors at the area of the 
bulge. The cases with the ILT indicate reduced levels of 
stress as compared to the same AAA without the ILT. Also, 

significant differences are found in the maximal principal 
stress levels between the AAA cases. More precisely, patient 
1 shows a maximum principal stress of 0.444 MPa with the 
presence of the ILT, whereas the peak of maximum princi-
pal stress is 0.473 MPa without the ILT. A larger contrast 
between the Smax values is shown in patient 2 where the 
peak maximum principal stress with and without the ILT is 
0.443 MPa and 0.820 MPa, respectively. The peak value of 
maximum principal stress in patient 3 in the presence of the 
ILT is 0.382 MPa and 0.560 MPa with the lack of the ILT. 
The peak maximum principal stresses Smax for each of the 
simulations are listed in Table 4.

Moreover, the von Mises stress distributions are shown in 
Fig. 6 for each AAA with and without ILT included in the 
analysis. As expected, there is a strong correlation between 
aortic wall displacement and distribution of von Mises 
stresses. It is revealed that peak �v appears at the area of maxi-
mum deformation of the arterial wall. Based on the three aneu-
rysms studied, it appears that the presence of ILT significantly 
changes the stress distribution patterns and also reduces the 
von Mises stresses (Fig. 6, AAA without ILT versus AAA 
with ILT). The numerical simulations of an AAA with ILT 

Fig. 5   Views of maximum principal stress distributions throughout the AAA wall surface for AAA models with ILT (top row) and without ILT 
(bottom row) for three patients. Cases with the ILT indicate reduced levels of stress as compared to the same case without the ILT
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included clearly indicate reduced stresses at the location of the 
ILT as compared to the simulation of the same aneurysm with-
out the ILT. Therefore, it is again revealed that the �v values 
are affected by the presence or absence of the ILT. However, 
the peak �v values for both cases occur at the region of the 
bulge. It should be noted that the ‘region of the bulge’ refers 
to the whole section of the artery where the aneurysm is. We 
also observe that when ILT is included, the area opposite to 
the ILT in the vessel will begin experiencing more pressure 
and stress, and therefore peak stress occurs again in the bulge 
region opposite to the ILT. The location where the peak �v 
stress occurs changes dramatically with the ILT “shielding” 

what would otherwise be the location of peak wall stress. In 
the presence of ILT, the peak �v occurs in the posterior region. 
In the absence of ILT the same region exhibits elevated stress; 
however, the �v occurs in the region otherwise covered by ILT. 
Compared with the companion models that neglected ILT, the 
peak von Mises stress in the models including ILT is decreased 
to varying degrees. For patient 1, the maximum von Mises 
stress is decreased from 0.333 MPa to 0.222 MPa with the 
presence of the ILT. Similarly, for the second AAA, the peak 
of von Mises stress reduced from 0.481 MPa without the ILT 
to 0.261 MPa with the ILT. The same pattern is exhibited in 

Fig. 6   Comparison of the wall von Mises stress distribution contours between AAA models with an ILT (top row) and without an ILT (bottom 
row) of three patients. Cases with the ILT indicate reduced levels of stress as compared to the same case without the ILT

Table 4   Comparison of 
simulation results for von Mises 
stress, maximum principal 
stress, and volumetric average 
of oxygen concentration in the 
arterial wall in each patient with 
and without ILT

Cases Without ILT With-ILT Percent Change

�v(MPa) Smax(MPa) Cw(kg/
m3) × 10–3

�v(MPa) Smax(MPa) Cw(kg/
m3) × 10–3

��v(%) �Smax(%) �
Cw

(%)

Patient 1 0.322 0.473 3.68 0.222 0.444 3.29 31.1 6.13 10.63
Patient 2 0.481 0.820 3.73 0.261 0.443 3.53 45.7 46.0 5.39
Patient 3 0.283 0.560 3.72 0.215 0.382 3.54 24.0 31.8 5.06
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patient 3, for the maximum von Mises stress of 0.215 MPa 
with the ILT and 0.283 MPa without.

Figure 5 and Fig. 6 demonstrate that there is a relation 
between wall stresses Smax and �v , and ILT presence in AAA. 
The ILT plays a large role in the distribution of wall stresses 
in AAA, and in all cases the presence of ILT markedly altered 
wall stress distribution. More precisely, in cases with the ILT 
included, the reduction of wall stress occurs, and the wall stress 
is also more evenly distributed. Specific values for the maxi-
mum principal stresses and von Mises stresses are indicated in 
Table 4 for each of the patient-specific cases and percentage of 
differences are calculated. The percentage of change � between 
with-ILT measured values and without-ILT values for von 1 
principal stress is computed using the formula given by:

��v =
|
|
|
|
|

�v w∕o ILT − �v w∕ILT

�v w∕o ILT

|
|
|
|
|
× 100%

(11)�Smax =
|||
||

Smax w∕oILT − Smax w∕ILT

Smax w∕oILT

|||
||
× 100%

The calculated percentage of differences indicate that 
the maximum aneurysm wall principal stress at patient 1 is 
about 6% higher than when ILT is removed. However, the 
difference was 46% in patient 2 and about 32% in patient 
3. As previously illustrated by the generated plots, the von 
Mises stresses and their peak value are also reduced with 
the addition of the ILT. It is observed that for the areas that 
experience the highest stresses, �v nearly doubles when ILT 
is not present, more precisely, it increases almost 31% for 
patient 1, 46% for patient 2, and 24% for patient 3 (Table 4). 
The third column of Table 4 illustrates the comparison for 
oxygen concentration results and will be explained next, in 
Sect. 3.3.

3.3 � Effect of the ILT and oxygen flow

In this section, the effect of the ILT on AAAs is observed 
through the variation of the oxygen transport within the 
AAA domain and in particular the arterial wall. The con-
tours of oxygen concentration distributions are demonstrated 
in Fig. 7 for each AAA with and without ILT included in 
the analysis. For each patient, Fig. 7 shows the oxygen dis-
tribution in three cross sections along the AAA: one at the 

Fig. 7   Oxygen concentration contours at three different cross sec-
tions for the three AAA patients, with the concentration contour at 
the center of AAA bulge magnified. Cross-sectional contours show 

significant decrease in concentration in cases with ILT (top row) in 
comparison with the cases in the same patient without the ILT (bot-
tom row)
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proximal neck located at the entrance of the bulge, another 
one at the center of the AAA bulge, and finally the third 
cross section is defined at the distal neck at the base of the 
bulge. The locations of the cross sections are kept consistent 
for the cases with and without the ILT and oxygen concen-
trations within the AAA regions are compared.

The highest oxygen concentration is found in the lumen 
in all cases. This is demonstrated by the dark red color in 
the center of the AAA (Fig. 7). The oxygen concentration 
decreases inside the tissue gradually and reaches its mini-
mum value on the wall abluminal surface, which is indicated 
by the blue color at the edge of the cross section. In fact, the 
oxygen diffuses across the ILT and arterial wall in the cases 
that include ILT, while it diffuses only across the arterial 
wall when ILT is excluded. We observe that the greatest 
concentration of oxygen on the wall is at the portion where 
the blood meets the wall. However, for the cases with ILT, 
the oxygen concentration decreases significantly at the por-
tion of the wall that is in contact with the ILT. In particular, 
for the patients with an ILT in Fig. 7, a decrease in oxygen 
concentration along the part of the inner wall which is in 
contact with ILT is observed, shown by blue color that rep-
resents the minimum oxygen concentration. However, the 
cases without the ILT yield a significantly higher oxygen 
concentration along the entire interior of the arterial wall, 
which is close to the concentration of oxygen inside the 
lumen and is shown by orange-yellow color. This suggests 
that the concentrations of oxygen are higher along that sec-
tion. Therefore, the oxygen concentration of the arterial wall 
decreases in the regions ILT is present. We also observe that 
the oxygen concentration across the arterial wall decreases 
in both cases, either without or with the presence of the ILT.

As an indicator of oxygen transported to the AAA wall, 
we define a measure for the volumetric average of oxygen 
concentration over the aortic wall domain Cw and its per-
centage of change �

Cw
 between with-ILT measured values 

and without-ILT values calculated by Eq. (12) and the cor-
responding results are reported in Table 4.

Results illustrate that the total oxygen transported to 
the AAA wall decreases with the presence of the ILT. The 
patient with a small ILT had also lower oxygen supply within 
the wall compared with the patient with a large ILT. The 
average oxygen concentration in the arterial wall for patient 
1 is 3.68 × 10–3 kg/m3 without the ILT and 3.29 × 10–3 kg/
m3 with the ILT. The percent decrease with the addition of 

Cw =
∫Ωw

CwdΩw

∫Ωw
dΩw

(12)�
Cw

=

||||
||

Cww∕oILT − Cww∕ILT

Cww∕oILT

||||
||

× 100%

the ILT is 10.63% for this patient. For patient 2, the percent 
decrease is calculated to be 5.39%, for the average oxygen 
concentration of 3.73 × 10–3 kg/m3 without the ILT and 
3.53 × 10–3 kg/m3 with the ILT. A similar pattern is observed 
for patient 3. The oxygen concentration without and with 
the ILT are 3.72 × 10–3 kg/m3 and 3.54 × 10–3 kg/m3, respec-
tively. The percent decrease for this patient is found to be 
5.06%. Therefore, an ILT can decrease oxygen diffusion 
from the bloodstream to the underlying ILT and aneurys-
mal wall which is in agreement with observations in Wang 
et al. (2002).

For each patient, we also plot the concentration of oxygen 
along the anterior side of the AAA wall, i.e., along the wall 
behind the ILT. The same region is used in cases when ILT 
is not present. Figure 8 shows the comparison of the con-
centration obtained in models with and without ILT for each 
patient. We observe that the concentration is nearly constant 
along the wall if ILT is not present. In the presence of ILT, 
the concentration significantly decreases (by roughly 50%) 

Fig. 8   Effect of ILT presence on oxygen concentration along the arte-
rial wall in three AAA models
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in the region between the ILT and AAA. In the case with the 
thickest ILT (patient 1), we observe a slightly larger reduc-
tion in the concentration compared to the other two patients.

The contours of oxygen diffusion flux on exterior surface 
of the aneurysmal wall, tunica adventitia layer, for three 
patient-specific AAA models are shown in Fig. 9. These 
plots qualitatively show that regions of low oxygen gradient 
along the AAA wall coincide with regions that experienced 
an ILT (top panel of Fig. 8), which indicates that hypoxia is 
closely related to the ILT presence. Comparison of oxygen 
gradient between the three AAA models with ILT and the 
same models when ILT is removed is observed. The simula-
tions indicate that inclusion of the ILT influences the oxygen 
flow fields substantially. In particular, for the AAAs that 
include an ILT, the gradient plot indicates portions of low 
oxygen supply (hypoxic regions) at the blue colored sec-
tions of the bulge. Unlike the AAAs with the ILT, the AAAs 
that lack the ILT are in red color, represent significantly 
higher oxygen flow in the regions that previously were cov-
ered by ILT, and the distribution is more uniform across the 

wall region. Moreover, when ILT is removed, the contours 
of oxygen flux follow the same pattern for all the patients. 
Thus, there is no difference in oxygen gradient along the 
wall exterior for these cases. From the oxygen flux profiles 
on the tunica adventitia layer, we can clearly see that inclu-
sion of an ILT causes a major reduction of the oxygen flow 
to the arterial wall in the regions neighboring the ILT. The 
presence of a larger and thicker ILT, i.e., in patient 1, causes 
a more noticeable decrease in oxygen flux to the outer sur-
face of the aneurysmal wall. However, a patient with a small 
ILT has also lower oxygen flux within the wall compared 
with the same patient when ILT is excluded.

3.4 � Model validation

Validation of the model is provided by comparing the 
results to existing literature. The obtained von Mises stress 
profiles on the arterial wall (Fig. 6) are compared with 
Bukac et al. (Bukač and Shadden 2021) that assesses the 
peak wall stress in the same patient-specific AAA models 

Fig. 9   Comparison of oxygen gradient distribution profiles on the tunica adventitia layer for different cases of AAA with an ILT (top row) and 
without an ILT (bottom row)
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of this study by imposing a pulsatile velocity at the inlet of 
the fluid domain. The simulated peak von Mises wall stress 
for patient 1, patient 2, and patient 3 with an ILT is found 
to be 0.22 MPa, 0.28 MPa, and 0.24 MPa, respectively. The 
result for maximum von Mises stress provided in Table 4 
shows good agreement with these values. We also found 
that the corresponding stress measurements for the three 
AAA patients without an ILT show agreement with results 
in Bukač and Shadden (2021). This is also consistent with 
calculated wall stresses of infrarenal aneurysmal wall by 
Li et al. (Li et al. 2008b), where the maximum von Mises 
stress was around 0.20 MPa in the presence of the ILT, and 
this value increased by 24% without the ILT. Moreover, 
in another related study, Wang et al. (Wang et al. 2002) 
observed that the wall principal stress was increased with 
the removal of the ILT, when systolic blood pressure was 
applied to the luminal surface. The obtained peak value 
was in the order of 0.40 MPa without the ILT but reduced 
to around 0.30 MPa with the ILT. Visual inspections also 
revealed a marked effect of ILT on the wall stress distri-
bution. Finally, in a study by Riveros et al. (Riveros et al. 
2015) the maximum wall stress was found to be 0.41 MPa. 
These observations for stress distribution correlate to the 
results of our study, both qualitatively and quantitatively. 
This indication is reinforced by several numerical studies 
that have demonstrated that ILT reduces wall stresses, by 
reducing the pressure load on the aneurysmal aortic wall.

The oxygen transport model is validated in Zakerza-
deh et al. (Zakerzadeh et al. 2021) using idealized AAA 
geometries, and the obtained oxygen concentration profiles 
reported in the cited study were consistent with Vorp et al. 
(Vorp et al. 1998). More precisely, in Vorp et al. (Vorp 
et al. 1998), oxygen transport in four different idealized 
geometries of AAA using a simplified model that ignores 
blood flow inside the lumen has been studied, and we per-
formed our simulation using similar idealized geometries. 
The obtained oxygen concentration profiles tested against 
Vorp et al.’s data, and the qualitative nature of the oxy-
gen concentration is in agreement. We also compared the 
results of wall oxygen concentration obtained from in situ 
mass transport with experimental data for hypoxia in Vorp 
et al. (2001), where normalized partial pressure of oxygen 
in the ILT-wall interface, as well as a random point inside 
the AAA wall, for a large group of patients with thin and 
thick ILT has been reported, and hypoxia is defined as 
when the partial pressure of oxygen in the wall is less 
than 20% of its concentration inside the lumen. We have 
observed a qualitative agreement with these experimental 
results. However, it would be extremely difficult to find 
suitable clinical or in vitro data for quantitative validation 
since precise details such as variation in wall thickness, 
ILT thickness, and presence of vasa vasorum can signifi-
cantly affect the results.

4 � Conclusions and future work

4.1 � Summary of the results

The role of the ILT in AAA mechanics remains controver-
sial in the literature. Some studies concluded that the ILT 
has a protective role by reducing the wall stress, while oth-
ers observed that AAAs with an ILT were at a greater risk 
of rupture despite the lower subsequent wall stress. One 
possible explanation of these conflicting observations is 
that there are two major factors involved in AAA rupture: 
the stress in the wall and the strength of the wall. AAA 
will rupture only when the local stress exceeds the local 
strength of the wall. Although our models suggest that ILT 
acts to reduce peak wall stress, this does not necessarily 
mean a lower risk of AAA rupture due to hypoxic wall 
weakening. The AAA wall strength may also be altered by 
the presence of ILT. Indeed, previous investigations by our 
group showed that presence of ILT is related to localized 
hypoxia (Zakerzadeh et al. 2021; Carbino et al. 2022) and 
therefore possibly wall weakening.

In this paper, we have developed a computational frame-
work that provides the prediction of oxygen concentration in 
the arterial wall, as well as aortic wall stresses and deforma-
tion patterns, to compare the influence of the ILT on AAA 
hypoxia and rupture. Using this computational tool, we have 
explored a hypothetical clinical scenario, i.e., the inclusion 
or exclusion of the ILT, in three patient-specific AAA geom-
etries by demonstrating the role of the altered flow dynamics 
due to the presence of ILT, and its effect on the arterial wall 
stresses distribution as well as oxygen transported to the 
aneurysmal wall. To our knowledge, this is the first study 
to evaluate the effect of ILT on both oxygen flow and wall 
stress in actual 3D reconstructed AAA. Using this combined 
model, our goal for this research is to explore the contro-
versy for the role of the ILT in AAA mechanics.

The hemodynamic patterns in the lumen visualized using 
the velocity streamlines are shown in Fig. 3. In all cases 
regardless of the ILT presence, complex flow trajectories 
within the AAA lumen, specially at the bulge area, are 
found. At this portion of the AAA, the diameter is enlarged. 
The velocity accelerates at the outlets where the AAA diam-
eter significantly decreases. The results indicate that the dif-
ference between the maximum pressure and minimum pres-
sure is insignificant. Moreover, cases with ILT included have 
significantly different hemodynamic patterns, particularly 
flow recirculation regions, compared to cases where ILT was 
removed. It is also clear that intra aneurysmal flow is a func-
tion of geometric parameters of aneurysm and ILT, which is 
evident in the differing flow patterns among three patients.

Results are also presented for wall stress and deforma-
tion patterns and equivalent stress evolution. Namely, the 
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maximum principal stress and von Mises stress within the 
aneurysmal region, in the studied cases with and with-
out ILT, are compared. As previously illustrated by the 
generated plots (Figs. 5 and 6), the resulting magnitude 
and location of the peak wall stresses is dependent on the 
shape of the AAA, and the ILT appears to reduce wall 
stresses for all patients.

The presence of the ILT seems to be a stabilizing fac-
tor for the AAA in terms of flow and stress distribution. A 
well-orientated ILT, which generates a channel like geom-
etry with streamlined flow patterns, appears to reduce the 
stress and deformation in the AAA wall significantly. Stress 
variation can possibly alter the mechanical properties of the 
arterial wall, thus increasing AAA growth rate and risk of 
rupture. It was found that ILT has a significant effect on 
the wall stress magnitude and distribution, whereas there 
is a close relation between the ILT size and average oxygen 
concentration over the aneurysmal wall in AAAs. Patients 
without ILT had peak wall stress values which are signifi-
cantly lower than patients with an ILT. It should be empha-
sized, however, that the stress levels are highly dependent on 
the geometry of the AAA and thus are patient specific. The 
results also indicate that the addition of the ILT decreases 
the concentration of oxygen along the wall, and ILT presence 
influences the oxygen flow fields substantially. This reduc-
tion in oxygen flow is more evident in patient 1 that contains 
a thicker and longer ILT. Patient 2 and patient 3 have ILTs 
that are comparable in thickness and volume, with ILT being 
to some degree larger for the second AAA, and therefore the 
oxygen concentration over wall is reduced slightly more in 
this case with respect to patient 3 (see Table 4).

Comparing the size of the analyzed aneurysms and ILTs 
(Table 1) with the results of peak values for stress and aver-
age oxygen concentrations within the AAA tissue (Table 4), 
it is clear that the geometrical features remain an important 
parameter in biomechanics of the AAA lesion. Moreover, 
we evaluated the percentages of change in stress measures 
and oxygen measure values in three patient-specific geom-
etries with inclusion and exclusion of ILT from the simula-
tion, to demonstrate how strongly removing ILT affects the 
model measures and which factor seems more dominant (see 
Table 4). On the basis of three representative aneurysms 
studied, the degree and significance of ILT presence on alter-
ing wall stress and oxygen measure depends on the unique 
ILT within each AAA.

Using the percentage of differences provided in Table 4, 
we conclude that the presence of ILT is correlated with 
reduced stress values and can enhance aortic wall strength; 
however, it also inhibits oxygen transport, namely the arte-
rial wall is associated with lower average of oxygen con-
centrations. While a decrease in stress reduces the risk of 
rupture, increased local hypoxia could negatively impact 
AAA mechanics. Therefore, the protective biomechanical 

advantage of ILT by lowering the wall stress may be out-
weighed by weakening of the AAA wall due to hypoxia. 
However, a larger study is needed to verify this hypothesis, 
which will be the focus of our future work.

In summary, our study indicates that the peak wall 
stresses and oxygen distributions are influenced by the pres-
ence of the ILT. For all the patients, the presence of the 
ILT decreases the wall deformation, reduces the AAA wall 
strength as a result of hypoxia, and decreases oxygen flow 
as well as the concentration of oxygen along the wall that 
increases the hypoxia. Therefore, while we found that ILT 
reduces the AAA wall stress, it also limits oxygen transport 
to the AAA wall, which may cause AAA wall degeneration. 
A biomechanical approach for AAA rupture risk assessment 
should account for the dynamic interaction of the intralumi-
nal flow dynamics and the aortic wall as well as oxygen flow 
in patient-specific models. The relationship between ILT size 
and dynamic behavior of an AAA can be helpful in design-
ing a patient-specific treatment. In this view, numerical 
simulations of the wall stress distribution and oxygen con-
centrations in AAAs by our coupled fluid–structure–mass 
transport approach could provide the additional and useful 
information for predicting AAA rupture risk. Accordingly, 
the inclusion of ILT in stress analysis of AAA is of impor-
tance and would likely increase the accuracy of predicting 
AAA rupture risk.

4.2 � Limitations and future directions

Like most studies attempting to simulate an in vivo patho-
logical condition, this investigation has limitations that need 
to be considered while interpreting the results. Although 
the analysis is of patient-specific AAA, the inlet velocity 
for each patient was not available. Instead, the results for 
hemodynamic simulations of this study are obtained based 
on typical values of pressure and volumetric flow rate of a 
healthy aorta for the inflow and outflow boundary condi-
tions, for all patients. Although these assumed peak pressure 
and volumetric flow rate values are commonly used for set-
ting up the boundary conditions, quantitative measurements 
of flow rates for individual patients will be needed for better 
estimation of the blood flow and resulting wall deforma-
tion. Despite the limitations that this assumption could have 
imposed, results in this study are consistent with previous 
findings as explained in Sect. 3.4 and we believe qualita-
tively the significance is low. While patient-specific velocity 
would have a certain effect on the results, for a parametric 
and comparative study such as presented here, keeping the 
same boundary conditions for both patients appear to be a 
valid assumption.

FSI simulations are done under steady-state flow. The 
assumption of steady-state FSI simulations has been ana-
lyzed previously in Sharzehee et al. (2018) and (Scotti, et al. 
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2008) for aneurysms and it has been observed that although 
pulsatile flow can give good approximation of stress field 
throughout the cardiac cycle, the difference of maximum 
aneurysm wall stress at pulsatile FSI flow and static pressure 
was 0% when non-uniform static pressure is used (Scotti, 
et al. 2008), as we have considered in luminal surface to 
deform our wall models. In another study (Geers et al. 2010), 
results for steady-state simulations and transient simulations 
for two intracranial aneurysms are compared. The effect of 
a change in maximum wall stress was investigated, and it 
was found that the difference in the wall stress on the aneu-
rysm was less than 5% and the distribution of wall stress was 
qualitatively assessed to be very similar (Geers et al. 2010).

Therefore, we believe that the steady-state simulation 
used here does mimic the accurate representation of oxygen 
flow and stress measures from the dynamic application of 
intraluminal pressure and resulting wall deformation and 
stress distribution during the cardiac cycle in vivo. Ideally, a 
model for AAA wall stress distribution would use a dynamic 
pressure loading condition. However, this would result in 
greatly increased mathematic complexity, in particular for 
the oxygen transport model, and increased computational 
demands yet would not alter our current conclusions. For the 
purposes of comparison of wall stress distribution in AAA 
models with and without ILT, the worst-case scenario, or 
maximal stress distribution in the wall, is of more relevance 
than the actual temporal variation of the stress. Therefore. 
the steady-state simulations provide enough information 
for the purpose of this study at a lower computational cost, 
which could help facilitate the introduction of hemodynamic 
simulations into clinical practice.

The AAA wall and ILT are assumed to be homogeneous 
isotropic materials. Experimental evidence suggests that 
AAA wall is an anisotropic material, and ILT appears to be 
isotropic, although inhomogeneous, material. In addition, 
wall thickness is assumed uniform throughout the entire 
aneurysm due to the inherent limitations in the imaging 
technique and reconstruction. The degree of error intro-
duced by these assumptions will be investigated in future 
studies. It should be noted that incorporation of these 
enhancements would not alter the conclusion that ILT 
alters the stress distribution and oxygen concentrations in 
AAA as the uniform thickness wall assumption is applied 
for both with- and without ILT cases in each patient and 
the value of the comparative results is still valid. Moreo-
ver, the residual stresses are not included in our model. 
Although the presence of longitudinal tension is likely to 
affect the wall stress in AAA, the purpose of this study is 
to investigate the effect of ILT on oxygen transport and 
wall stress distribution. Therefore, the resulting effect 
would be similar in both models with and without ILT, and 
our conclusion would remain valid. Finally, this study used 
sequential CT scans from three patients, and it would be 

ideal to increase the sample size to reach stronger conclu-
sions. We note that removing the ILT regions from AAA 
models might result in a non-realistic flow geometry. How-
ever, comparing the computational results in AAAs with 
naturally present or absent ILTs in vivo would be difficult 
without a large-scale study due to many different features 
in patient-specific geometries which affect the model 
predictions. Although we obtained encouraging results, 
future work should comprise a larger population to take 
into account a wider range of possible geometries includ-
ing aneurysms that are naturally without an ILT.
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