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Abstract ⎯ The present study uses finite element 
(FE) simulations to investigate a three-stage theory on 
the pathogenesis of abdominal aortic aneurysms 
(AAAs). The effect of collagen growth and remodeling 
(G&R) on mechanical wall stresses during disease 
evolution is investigated. The results show that im-
paired remodeling during AAA growth leads to an in-
crease in wall stress, indicating a more vulnerable ves-
sel. Conversely, successful G&R of the collagen net-
work results in less stress, suggesting a possible heal-
ing process promoted by vascular cells that sense the 
mechanical changes associated with AAA formation 
and growth. Overall, the results presented provide val-
uable insights into the pathogenesis of AAAs. 

Keywords ⎯ Abdominal aortic aneurysm, finite ele-
ment method, growth and remodeling 

Introduction 

Abdominal aortic aneurysms (AAAs) are abnormal 
dilatations of the infrarenal aorta that are usually di-
agnosed when their diameter is greater than 30mm 
[1, 2]. If left untreated, AAAs can protrude to the 
point of rupture, an event that leads to death in up 
to 90% of cases [3, 4]. Elective surgery usually re-
duces the likelihood of rupture [1, 5]; however, the 
risk associated with the surgical procedure must 
also be considered. Even if other parameters such 
as growth rate or life expectancy are sometimes 
taken into account in this context [6], the decision 
for surgical intervention is usually made on the basis 
of the size of the AAA: patients are operated when 
the aneurysm diameter reaches 5.0cm (in females) 
or 5.5cm (in males) [6, 7]. 

However, reports of ruptured aneurysms smaller 
than these thresholds as well as stable larger aneu-
rysms have raised questions about the suitability of 
this empirical standard [8]. Therefore, better criteria 
for aneurysm risk assessment are needed. To 
achieve this, a clearer understanding of the material 
behavior of the aortic tissue along the course of the 
disease is crucial. In this direction, Niestrawska et 
al. [9] proposed a three-stage biomechanical theory 
of AAA progression, in which aneurysm develop-
ment is associated with intense G&R of the collagen 
fiber network. In short, stage 1 involves passive re-
modeling of the collagen fibers to the circumferential 
direction. This change is probably perceived by  
mechanotransduction mechanisms; hence cells re-
act accordingly and remodel the collagen network, 

which leads to an increased compliance and the for-
mation of a neo-adventitia on the abluminal side, 
which characterizes stage 2. As the disease pro-
gresses, this remodeling increases with considera-
ble tissue stiffening and the build-up of the neo-ad-
ventitia (stage 3), which is characterized by a high 
degree of in-plane collagen isotropy. 

The present work examines this newly developed 
mechanopathogenic model using FE simulations. 
For this purpose, the mechanical and histological 
constitutive parameters presented by Niestrawska 
et al. [9] are used for each stage to simulate four 
AAAs. The aim is to evaluate how the mechanical 
wall stresses change in the course of the disease 
and thus to shed light on biomechanical phenomena 
that are involved in the AAA pathogenesis. 

Methods 

Since Niestrawska et al. [9] found no correlation be-
tween aneurysm size and disease stage, 4 different 
AAA geometries, with diameters from 40 to 70mm, 
were examined. For each geometry, circumferential 
and axial wall stresses were calculated for stages 1 to 
3, which resulted in a total of 12 simulations that were 
carried out in Abaqus 2017. 

Geometry: The shape of the aneurysm is assumed to 
be axisymmetric (fusiform), described by the paramet-
ric equation [10, 11] 

R(Z) = Ra + (Ran − Ra − c3

Z2

Ra

) exp (−c2 |
Z

Ra

|
c1

) , 

(1) 

where R(Z) is the radius of the aneurysm in relation 

to the axial position Z, Ran denotes the maximum ra-

dius of the aneurysm, located at Z = 0, and Ra rep-
resents the radius of the non-aneurysmatic region, 
taken as 15mm [1, 2]. The parameter 𝑐1 is set to 5 

and the geometric parameters 𝑐2 and 𝑐3 are given 
by Eqs. (2) and (3) [12], i.e. 

c2 =
4.605

(0.5 Lan Ra⁄ )c1
 , (2) 

c3 =
Ran − Ra

Ra(0.8 Lan Ra⁄ )2
 . (3) 

The ratio FL = Lan Ran⁄  has a value of 2.8 and deter-

mines the length of the aneurysmatic part 𝐿an [13]. 
The length of the non-aneurysmatic part is chosen 
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to be 30% of 𝐿an. Table 1 gives an overview of the 
values described above for the four AAA geometries. 

Table 1: Overview of geometric parameters. 

AAA  
radius  

𝑅an (mm) 

AAA 
length 

𝐿an (mm) 

Healthy 
length  
(mm) 

Total 
length 
(mm) 

20 56 16.8 98.6 
25 70 21.0 112.0 
30 84 25.2 134.4 
35 98 29.4 156.8 

The wall is modeled with a constant thickness of 
1.5mm, which is a reasonable assumption for non-pa-
tient-specific geometries [12]. 

Material: The constitutive model of Gasser-Ogden-
Holzapfel (GOH) [14] was used to characterize the 
material behavior of the AAA. It describes the tissue 
as an anisotropic hyperelastic material with a trans-
versely isotropic fiber dispersion. While experimental 
evidence [15, 16] suggests that the amount of collagen 
dispersion in the circumferential-axial plane is usually 
higher than out-of-plane, the transversely isotropic 
GOH model has been used for simplicity, as it is read-
ily available in Abaqus. 

Niestrawska et al. [9] identified constitutive parameters 
for stages 1 to 3 by fitting the non-rotationally symmet-
ric fiber dispersion model by Holzapfel et al. [15] to me-
chanical and histological data. In order to use these 
parameters with the GOH model, the transversely iso-
tropic dispersion parameter was calculated by the re-
lationship κ = 1 − 2κop [13], where κop describes the 

out-of-plane dispersion [9]. The mean fiber angle 𝛼 

and the mechanical parameters 𝑐, 𝑘1 and 𝑘2, were 
taken directly from [9]. Table 2 summarizes the consti-
tutive GOH parameters [14] for the three disease 
stages. 

Table 2: Overview of constitutive parameters [9]. 

 Stage 1 Stage 2 Stage 3 

𝑐 [kPa] 0.95 1.83 3.78 

𝑘1 [kPa] 1.30 0.46 8.96 

𝑘2 [-] 98.6 112.0 156.8 

𝜅 [-] 0.134 0.090 0.196 

𝛼 [°] 6.55 33.11 22.90 

Mesh: Because of the axisymmetric nature of the 
problem, only one eighth of the aneurysm was mod-
eled. For all four AAA geometries, the mesh consists 
of approximately 1100 C3D8H hybrid elements to take 
into account the assumption of incompressible behav-
ior; the element size was selected after mesh conver-
gence analyses (not shown here). Since there is no 
information about how the material parameters 
change in the radial direction, the mesh thickness con-
sisted of a single element. 

Boundary conditions: The displacements of the cir-
cumferential surfaces and the lower outlet surface 
were restricted according to (axi)symmetry. To the 

best of the authors' knowledge, there are no experi-
mental data on pre-stretches in AAAs. In this study, an 
axial pre-stretching of 7% was applied to the upper 
outlet surface – a reasonable (healthy) value for an av-
erage patient age of 71 years [17] – while there was 
no pre-stretching in the circumferential direction. Fi-
nally, a pressure of 16kPa (120mmHg) was applied to 
the luminal surface, which resembled a (non-hyper-
tensive) blood pressure load. 

Results 

Figure 1 shows the distribution of the circumferential 
Cauchy stresses 𝜎circ for all four AAA sizes and 
three disease stages. The simulation of the 70mm 
aneurysm did not converge for stage 1; however, 
we point out that such a large aneurysm is most 
likely not at the beginning of the disease and, 
therefore, the lack of this result should not affect the 
analysis. 

 

Figure 1: Distribution of the circumferential stress σcirc on 
the luminal side of AAAs. Black stars identify the points 
used for plotting the stress-stretch curves of Fig. 4. 

In Fig. 1, the maximum circumferential stress is 
always on the luminal side. In addition, the evolution 
of the circumferential stresses as the disease 
progression is similar for all aneurysm sizes: in 
stage 1 the maximum circumferential stress is in the 
sac (i.e. in the area of the maximum diameter); in 
stage 2 the stress value in the sac decreases 
slightly, but the maximum stress is now located in 
the neck area. In stage 3, the stresses decrease in 
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the entire domain, but the peak stress is still in the 
neck region. 

Figure 2 shows the distribution of the axial Cauchy 
stresses σaxial for all simulations. The maximum 
axial stress for all disease stages and all aneurysm 
sizes is always on the abluminal side of the sac. In 
general, the results of Figs. 1 and 2  agree well with  
earlier AAA simulations from the literature [12, 13], 
as well as with more recent in vivo measurements 
that identified, e.g., higher circumferential peak 
strain values on the neck of AAAs compared to the 
sac [18]. 

 

Figure 2: Distribution of the axial stress σaxial on the 
abluminal side of the AAAs. 

The maximum values of the stresses σcirc and σaxial 
for all simulations in Figs. 1 and 2 are summarized in 
Fig. 3, whereby it can be seen that the larger the an-
eurysm, the higher the stress values (in both direc-
tions), as expected. With regard to the development 
of the disease, the maximum stress values increase 
slightly from stage 1 to stage 2 (circumferential 
stress also changes location, see Fig. 1), while from 
stage 2 to stage 3 the maximum stresses in both 
directions decrease, which leads to stress values 
lower than stage 1. Interestingly, the percentage in-
crease in the maximum circumferential stress (for 
the same stage) decreases with increasing size: for 
stage 2, e.g., the difference in maximum stress be-
tween the 40 and 50 mm AAAs is about 20%, while 
this increase is less than 10% between the 60 and 
70mm AAAs. Although an idealized geometry is 
considered, this interesting result could in some way 
be related to the 5.5cm (empirical) threshold. 

 

Figure 3: Maximum circumferential (squares) and axial 
stresses (circles) for different stages and aneurysm sizes. 

Figure 4 shows circumferential stress-stretch curves 
for the three stages of the 60mm AAA, obtained from 
the same integration point located at the maximum 
AAA diameter (marked with black stars in Fig. 1). As 
expected, all curves are characterized by a linear 
slope (dominated by elastin) followed by a rapid in-
crease in stress after collagen recruitment.  

 

Figure 4: Circumferential stress-stretch curves for the 
three stages of the 60mm AAA. 

The curves of Fig. 4 correspond to the definition of the 
disease stages by Niestrawska et al. [9], namely: the 
inflection point of stage 1 is between 1.1 and 1.15; 
stage 2 shows a more compliant behavior with an in-
flection point at λ ≥     ; and stage 3 shows a stiff be-
havior with an inflection point at λ < 1,1. These 
changes in the material stiffness of the tissue are also 
visible in Figs. 1 and 2, where the (compliant) stage 
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2 leads to the largest AAA diameter after pressuriza-
tion, while the (stiff) stage 3 results in the smallest di-
ameter. While the curves for the other AAA sizes are 
not shown here, the same behavior was observed. 

Discussion 

The clinical history of aortic aneurysms can be 
traced back to early descriptions by Roman and 
Greek doctors [19]; however, the pathogenesis of 
the disease has not yet been fully elucidated and 
decision-making criteria for assessing the risk of 
rupture are still predominantly empirical, based on 
diameter size [6, 7]. In this context, computer mod-
els such as the one presented here could contribute 
to a better understanding of the disease. 

Numerical simulations of AAAs are not uncommon 
[12, 13]; in the present work, however, we have 
combined FE models with a more recent mechano-
pathogenic theory of development of aortic aneu-
rysms, which was proposed by Niestrawska et al. 
[9]. Briefly, the authors identified three stages of the 
disease in which aneurysm development is associated 
with intense G&R of the collagen fiber network. It is 
believed that this G&R process consists of a reac-
tion of mechanosensing vascular cells – particularly 
smooth muscle cells and fibroblasts – to (bio)me-
chanical changes related to the AAA pathogenesis 
in order to adapt the wall to the new configuration. 

The results presented in Figs. 1 to 4 seem to sup-
port this hypothesis. First, by comparing stresses 
from the same column in Figs. 1 and 2, it can be seen 
that stopping the collagen remodeling process leads 
to increasing wall stresses, which, as expected, indi-
cates an increasing risk of rupture in connection with 
aneurysm growth. 

In the course of stage 1, on the abluminal side of the 
wall, Niewstrawska et al. [9] identified a passive reori-
entation of the mean fiber angle from the axial direc-
tion – characteristic of the healthy adventitia – to the 
circumferential direction, which is probably sensed by 
mechanotransducting cells (e.g., fibroblasts), which 
react accordingly and remodel the collagen network. 

The associated changes (stage 2) lead to a slight de-
crease in the circumferential stresses on the aneu-
rysm sac (Fig. 1), which is more pronounced in larger 
aneurysms. However, in this stage, axial stresses 
(Fig. 2) increase as well as the maximum circumfer-
ential stresses (Fig. 1), whose position is shifted from 
the sac to the AAA neck area. As the tissue also be-
comes more compliant (Fig. 4), greater dilatation due 
to blood pressure is clearly visible (Figs. 1, 2) and is 
likely to be perceived by the vascular cells. 

Since the smooth muscle cells have largely disap-
peared at this stage [9], the further remodeling of the 
collagen network is promoted by fibroblasts, which in-
creases the isotropy on the abluminal side of the wall 
(stage 3) [9]. Given the fusiform shape of most AAAs, 
it is worth noting that the shift towards a more isotropic 

(in-plane) fiber dispersion makes sense from a me-
chanical point of view. As a result, a considerable re-
duction in the stresses in both directions can be seen 
(Fig. 3). The decrease is more pronounced in the cir-
cumferential direction, where the maximum stress 
drops about 42% compared to stage 2 and by about 
36% compared to stage 1. This is a direct result of the 
lower deformation (Figs. 1, 2) of the AAA resulting 
from the higher stiffness of the tissue (Fig. 4). 

Disease progression (horizontal direction in Figs. 1, 2) 
and aneurysm growth (vertical direction in Figs. 1, 2) 
are simultaneous processes. Hence, a natural course 
of the disease would likely involve both. In this context, 
it is interesting to evaluate different stages combined 
with different diameters. The example of the circum-
ferential stress (Fig. 1) shows that the maximum value 
initially rises from 566kPa (40mm, stage 1) to 756kPa 
(50mm, stage 2), but then drops to 490kPa (60mm, 
stage 3), i.e., below the initial value, which in turn sug-
gests that collagen G&R could take place in an attemp 
to restore homeostasis. 

It must be said, however, that these values are still 
much higher than those estimated for the healthy wall 
(~150kPa for the circumferential direction [13]), sug-
gesting that if a healing process was actually in pro-
gress, either wall remodeling would persist or a new 
homeostatic state would have been established. 

Conclusions and future work 

There is a pressing need for better criteria for rupture 
risk assessment of AAAs that would enable the 
(bio)medical community to move forward from current 
empirical standards [8]. Using FE simulations to eval-
uate a recent three-stage theory for the development 
of AAAs [9], this study contributes to a better under-
standing of the pathogenesis of this disease.  

The observed decrease in circumferential and axial 
stresses along disease progression (stages 1 to 3) ap-
pears to indicate an intentional healing process asso-
ciated with collagen G&R promoted by vascular cells. 
As shown by Figs. 1 and 2, a lack of collagen remod-
eling leads to higher stresses during aneurysm 
growth, which indicates an increasing vulnerability of 
the vessel. Conversely, successful remodeling leads 
to significantly less stresses in the aortic wall (Fig. 3). 

Future studies should use an appropriate non-rotation-
ally symmetric fiber dispersion model [15] to validate 
these results, since arteries (both healthy and aneu-
rysmatic) are known to be characterized by different 
amounts of in- and out-of-plane collagen fiber disper-
sion [16]. Furthermore, the effect of hypertension over 
the stability of the wall could be investigated by apply-
ing a pressure above 120 mmHg to the AAA. 

Based on the histological state of the wall, Niestraw-
ska et al. [9] identified two different stage 3 AAAs: vul-
nerable and potentially stable. Therefore, future work 
could also focus on differentiating these cases in order 
to gain better insights into a possible healing process 
in connection with the collagen remodeling. 
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