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Arterial walls can be regarded as composite materials consisting of collagen fibers embedded in an elastic
matrix and smooth muscle cells. Remodeling of the structural proteins has been shown to play a signif-
icant role in the mechanical behavior of walls during pathogenesis of abdominal aortic aneurysms (AAA).
In this study, we systematically studied the change in the microstructure, histology and mechanics to link
them to AAA disease progression. We performed biaxial extension tests, second-harmonic generation
imaging and histology on 15 samples from the anterior part of AAA walls harvested during open aneur-
ysm surgery. Structural data were gained by fitting to a bivariate von Mises distribution and yielded the
mean fiber direction and in- and out-of-plane fiber dispersions of collagen. Mechanical and structural
data were fitted to a recently proposed material model. Additionally, the mechanical data were used
to derive collagen recruitment points in the obtained stress-stretch curves. We derived 14 parameters
from histology such as smooth muscle cell-, elastin-, and abluminal adipocyte content. In total, 22 param-
eters were obtained and statistically evaluated. Based on the collagen recruitment points we were able to
define three different stages of disease progression. Significant differences in elastin content, collagen ori-
entation and adipocyte contents were discovered. Nerves entrapped inside AAA walls pointed towards a
significant deposition of newly formed collagen abluminally, which we propose as neo-adventitia forma-
tion. We were able to discriminate two types of remodeled walls with a high collagen content – poten-
tially safe and possibly vulnerable walls with a high adipocyte content inside the wall and significant
amounts of inflammation. The study yielded a hypothesis for disease progression, derived from the sys-
tematic comparison of mechanical, microstructural and histological changes in AAAs.

Statement of Significance

Remodeling of the structural proteins plays an important role in the mechanical behavior of walls during
pathogenesis of abdominal aortic aneurysms (AAA). We analyzed changes in the microstructure, histol-
ogy and biomechanics of 15 samples from the anterior part of AAA walls and, for the first time, linked the
results to three different stages of disease progression. We identified significant differences in elastin
content, collagen orientation, adipocyte contents, and also a deposition of newly formed collagen forming
a neoadventitia. We could discriminate two types of remodeled walls: (i) potentially safe and (ii) possibly
vulnerable associated with inflammation and a high amount of adipocytes.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Abdominal aortic aneurysms (AAAs) are local dilatations of the
abdominal aorta. The bulge is weakening the vessel wall and
appears predominantly in the elderly male population [1,2]. AAAs
are usually clinically silent and may rupture eventually if not
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Fig. 1. Abluminal side of a representative AAA specimen showing the contours of
the samples prepared for testing.
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treated [3]. The mortality rate in these cases lies around 85% [4].
Especially in older patients the treatment of AAAs with elective sur-
gical repair does not necessarily improve survival [5]. Hence, a reli-
able, patient-specific prediction of rupture risk is needed to assess
whether the risk of rupture justifies repair [6]. The current criterion
for surgery is (still) the ‘maximum diameter criterion’, which is
more a rule-of thumb than a scientific criterion [3,7]. Other criteria
have been proposed such as the expansion rate [8], aneurysm
asymmetry [9] or peak wall stress [10,11]. However, no criterion
has been shown to be reliable so far. The study [12] suggested that
a biomechanical patient-specific screening should be employed as
finite element (FE) simulations are becoming more promising.

From a mechanical point of view, AAA rupture is a mechanical
failure of the tissue once the peak wall stress exceeds the local
strength [13]. As material properties depend significantly on the
network of the extracellular matrix (ECM) including elastin and
collagen, which are the primary load bearing proteins in the arte-
rial wall [14]), changes in these components play a substantial role
in pathogenesis. Therefore, a deeper understanding on the struc-
ture and ongoing reorganization during disease progression is
essential. Studies which investigated wall stresses computationally
were performed in, e.g., [15,3]. Such studies require physiological
data on the material and structural level.

Over the past decade AAAs were studied widely especially
mechanically. Biaxial extension tests in AAA were performed in,
e.g., [16–19]. Studies, which performed uniaxial extension tests
and reported a stiffer behavior in the circumferential direction
were, e.g., [20–22], whereas [23–28] reported an increase in iso-
tropy. Additionally, the pressure modulus was investigated as a
mechanical parameter in [29,30]. On the basis of aortic porcine tis-
sues the microstructure was linked to the mechanics to improve
the outcome of FE simulations, see, e.g., [31]. Reorganization of col-
lagen fibers during loading in cerebral aneurysms was analyzed in
[32]. More recently we investigated the differences in the
microstructure and mechanics between healthy aortic walls and
AAA tissues [19]. Last but not least, the pathogenesis linked to
material properties was investigated in several studies such as
[16,33–36]. A correlation of the AAA diameter with collagen,
smooth muscle cell (SMC), elastin content, the infiltration of
inflammatory cells and the (uniaxial) rupture strength of 90
patients was reported in [28]. Specimens with higher diameters
showed higher values of failure properties. However, there was
no difference in strain when looking at the diameter and no other
correlations were found either. However, the specific mechanical
events leading to AAA development and eventually to rupture still
remain unclear.

Elastin degradation seems to be accepted as one reason for the
development of an aneurysmatic dilatation [37]. The study [38]
investigated markers for elastin degradation linked to a pressure
strain elastic modulus and found that elastin degradation corre-
lates with increased wall distensibility and aneurysm formation.
Data on changes in the collagen however is conflicting. Some
authors report an increase in collagen fraction [39,40], while others
report a reduction [41,33] or no change [42,43]. The order of patho-
logical events leading to AAA initiation is not yet completely
understood [44]. However, a consensus exists on the most impor-
tant processes during the development of AAA, which are chronic
inflammation, production of matrix degrading proteinases and
their inhibitors [45]. Additionally, immunity seems to play a key
role in aneurysm development [46]. After the dilatation caused
by the loss of elastin, the adventitia is accepted to be the main load
bearing part in the aortic wall. Eventually, collagen disruption
seems to be the cause of rupture [45].

In our recent study [19] we observed significant amounts of adi-
pocytes abluminally, covered by collagen within the wall, not adja-
cent to the outer side of the adventitia, as usually observed in
healthy abdominal aortas [47]. Only two groups seem to have men-
tioned these entrapped adipocytes, e.g., [48–51] in AAA and [52] in
transcranial aneurysms, but none investigated their influence on
the mechanical behavior of the wall. However, the mentioned stud-
ies all hypothesized that adipocyte accumulations within the wall
might be a key factor that causes wall degeneration and eventually
rupture. In transcranial aneurysms, adipocyte accumulations were
associated with SMCs and were hypothesized to originate from
the thrombus or neo-vessels. In AAA studies on mouse models
and human samples, [48–51] discovered that adipocyte like cells
mostly accumulate in the abluminal side of the aneurysmal sac,
but not in the neck. They noted that inflammation is associated
with these adipocytes, but did not provide a hypothesis fromwhere
the adipocytes may originate from. The adipose tissue surrounding
healthy vessels was mentioned in several studies such as [53,54],
hypothesizing that this tissue could influence the pathogenesis
within the adventitia of the adjacent vascular wall.

Adipocyte accumulations seem to be an important factor in the
mechanical behavior of AAAs andmotivated also the present study.
To our knowledge it is the first one to systematically investigate
the correlations between the mechanics, by utilizing biaxial exten-
sion tests, and the microstructure gained by second-harmonic gen-
eration (SHG) imaging and multiple histological parameters to
define three stages of disease progression and therefore a hypoth-
esis on the pathogenesis.
2. Materials and methods

2.1. Tissue preparation

Fifteen wall samples from (true) AAAs, with a median
(interquartile range (iqr)) of 69 (65–77) years, 2 women and 13
men, were harvested from open aneurysm repair at the Depart-
ment of Vascular Surgery, Medical University Graz, Austria. As dur-
ing surgery, where a cut is made from the anterior side to place a
graft, the smallest risk for the patient must be taken, only samples
at the anterior side of the aneurysm could be obtained. The AAA
samples were pieces with the axial direction marked by a surgical
clip or suture and stored in Dulbecco’s modified Eagle’s medium at
4 �C until testing. As a representative control sample for histology
one sample from an abdominal aorta with non-atherosclerotic inti-
mal thickening was collected within 24h of death and fixed in 4%
formaldehyde solution (pH 7.4) during autopsy. All other data on
healthy abdominal aortas relevant to this study were already col-
lected and reported in our previous study [19].

The AAA tissue was cut into three separate samples, as indi-
cated in Fig. 1. First, a rectangular sample with a size of approxi-
mately 15� 5 mm with the long side marking the
circumferential direction was prepared and fixed in 4% formalde-
hyde solution (pH 7.4) for histological analysis, as explained in Sec-
tion 2.3. Subsequently a second rectangular sample, similar to the
first one, was prepared for optical clearing, following the protocol
in [55]. The specimens were dehydrated by means of a graded
ethanol series consisting of 50;70;95% and 2� 100% ethanol solu-
tions for each 30min. The tissue was then cleared by submerging it
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first into a benzyl alcohol benzyl benzoat (BABB) solution mixed
with ethanol in the ratio 1 : 1 for 4 h [55]. Finally the specimens
were placed in 100% BABB for at least 12 h before imaging as
explained in Section 2.4. Finally a square sample with dimensions
of 20� 20 mm was prepared for mechanical testing, as explained
in Section 2.5, and the circumferential direction was marked with
a surgical marker.

2.2. Ethics

The use of AAAmaterials from human subjects was approved by
the Ethics Committee of Medical University of Graz (27–250 ex
14/15). Participants gave informed consent prior to the inclusion
in the study. The authors declare that the investigation conformed
to the principles outlined in the Declaration of Helsinki.

2.3. Histology

Arterial segments, as indicated in Fig. 1, were fixed in 4%
formaldehyde solution (pH 7:4), embedded in paraffin, sectioned
at 3– 5 lm and stained. To visualize cells, hematoxylin and eosin
(H&E) staining was used to evaluate the general cell content and
architecture of the specimen and to estimate the inflammatory cell
content and the calcification. Elastica van Gieson (EvG) staining
was then applied to visualize elastin, collagen and SMCs. Addition-
ally, small sections of two unfixed arteries were stained on cry-cut
sections with Sudan Red G to confirm lipids inside voids seen
within the wall.

2.4. Second-harmonic generation imaging

The three-dimensional (3D) collagen structure was determined
by means of SHG imaging, which was performed on an imaging
set-up consisting of a picosecond laser source and an optical para-
metric oscillator (OPO; picoEmerald; APE, Germany; HighQ Laser,
Austria). These were integrated into a Leica SP5 confocal micor-
scope (Leica Microsystems Inc., Austria). The excitation wave-
length was tuned to 880nm and the detection of the signal was
achieved using a BP 465=170 emission filter. 3D image stacks (z-
stacks, 3 lm steps and cross-section images in (x; y-plane) were
acquired using a Leica HCX IRAPO L 25� 0:95 water immersion
objective (working distance 2:5 mm for deep tissue imaging).

2.5. Mechanical testing

The samples were mounted into a biaxial testing device using
hooks on surgical sutures. Subsequently the samples were sub-
merged in a 0:9% saline solution and warmed up to 37� 1 �C. A
stretch-driven protocol was used for testing, starting at a deforma-
tion of 2:5% and being increased by increments of 0:01 stretch until
failure. As AAA tissue is very sensitive to initial preloads, zero
strain was defined at a configuration of 0:05N load. To cover a
physiological range of deformations each sample was tested
using five different stretch-ratios as follows: kaxial : kcirc ¼ 1 : 1;
1 : 0:75;0:75 : 1;1 : 0:5 and 0:5 : 1, where kcirc and kaxial denote
the stretch in the circumferential and axial directions, respectively.
The samples were loaded quasi-statically with a rate of 3 mm/min.
Normal and shear deformations were quantified following [56],
and shear deformation was discovered to be negligible.

2.6. Material model

We assume that the aorta can be modeled as a purely elastic,
incompressible and fiber-reinforced material. Therefore we intro-
duce the deformation gradient F and the right Cauchy-Green ten-
sor C ¼ FTF [57], and define the strain-energy function W
according to [58]

W ¼ WgðCÞ þ
X
i¼4;6

Wf iðC;HiÞ þ pI; ð1Þ

where Wg represents the contribution of the ground matrix, i.e.

WgðCÞ ¼ c
2
ðI1 � 3Þ: ð2Þ

Herein I1 is the first invariant, defined as I1 ¼ trC and c is a material
parameter, describing the stiffness of the ground matrix. The contri-
bution Wfi refers to the two fiber families defined by the two in-
plane mean fiber directions

M4 ¼ cosae1 þ sinae2; M6 ¼ cosae1 � sinae2; ð3Þ
where the fiber directions M4 and M6 make an angle a with the cir-
cumferential direction e1, while e2 indicated the axial direction.
Additionally, the contribution of the fibers depends on the disper-
sion parameters jip and jop (see [58]), which are incorporated into
the generalized structure tensors H4 and H6 as follows:

Hi ¼ AIþ BMi �Mi þ ð1� 3A� BÞMn �Mn; i ¼ 4;6; ð4Þ
where Mn is a unit out-of-plane vector, and the constants A and B
are given as

A ¼ 2jopjip; B ¼ 2jopð1� 2jipÞ: ð5Þ
This results in the definition of Wfi as

WfiðC;HiÞ ¼ k1
2k2

exp½k2ðIHi � 1Þ2� � 1
n o

; i ¼ 4;6; ð6Þ

with the stress-like parameter k1 > 0, the dimensionless parameter
k2 > 0 and the generalized invariants IHi , defined as

IHi ¼ trðHiCÞ ¼ AI1 þ BIi þ ð1� 3A� BÞIn; i ¼ 4;6: ð7Þ
Here, the invariants I4; I6 and In are defined according to

Ii ¼ C : Mi �Mi; i ¼ 4;6; In ¼ C : Mn �Mn: ð8Þ
It is worth noting that the material model incorporates three mate-
rial parameters (c; k1; k2), which can be determined by fitting the
model to mechanical data (in this study obtained from biaxial ten-
sile tests), and three structural parameters (jip;jop;a), which can be
determined by imaging (in this study obtained from SHG imaging).

2.7. Data analysis

2.7.1. Histological data
Histological investigation was performed on all samples to mea-

sure the wall thickness and the relative thickness of the individual
layers in percent of the whole wall. All length measurements were
performed on scanned slides using Aperio ImageScope (Leica
Biosystems, Germany). The relative amount of lipids on the luminal
and abluminal sides and the relative amount of calcification in per-
cent of all constituents were quantified semi-quantitatively by two
experienced pathologists. Additionally the relative elastin, SMC and
the inflammatory cell contents were quantified.

2.7.2. Microstructural parameters
Images acquired by SHG imaging were analyzed by extracting

data from z-stacks (3D images). Fourier power spectrum analysis
and wedge filtering, as described in [55], were utilized to gain dis-
crete angular distributions of relative amplitudes, resembling the
fiber orientation. Thefiber orientationwas defined in the sameman-
ner, as introduced in [58,19], see, e.g., Fig. 2 in [19]. The underlying
coordinate systemwas defined by the unit vectors e1; e2 and e3, rep-
resenting the circumferential, axial and radial direction, respec-
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tively. The general fiber directionN in the (unloaded) reference con-
figurationwas defined by the two anglesH 2 ½0;2p� (resembling the
in-plane angle) and U 2 ½�p=2;p=2� (corresponding to the out-of-
plane angle). Following [19] the in-plane and out-of-plane disper-
sions were fitted assuming their independence [59] with a bivariate
von Mises distribution qðH;UÞ ¼ qipðUÞqopðHÞ, defined as [58]

qipðUÞ¼ exp½acos2ðU�aÞ�
I0ðaÞ ; qopðHÞ¼2

ffiffiffiffiffiffi
2b
p

r
exp½bðcos2H�1Þ�

erfð
ffiffiffiffiffiffi
2b

p
Þ

;

ð9Þ
where a and b are concentration (fitting) parameters defining the
shape of the distributions, and I0ðaÞ is the modified Bessel function
of the first kind of order 0.

Following [58] two scalar quantities were introduced to mea-
sure the in-plane (jip) and the out-of-plane (jop) dispersions by

jip ¼ 1
2
� I1ðaÞ
2I0ðaÞ ; jop ¼ 1

2
� 1
8b

þ 1
4

ffiffiffiffiffiffi
2
pb

r
expð�2bÞ
erfð

ffiffiffiffiffiffi
2b

p
Þ
; ð10Þ

where and I1ðaÞ is the modified Bessel function of the first kind of
order 1 and 0 6 jip 6 1 and 0 6 jop 6 1=2. A value ofjip ¼ 0:5 corre-
sponds to an isotropic fiber dispersion in-plane, whereas jip ¼ 0
resembles perfect alignment. For jop ¼ 0:5 all fibers lie in-plane,
whereas jip ¼ 1=3 corresponds to all fibers being dispersed
out-of-plane.

2.7.3. Mechanical parameters
The model was fitted to all five testing ratios

(1 : 1;1 : 0:75;1 : 0:5;0:75 : 1;0:5 : 1) in both axial and circumfer-
ential directions simultaneously, utilizing the optimization toolbox
lsqnonlin in Matlab [60]. The structural parameters jip;jop and
a were determined, as described in Section 2.7.2, and used for fit-
ting the material model to the biaxial experimental data. Hence,
the only three fitting parameters were c; k1 and k2. The goodness
of fit was evaluated by the coefficient of determination R2.
Fig. 2. Cauchy stress vs stretch behavior for 15 AAA samples and one AA control obtained
circle indicates the exemplary ‘inflection point’ of sample AAA 11.
2.7.4. Inflection points
To compare the points of all stress-stretch curves where the col-

lagen takes over the mechanical response, and hence the material
stiffens rapidly, an ‘inflection point’ was defined. As mostly the cir-
cumferential direction behaved slightly stiffer, the inflection point
was defined as the maximal change of slope of the circumferential
1 : 1 curve and calculated in Matlab.

For further analysis three distinct stages were defined: Stage 1
exhibiting an inflection stretch in the circumferential direction in
a range of a healthy aortic wall, i.e. 1:10 6 k < 1:15; stage 2
having a circumferential inflection stretch in the range of
k P 1:15; stage 3 exhibiting an inflection stretch k < 1:10. The
sample size of the groups was 6 for stage 1, 4 for stage 2 and
5 for stage 3.

The choice of the inflection point as the point of interest is sup-
ported by a recent study, which documents in vivo measurements
of AAA strain ratios using 4D ultrasound [61]. The measured strain
ratios varied in a range which is comparable to our measurements.
Additionally, it is known that the ECM is degraded during AAA
development, and hence the load bearing constituent which
remains in the wall is mainly collagen. As the point where collagen
starts bearing load is denoted by the inflection point we hypothe-
size that it is physiologically meaningful.
2.7.5. Statistics
All values are reported in medians and interquartile ranges

(iqr), as a normal distribution could not be assumed due to the
small sample cohort, and the outliers would affect the mean and
the standard deviation. As we could not assume a normal distribu-
tion we used the Spearmans rank correlation to test for possible
correlations between two independent data sets. Additionally,
the Mann-Whitney U-test was utilized to test for significant differ-
ences between the data sets. Differences were considered statisti-
cally significant if the p-values for both tests were less than 0:05.
All statistical analysis was performed using Matlab.
from equibiaxial mechanical tests: (a) circumferential; (b) axial direction. The black
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3. Results

3.1. Study population

All 15 samples were successfully analyzed for mechanical,
microstructural and histological data. Table 1 summarizes all
(potentially) relevant patient information. All aneurysms exhibited
a maximum diameter of more than 55 mm, which is the size where
a surgery is commonly advocated for men (50 mm for women, or if
growth exceeds 5–10 mm per year) [2,62,63]. In addition, all AAA
walls were covered by thrombus and did not originate from rup-
tured aneurysms. As statin intake might have an impact on adipo-
cytes, we included that information as well.

Fig. 2 shows mechanical responses at a stretch ratio of 1 : 1 for
all AAA and one healthy control sample (AA).
3.2. Healthy control

The healthy sample exhibited a circumferential inflection
stretch of k ¼ 1:12, which is consistent with the study cohort in
[19]. In healthy abdominal aortas three layers are present with a
mean ratio of 20 : 49 : 31 (intima:media:adventitia) [55,19]. The
Table 1
Patient information of the 15 AAA specimen tested: number of specimen, age, gender (f: f
statin intake, body mass index (BMI), – no information available.

# Age Gender D Smoker
(years) (mm) y/n

1 78 m 56 n
2 62 m 105 n
3 76 m 60 n
4 78 m 72 n
5 68 m 90 y
6 68 m 58 y
7 66 f 65 y
8 62 m 72 y
9 69 m 57 y
10 75 m 77 y
11 84 m 66 n
12 63 m 60 y
13 73 m 64 y
14 63 m 87 y
15 80 f 55 n

Fig. 3. Micrographs of the same location of the healthy control sample stained with; (a)
M: media, A: adventitia) can be clearly seen. The EvG stain reveals the internal elastic la
collagen fibers in pink. Aidpocytes (L) are visible on the outer side of the adventitia. In the
adipocytes from the surrounding fat tissue can also be identified.
SMC of the control sample was 35%, whereas the elastin content
was 20%, both lying in the range of the reported contents [47].
The mean fiber direction of healthy abdominal aortas has a median
(iqr) of a ¼ 24:46� (22:45–30:18�), showing very little dispersion
out-of-plane (median (iqr)) jop ¼ 0:479 (0:473–0:482�), as
reported in [19].

Fig. 3 shows micrographs of the same sample location of a
healthy abdominal aorta stained with (a) EvG and (b) H&E. The
internal and external elastic lamina, thick elastin bundles and
SMC are clearly distinguishable. Outside the adventitia loose con-
nective tissue with a few adhering adipocytes can be seen.

The mechanical parameters, as reported in [19], were the fol-
lowing (reported in median (iqr)): c ¼ 11:59 kPa (4:13–19:93
kPa), k1 ¼ 2:66 kPa (1:15–11:64 kPa) and k2 ¼ 19:25 (9:93–26:06).
The c value indicates a pronounced initial stiffening, see the star-
shaped curve in Fig. 2.
3.3. Inflection point related groups

Levels of disease progression were defined in three stages,
depending on their ‘inflection points’, as described in Section 2.7.4,
as
emale, m: male), maximum diameter D, smoker, pack years, hypertension, diameters,

Pack Hyper- Diabetes Statin BMI
years tension y/n y/n

– y n y 24:91
– y n n 24:97
– y y y 25:51
– y n n 27:76
20 y n y 28:67
20 y n y 25:93
62:5 y y y 30:12
90 – y – –
55 y n n 28:41
50 y y y 23:62
– y y y 25:40
35 y y n 31:01
– y y n 21:78
– n n n 25:26
– y y n 25:39

EvG; (b) H&E. The three characteristic layers of the abdominal aortic wall (I: intima,
mina (IEL), the external elastic lamina (EEL), thick elastin bundles in brown (E) and
H&E stain SMC can clearly be seen in dark violet. In the outer part of the adventitia
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Stage1 : 1:10 6 k < 1:15; Stage2 : k P 1:15;
Stage3 : k < 1:10:

The choice of these groups was confirmed by significant differ-
ences in both circumferential and axial strains and stretches
between all three groups (p 6 0:01 for all cases).
3.3.1. Stage 1
The circumferential inflection stretch of the samples for stage 1

exhibited a median (iqr) of 1:12 (1:10–1:14). In all samples, three
layers were present. However, the intima was thickened, resulting
in a ratio between the layers of 40 : 30 : 30 (intima:media:adventi-
Fig. 4. EvG stained micrograph showing an AAA wall in stage 1. All three layers are
visible. However, the intima (I) is significantly thickened in comparison to the
healthy sample. Also the IEL and EEL are not clearly distinguishable anymore. A
nerve (N) is visible on the outer part of the wall, as well as adipocytes (L) in the
outer part of the adventitia (A). The media (M) contains notably less elastin fibers
(E) and SMCa in comparison to the healthy sample. Also inflammatory cells (IF) are
visible in the adventitia.

Fig. 5. Representative intensity plots for the three stages, showing the collagen fiber ori
the luminal side. Stage 1 shows fibers oriented closely towards the circumferential direc
until a depth of around 600 lm, followed by a (more or less) isotropic fiber dispersion.
earlier and continues for over 1000 lm.
tia). The elastin content decreased drastically to a median (iqr) of
3% (0:25–5%), as did the SMC content to a median of 3:5% (1:25–
5%). A micrograph showing a AAA wall in stage 1 is shown in
Fig. 4. The intima is notably thickened and neither IEL nor EEL
are distinguishable anymore. Only a few elastic fibers (E) are visi-
ble in the middle of the wall, as well as SMCs. A small area with
inflammatory cells (IF) is present in the surrounding adipose tis-
sue. Worth noting is the following structure: a nerve (N) is visible
inside the transition from the adventitia towards the loose connec-
tive tissue surrounding the vessel. Inside this loose tissue adipo-
cytes (L) are also visible.

The left image of Fig. 5 shows a representative intensity plot for
stage 1, where the red color identifies fiber angles at which there
are fibers with that orientation, while the blue color indicates the
absence of fibers. The abscises plots the angle of the fiber measured
form the circumferential direction, i.e. 0�, while 90� refers to the
axial direction. The plot shows fibers closely dispersed around
the circumferential direction throughout the thickness. Indeed,
the mean fiber angle for stage 1 is significantly smaller compared
to healthy samples (p < 0:001) with a median (iqr) of 6:55�

(5:19–11:62�). The out-of-plane dispersion increased to a value of
jop ¼ 0:43 (0:42–0:44), and the stiffness parameter k2 increased
by a factor of 2, compared to the healthy aorta, to a median (iqr)
of 47:51 (24:92–60:41). Compared to the healthy aorta, especially
the initial stiffness decreased significantly to c ¼ 0:59 kPa (0:38–
3:96 kPa), see also Fig. 2.
3.3.2. Stage 2
For stage 2 the inflection stretch in the circumferential direction

showed a median (iqr) of 1:20 (1:20–1:22). In two samples only the
adventitia was the only remaining wall part, whereas one exhib-
ited two layers and one still all three. The elastin and SMC contents
decreased to 1%, and the adipocytes located inside the wall (see
Fig. 6) increased to 8:87% (4:39–13:17%) in comparison to no adi-
pocytes present inside the wall in stage 1 or the healthy sample.
Inflammation was visible on the abluminal side of the wall (IF),
co-localizing with disrupted adipocytes (DL). Above the abluminal
lipids, especially at locations showing inflammation, see Fig. 6, new
collagen started to build up, forming a neo-adventitia (NA) (17:57%
(8:78–49:38%) of the whole wall thickness). No such a layer could
be identified in stage 1 or the healthy sample.
entation and distribution through the depth of the aortic wall. A depth of 0 denotes
tion throughout the thickness of the wall. Stage 2 exhibits a similar fiber dispersion
Stage 3 shows the same tendency. However, the isotropic fiber distribution starts



Fig. 6. EvG stained micrograph showing a AAA wall in (a) stage 2, (b) a ‘safely’ remodeled AAA wall and (c) a potentially vulnerable AAA wall in stage 3. In (a) no intima,
elastin or SMCs are visible. The transition between media and adventitia is not clear. Inflammation (IF) is visible, located around disrupted adipocytes (DL). Non-disrupted
adipocytes (L) are covered by apparently newly deposited collagen, the neo-adventitia (NA).Both samples in (b) and (c) show a significant neo-adventita and neither media
nor intima, the bottom denotes the luminal side. Nerves (N) appear entrapped within the wall in both samples, significant amounts of inflammation (IF), remnants of
thrombotic material on the luminal side (T) and adipocyte cells (L) can be seen in (c).
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The middle image of Fig. 5 shows a representative intensity plot
for stage 2. Similar to stage 1, the fibers for the first 600 lm are
aligned closely around the circumferential direction. However,
the collagen fibers are isotropically dispersed further on, resulting
in a median (iqr) angle of 33:11� (23:63–33:62�), being significantly
bigger compared to stage 1 (p ¼ 0:02).

3.3.3. Stage 3
The circumferential inflection stretch for samples in stage 3

had a median (iqr) of 1:05 (1:03–1:06). In all samples of stage
3 only one layer could be seen, except of one sample where
the media and the adventitia were present. Hence, the amount
of intima and media in stage 3 was significantly lower compared
to stages 1 and 2. SMCs and elastin content were once more sig-
nificantly decreased in comparison to stage 2, namely to 0% for
all samples (p ¼ 0:01). A significantly thickened neo-adventitia
was present in the third stage with a median (iqr) of 66:22%
(57:05–73:29%) of the wall (p ¼ 0:02 to stage 1 but only
p ¼ 0:08 to stage 2).

By looking at the mechanical response, the third stage exhibited
the stiffest behavior with a median (iqr) k2 parameter of 636:29
(161:29–2142:10) (p ¼ 0:01 compared to both stages 1 and 2). In
addition, k1 was significantly higher in comparison to stage 1
(p ¼ 0:05) and slightly higher compared to stage 2 (p ¼ 0:09)
k1 ¼ 8:96 kPa (2:61–18:27 kPa).
Fig. 6 (b) and (c) shows two types of stage 3 walls. The wall in
(b) shows the remains of the adventitia, followed by a dense colla-
gen layer forming a neo-adventitia. The nerves (N) lie now inside
the wall, emphasizing the thickness of the newly formed collagen.
No inflammation can be seen on the abluminal side anymore, and
no adipocytes can be seen anymore. The micrograph to the right,
Fig. 6(c), shows another type of stage 3 wall: significant amounts
of inflammation (IF) are visible throughout the wall, co-localizing
with significant amounts of adipocytes (L). Again, a nerve (N) is
entrapped in the middle of the wall, underlining the newly formed
tissue on the abluminal side.

The right image of Fig. 5 shows a representative intensity plot
for stage 3. Similar to stage 2, the luminal side shows fibers dis-
persed towards the circumferential direction, followed by a (more
or less) isotropic fiber dispersion, which is more pronounced com-
pared to stage 2. The out-of-plane dispersion was slightly higher
compared to stage 1 (p ¼ 0:08) with jop ¼ 0:402 (0:379–0:412).

It is worth noting, that all patients except one took statins in
stage 3, whereas no patient in stage 2 took these drugs. Two out
of six patients in stage 1 took statins.

3.4. Statistical analysis

In total, 22 parameters were obtained by mechanical,
microstructural and histological analyses; for a summary see



Table 3
Significant correlations with corresponding p- and r-values. kIP = stretch at the
inflection point in the circumferential direction; LL = luminal lipid deposits; BMI =
body mass index. Intima %, media %, adventitia % and neo-adventitia % correspond to
the percentage of the individual layer relative to the whole wall thickness.

Correlated variables p-value r-value

jop and k2 0:000 0:79
kIP and k2 0:022 �0:59
kIP and intima % 0:042 0:53
Intima % and elastin 0:049 0:52
Intima % and SMC 0:000 0:88
Media % and LL 0:030 0:56
Media % and elastin 0:001 0:77
Media % and SMC 0:000 0:92
Adventitia % and diameter 0:043 �0:53
Neo-adventitia and a % 0:050 0:51
Neo-adventitia % and SMC 0:003 �0:72
Neo-adventitia % and # layers 0:006 �0:68
Diameter and inflammation 0:018 0:60
BMI and LL 0:009 0:64
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Table 2. Where reasonable, all these parameters were examined for
correlations. A correlation was assumed significant when p-values
were below 0:05. In total, 14 significant correlations could be iden-
tified, as shown in Table 3. Additionally, 6 pairs were identified to
show a tendency towards a correlation (defined by a p-value
> 0:05 and < 0:09), and were chosen to be shown since a correla-
tion might motivate subsequent studies with a larger study cohort,
see Table 4.

For example, SMC content (in %) vs percentage of newly built
neo-adventitia of the wall correlate significantly, showing less
SMC content in aortas with thicker neo-adventitia. Also the dimen-
sionless stiffness parameter k2 correlates significantly with the
stretch kIP at the inflection point in the circumferential direction,
where k2 is very high for low kIP, while k2 falls rapidly for higher
kIP. The amount of neo-adventitia significantly increases with
decreasing layers in the AAA wall.

Additionally to the grouping in inflection point groups, the sam-
ples were also grouped (yes/no) to examine the possible effects of
diabetes and statin intake on the examined parameters. Patients
with diabetes exhibited a significantly lower initial stiffness
(c ¼ 1:16 kPa (0:34–1:82 kPa)) compared to patients without dia-
betes (c ¼ 6:56 kPa (2:11–6:83 kPa), p ¼ 0:04). Interestingly, the
stiffness parameter k2 was significantly higher in patients without
diabetes (k2 ¼ 636:29 (210:00–2142:10)) than in patients with dia-
betes (k2 ¼ 43:86 (17:79–48:75), p ¼ 0:007).

4. Discussion

In this study several correlations were discovered, which in the
end enabled a definition of three stages of disease progression. For
Table 2
22 parameters obtained by mechanical, microstructural and histological analyses of all AA
LL = luminal lipid deposits; Calc = calcification; Inflam = inflammatory cells; BMI = body
rIP = associated Cauchy stress at the inflection point.

Mechanical parameter

c (kPa) k1 (kPa) k2 (–)

Stage 1 median 0:59 1:30 47:51
n ¼ 6 [Q1;Q3] [0:38;3:96] [0:48;2:21] [24:92;60
Stage 2 median 1:83 0:46 17:79
n ¼ 3 [Q1;Q3] [1;55;2:54] [0:40;1:88] [15:67;30
Stage 3 median 3:78 8:96 636:29
n ¼ 6 [Q1;Q3] [0:78;6:77] [2:61;18:27] [161:29;2

His

Intima (%) Media (%) Adv (%)

Stage 1 median 46:37 17:09 30:78
n ¼ 6 [Q1;Q3] [32:31;50:39] [9:03;24:25] [19:04;37
Stage 2 median 48:00 18:03 18:81
n ¼ 3 [Q1;Q3] [24:00;48:67] [9:01;21:81] [16:94;22
Stage 3 median 0 0 33:78
n ¼ 6 [Q1;Q3] [0;0] [0;0] [26:10;40

His

LL (%) Calc (%) Elastin (%

Stage 1 median 0 0 3:00
n ¼ 6 [Q1;Q3] [0;7:50] [0;1:50] [0:25;5:00
Stage 2 median 2:00 15:00 1:00
n ¼ 3 [Q1;Q3] [1:00;11:00] [7:50;17:50] [0:50;3:00
Stage 3 median 0 0 0:05
n ¼ 6 [Q1;Q3] [0;0] [0;7:50] [0;0:78]

Diameter (mm) BMI (–) kIP (–)

Stage 1 median 72:00 25:26 1:12
n ¼ 6 [Q1;Q3] [67:50;75:75] [23:62;25:40] [1:11;1:14
Stage 2 median 57:00 28:41 1:20
n ¼ 3 [Q1;Q3] [56:00;58:50] [26:90;29:71] [1:20;1:22
Stage 3 median 62:50 25:72 1:05
n ¼ 6 [Q1;Q3] [58:5;83:75] [25:11;27:99] [1:03;1:06
example, the dimensionless stiffness parameter k2 was significantly
correlated with the stretch kIP at the inflection point in the circum-
ferential direction, showing a significantly stiffer behavior for low
kIP with earlier collagenfiber recruitment. Theparameter k2 was also
significantly correlated with the out-of-plane dispersion parameter
jop, indicating a higher out-of-plane orientation with increased
stiffness, and hence with disease progression. As the integrity of
the AAA wall is lost when the ECM is degraded, collagen fibers are
less aligned in-plane, consistent with our earlier study [19].

The mean collagen angle a, and the SMC content correlated pos-
itively with the relative thickness of neo-adventitia, indicating the
A samples. Adv = adventitia; Neo-adv = neo-adventitia; Throm = thrombotic material;
mass index; kIP = stretch at the inflection point in the circumferential direction;

Structural parameter

jip (–) jop (–) a (�)

0:242 0:433 6:55
:41] [0:234;0:260] [0:425;0:441] [5:19;11:62]

0:224 0:455 33:11
:83] [0:219;0:232] [0:433;0:463] [23:63;33:62]

0:224 0:402 22:90
142:10] [0:191;0:236] [0:379;0:421] [18:41;47:02]

tological parameter

Neo-adv (%) Layer (–) Throm (%)

0 3 2:50
:86] [0;11:86] [3;3] [0;8:75]

17:57 3 0
:60] [8:78;49:38] [2;3] [0;7:50]

66:22 1 0
:96] [57:05;73:29] [1;1] [0;1:50]

tological parameter

) SMC (%) Collagen (%) Inflam (%)

3:50 60:00 2:50
] [1:25;5:00] [57:00;61:50] [0;12:50]

1:00 60:00 2:00
] [0:50;3:00] [54:50;63:00] [2:00;6:00]

0 45:00 5:00
[0;0] [41:25;75:00] [1:25;8:75]

Inflection point

rIP (kPa)

2:89
] [2:38;7:52]

17:38
] [14:06;19:93]

1:40
] [1:19;5:78]



Table 4
Pairs of parameters showing a tendency towards a correlation. kIP c = stretch at the
inflection point in the circumferential direction; kIP a = stretch at the inflection point in
the axial direction; media %, adventitia % and neo-adventitia % correspond to the
percentage of the individual layer relative to the whole wall thickness.

p-value r-value

jop and kIP a 0:080 0:47
kIP c and media % 0:085 0:46
kIP c and SMC 0:077 0:47
kIP c and # layers 0:065 0:49
Intima % and calcification 0:066 �0:65
Diameter and calcification 0:086 �0:46
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neo-adventitia as a marker of disease progression, as did the rela-
tive thicknesses of intima and media, which correlated signifi-
cantly with elastin and SMC contents. A significant correlation
with the diameter was found with the amount of inflammation,
confirming findings in [64].
4.1. Hypothesis of a mechano-pathogenic model in three stages

Fig. 7 illustrates a flowchart depicting our hypothesis of disease
progression, derived from observed changes in mechanics, histol-
ogy and microstructure (collagen architecture). The chart starts
with the characteristic mechanical behavior of a healthy aorta.
Typically, the aorta shows a significant initial stiffness (see also
Fig. 2, sample AA therein) (median (iqr) cAA ¼ 33:86 kPa (6:88–
98:76 kPa)), and once it stiffens, the slope is rather moderate
(k2AA ¼ 19:25 (9:93–26:06)), [19].

By looking at the histology, we can see a rather thin intima, a
clear membrana elastica interna, and a clear membrana elastica
externa, separating intima from media and media from adventitia,
respectively. The media incorporates collagen and elastin fibers,
and has a significant amount of SMCs. The adventitia exhibits a
thicker, wavier type of collagen than the media, and nerves and
adipocytes are visible on the outer side of the wall.

The typical collagen structure is depicted in the intensity plot to
the right, taken from [19], showing a rather isotropic intima (start-
ing from the bottom), followed by two counter-rotating collagen
fiber families throughout the media, and finally two fiber families
more aligned to the axial direction in the adventitia.
4.1.1. Stage 1
In several studies [65–68] it has been shown that a degradation

of the extracellular matrix occurs, accompanied by a degradation
of elastin and SMCs [69] (see Table 2) (for a theory of the initiation
of aneurysm formation, see, e.g., [68,44]). As the elasticity of elastin
is lost, an aneurysm starts to form [68]. Following the bulging, and
due to lack of cells which might deposit new collagen, collagen
fibers reorient passively towards the circumferential direction
(aStage 1 ¼ 6:55� (5:19–11:62�)).

This is clearly visible in the intensity plot of stage 1 – all colla-
gen fibers throughout the wall thickness are more or less oriented
closely towards the circumferential direction. The point where col-
lagen fibers get recruited is around the same stretch as in healthy
samples. However, the initial stiffness decreases rapidly
(cStage 1 ¼ 0:59 kPa (0:38–3:96 kPa)), see, e.g., Fig. 2, sample AAA
11. The slope, once collagen gets recruited, is more pronounced,
increasing to a value of (k2 Stage 1 ¼ 47:51 (24:92–60:41)).

The intima starts to thicken, but most severely a significant loss
in elastin and SMC content can be seen. As this leads to a loss of the
membrana elastica interna and externa, a clear distinction
between the layers becomes difficult (see also Fig. 4). Adipocytes
and nerves are still located on the outer side of the wall, embedded
in loose connective tissue.
We hypothesize that the growing aneurysm presses against the
surrounding tissue, and hence compresses the perivascular adipose
tissue, or ‘tunica adiposa’ [53]. Due to the pressure, adipocytes
undergo in part a necrosis or an apoptosis, and the evading lipids
are taken over by macrophages. This is a starting point for inflam-
mation which accumulates inflammatory cells and fibroblasts,
which further leads to the production of collagen fibers compara-
ble to scar formation.

The study [54] states that perivascular adipose tissue might be
linked to vascular disease, as adipocytes might contribute with a
local toxic effect by migration of immune cells into the vascular
wall. This might promote inflammation there, as obesity is associ-
ated with changes in adipokine secretion. Hence, the local patho-
genic effect of a ‘tunica adiposa’ may be either direct by
compression of the vessels or indirect by changes in fat tissue itself
with diseases such as obesity [70,71]. Although the effect of
perivascular fat remains incompletely understood, the mecha-
nisms seem to include a direct effect on the vasculature such as
the stimulation of immune cell migration into the vascular lumen
[54].

4.1.2. Stage 2
We observed inflammation co-localizing with adipocytes in

stage 2, which was not observed in healthy arteries or stage 1
AAAs. These inflammatory cells together with fibroblasts have
the ability to deposit collagen [72]. As these cells are the only vital
appearing cells we could localize in the AAA walls, we hypothesize
that all collagen deposition is due to this inflammatory process on
the abluminal side of the aorta. This theory is supported by the fact
that a significant isotropically distributed layer is visible in the
intensity plots of collagen orientation, which follows collagen
fibers closely oriented towards the circumferential direction. As
the aneurysm grows, stresses in the axial direction increase, and
hence an isotropic fiber orientation of collagen appears, as also
hypothesized in [73,28]. In addition, adipocytes and nerve cells
covered by dense collagen fibers are already visible in micrographs
of stage 2 AAA walls, see Fig. 6(a). We call this new deposition of
collagen at the outer side of the AAA ‘neo-adventitia’. Statistically
significant differences in the mean fiber angle a and the thickness
of the neo-adventitia further support this hypothesis. Studies such
as [74] have stated that collagen deposition seems only to happen
on the abluminal side, but the authors of [74] not provide any
explanation for this finding.

In stage 2, the intima seems to burst open, as we could observe
in some micrographs. Hence, only the media and the adventitia are
left, which are not clearly distinguishable anymore. The mechani-
cal behavior becomes very compliant, probably because the stiff
intima [75,19] opens. Newly deposited fibers seem to be quite
wavy, although we did not quantify the waviness in this study. This
might additionally explain the increased distensibility of the wall:
as the integrity of the wall decreases, the collagen fibers can
straighten and re-orientate without much resistance and get
recruited at a later stage with higher stretches compared to
healthy arteries or stage 1 AAA walls (see Table 2 and, e.g., Fig. 2,
sample AAA 15).

4.1.3. Stage 3
The transition towards stage 3 is associated with a built-up of a

significant neo-adventitia. Smaller, disrupted adipocytes are
cleaned off by macrophages and only non-disrupted adipocytes
remain inside the wall. All walls are common in their stiffness
(see, e.g., Fig. 2, sample AAA 2) and a significant amount of neo-
adventitia. This neo-adventitia is clearly visible in the intensity
plot, exhibiting an increased percentage of the wall having an iso-
tropic fiber orientation with a decreasing percentage of the wall
showing fibers oriented towards the circumferential direction.



Fig. 7. Flowchart summarizing the disease progression steps, divided into mechanics, histology and collagen, where changes are illustrated between the healthy aorta and
three AAA disease stages. The mechanics is illustrated by characteristic stress-stretch curves, showing an idealized mechanical behavior for the respective case and the
inflection point (IP) as a red circle. Changes in histology are depicted schematically and color coded as follows: light pink depicts collagen fibers, brown wavy structures
symbolize elastin, brown filled circles depicts SMCs, open white circles are adipocytes, brown filled small circles (in Stages 2 and 3) refer to inflammatory cells, and yellow
ovals are nerves. The third column of the flowchart, labeled ‘Collagen’ shows exemplary intensity plots, as explained in Fig. 5. LU = luminal side; AL = abluminal side.
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Indeed, in most micrographs no media could be seen anymore and
only the adventitia with the newly deposited neo-adventitia
remained. This also explains why no significant difference in wall
thickness could be seen between the samples, despite of new col-
lagen deposition. Apparently, both intima and media split open, as
could be observed on some micrographs. However, to further sup-
port this latter theory, a study of whole aneurysms is necessary to
confirm the circumferential distribution of the three aortic layers,
as unfortunately we only had access to a small piece of AAA walls
on the anterior side.

Despite of the common features such as a significant neo-
adventitia and no intima nor media are present, we could observe
two types of remodeled stage 3 walls. The first type seemed to
have remodeled ‘safely’, see Fig. 6(b). Almost no adipocytes were
present inside the wall, only a thick collagen layer was entrapping
nerves, which indicated the new collagen deposition. These sam-
ples had a higher relative collagen content compared to the other
stages (89% and 85%). The second type of walls seemed to have
remodeled to a ‘vulnerable’ state, see Fig. 6 (c). Here, significant
amounts of inflammation and adipocytes were visible inside the
wall.

Interestingly, we did not see any significant difference in the
diameter between the groups, as this measure seems to be unfit
as dependent on too many premises. The study [28] examined fail-
ure stresses and strains by uniaxial tensile testing and could not
find any correlation between failure strains and diameters either.

4.2. Conjunction with the literature

To the authors’ knowledge the potentially important role of adi-
pocytes located inside or adjacent to aneurysm walls has been
studied by at least two groups: The study [49] applied imaging
mass spectrometry to analyze the localization of lipid molecules
in human aneurysm walls. The authors of that study discovered
that the size of adipocytes was markedly larger compared to those
located in the neck, and that the integrity of collagen became dis-
rupted by infiltration of adipocytes. The authors also stated that
high plasma triglyceride (TG) levels may be potential risk factors
for AAA rupture, however, serum TG levels were not elevated for
most of the patients. Their hypothesis was that adipocyte accumu-
lations in AAA walls may be indicators for an increased rupture
risk. However, no hypothesis for the origin of the adipocytes was
given.

The study [50] performed an animal study with a hyperfusion-
induced animal model (developed by the same group and
described in [48]) for AAAs and additionally they collected 30
human samples from AAA surgeries. They identified increased
amounts of adipocytes in ruptured vessels compared to non-
ruptured walls, but did not state whether the adipocytes were
included inside the wall or adjacent to the wall. The adipocyte like
cells were located in the adventitial side of the AAA sac, but not in
the neck in both ruptured and unruptured groups. Additionally
they stated that local inflammation was associated with the
observed adipocytes. They concluded that the appropriate control
of adipocytes may treat or even prevent AAA rupture.

The study [52] examined 20 ruptured and 16 unruptured saccu-
lar intracranial aneurysms with respect to lipid accumulations.
They identified that intracellular lipid accumulation was associ-
ated with wall remodeling and rupture, and that macrophages cor-
related with these lipid accumulations. Extracellularly,
accumulated adipophilin was present in higher amounts in rup-
tured than unruptured walls, which reflected the death of lipid-
laden cells, macrophages and SMCs and the release of their intra-
cellular, adipophilin covered lipids droplets into the ECM. The
authors hypothesized that the lipids may originate from the
thrombus or from neo-vessels. However, intracranial aneurysms
are not surrounded by perivascular fat and hence the mechanism
of lipid accumulation is most likely different to the one in AAAs.

Several studies reported remodeling in the adventitia such as
[76]. These authors observed significant thickening of the adventi-
tia, accompanied by a recruitment of macrophages. This may high-
light an inward progression of inflammation from the adventitia
towards the luminal side of the AAA wall. However, they also sta-
ted that this is most probably not the first trigger for aneurysm
dilatation, as no inflammation in the adventitia was seen in small
aneurysms.

The ‘tunica adiposa’ was described by several groups as a poten-
tial source of inflammation. For example, [77,64] connected adipo-
cyte death to macrophages inside the adventitia, and hence to
enhanced AAA formation. In addition the study [53] stated that
adipocyte tissue, surrounding vessels, might be connected to cellu-
lar infiltration of inflammatory cells, and hence play an important
factor in an ‘outside-in’ signaling in the development of diseases
such as atherosclerosis and cardiomyopathy. However, the effects
of a ‘tunica adiposa’ around vessels remain incompletely under-
stood and should be examined further [54].
4.3. Conclusion

To the authors’ knowledge this is the first study which system-
atically compares and connects mechanical data from biaxial ten-
sile tests, with histological and structural data to define disease
stages. The proposed pathogenesis provides an explanation for
contradicting studies stating increased anisotropy, e.g.,
[29,20,16–18,22], or isotropy, e.g., [78]. According to our hypothe-
sis, collagen in AAA walls realigns passively towards the circumfer-
ential direction in the first disease stage, which results in an
anisotropic behavior. Subsequently, triggered by inflammation on
the abluminal side of the wall, new collagen is deposited isotropi-
cally, and hence contributes to a more isotopic behavior. Due to the
small sample size no significant differences were identified regard-
ing isotropy or anisotropy, but a trend towards a more isotropic
behavior with disease progression could be seen and should be
investigated in future studies.

Another key observation was that collagen deposition only
occurs in conjunction to infiltration of inflammatory cells. Hence
our theory is that no fibers are synthesized without inflammation
in the wall and, therefore, no ‘safe remodeling’ is possible to coun-
teract the lost elasticity due to ECM degeneration. The application
of anti-inflammatory drugs might actually be counterproductive
and more studies should be employed in this direction, as also sta-
ted in [44], referring to [79], which reported a rapid AAA develop-
ment and rupture in a patient on immunosuppressive drugs. Also
[28] suggested that inflammation is not a marker for rupture, but
rather for remodeling. Finally, the significant occurrence of adipo-
cytes in potentially ‘vulnerable’ stage 3 AAA walls might point
towards the possibility to image adipocytes inside the wall, even
by conventional ex vivo imaging techniques such as ultrasound or
MRI.

Unfortunately, we were not able to determine the final rupture
strength using biaxial tensile tests. Future studies should aim at
the determination of biaxial failure properties to better understand
the difference in the wall composition of stage 3 AAAs, and
whether ‘safely’ remodeled walls are indeed stronger than ‘vulner-
able’ walls.

As AAAs seem to become first more compliant and then stiffer,
monitoring changes in aneurysm distensibility could be a better
predictor for rupture that monitoring the change in diameter, as
proposed in [80]. These authors deduced that a reduction in disten-
sibility of AAA walls over time was associated with a significantly
reduced time until rupture, independent of other risk factors.
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To fully understand this progression, there is a need to examine
AAA walls on the nano-scale and to closely analyze for collagen
undulation and thickness. The impact of diabetes on the mechanics
and disease progression should be examined closely in future stud-
ies, as we discovered significant differences in the mechanical
behavior in diabetes and non-diabetes patients. Additionally we
discovered differences in statin intake between the different dis-
ease stages, hence the intake of statin should be closely examined
in the future, as it may influence AAA growth, as suggested in, e.g.,
[81–83]. However, no significant correlation between statin intake
and adipocytes inside the wall or neo-adventitia growth could be
identified in the present study.

Another drawback of our study is of course the small sample
size and the limited location from which we gained our samples.
Due to patient safety it is not possible for us to gain samples
including both sac and neck regions or even whole aneurysms. A
future study should aim at gaining whole AAAs from autopsies to
confirm the hypothesis that intima and media burst open at a cer-
tain point in the disease progression. Last but not least we are hop-
ing that we have motivated new computational growth and
remodeling models for the development of AAA, which are able
to test our hypothesis of the three stages of aneurysm
development.
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