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ABSTRACT
Objectives: The aims of this study were to evaluate the morphometric and structural
characteristics of abdominal aortic aneurysms (AAA), and to form a morphometric model
of the AAA that could be applicable in the development of mathematical and
computation models for rupture risk assessment.
Material and Methods: The following morphometric parameters significant for
biomechanical stability and compliance of the aortic wall were analyzed: the thickness of
the wall, the thickness of the media and the thickness of the adventitia. Morphometry was
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performed with the Olympus BX 41 microscope and the Olympus C – 5060 wide zoom
digital camera with an application of the Olympus DP-soft Image Analyzer program. The
media-to-wall and adventitia-to-wall ratios were calculated. Parameters were correlated
with the diameters of the aneurysms (established by MSCT angiography), the patients’
age and gender, the presence of a thrombus and the grade of inflammation.
Results and Discussion: Our results showed that an increase in the AAA diameter
affected the structure of the aortic wall in the following ways: 1. the thickness of the
aortic wall significantly increased, with the greatest increase for aneurysms with
diameters between 41 and 60 mm (ANOVA F=268.561; p<0.001); 2. the thickness of the
adventitia and its proportion in the wall thickness significantly increased, in the same
group (ANOVA F=376.727, p<0.001); 3. the thickness of the media and its proportion in
the wall thickness significantly decreased, with the greatest increase for aneurysms with
diameters >60mm (ANOVA F=265.865; p<0,001). The supposed influence of the latter
two factors reduced the adaptability of the vascular wall and augmented the rupture risk
since the aortic wall media is responsible for the elastic properties of the blood vessels,
while increased and fibrotic adventitia did not provide sufficient compliance. We
confirmed, by means of the Univariate Analysis of Variance, that the increase of the
adventitia and destruction of the media were even greater in aneurysms with
inflammation and in patients over 65 years old. Female patients with small aneurysms
(d<40mm) are at a special rupture risk. They have a significantly thinner wall (F=35.164;
p<0.001), with a significantly thinner media (F=35.473; p<0.001) and a significantly
thicker adventitia (F=21.146; p<0.001) than male patients. Small-diameter aneurysms
with a thrombus are also under special rupture risk. Destruction of the media was
advanced in this group, with an exceptionally small medial thickness compared to larger
aneurysms with a thrombus (F=237.770; p<0.001).
Conclusions and Clinical Relevance: A correction of AAA computation models with
histomorphometric data is necessary for an accurate prediction of rupture risk. Parameters
used in computation models are based on CT scans, but not all parameters are easily
assessed with a CT scan (i.e., the wall thickness). Most of the computation models
operate under the assumption that aneurysms are homogenous structures, which is not the
case. On the contrary, aneurysms are heterogeneous, with extreme variations of structure
among patients and in different parts of the same aneurysm. Some data are not uniquely
defined and recognized, (i.e., the influence of a thrombus on the wall structure). Hence,
the goal of morphometric models is to provide sufficient data for the construction of an
improved and adjustable model for rupture risk prediction that will combine many
different factors and enable a tailored decision making process for each patient.

1. INTRODUCTION
Prediction of a rupture risk for abdominal aortic aneurysms (AAA) is a difficult and very
complex task. Several parallel processes, including ageing, inflammation, atherosclerosis and,
in most patients, hypertension-induced changes, are present in the wall of the abdominal aorta
that potentially lead to the development of aneurysms. These processes are present
continually; they influence the evolution and the outcome of the aneurysms. Rupture as the
most dangerous and often fatal outcome occurs when these pathological processes reduce the
adaptability and strength of the aortic wall and its ability to resist mechanical stress caused by
blood flow and pressure. The relation between the mechanical stress of the abdominal aorta
wall and its strength could not be easily assessed in vivo. Rupture risk assessment is directed
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towards parameters that could be used as indicators of imminent rupture; parameters that are
easily assessable and available during routine medical examinations.
Several potential predictors of rupture were proposed so far, including: maximal
aneurysm diameter, aneurysm expansion rate, diastolic pressure, index of aneurysm
asymmetry, aneurysmatic wall stiffness and curvature, saccular index, presence of a thrombus
and intraluminal thrombus ratio, gender, etc. The aneurysm diameter and rate of the aneurysm
expansion are used most frequently (Kleinstreuer and Li, 2006; Leung et al., 2006).
These parameters would have a predictive effect only if they could be related to
mechanical stress in the aortic wall through laws of physics. This is achieved by different
computation models of abdominal aortic aneurysms. However, as a biological structure, AAA
could not be treated as other, simpler, materials; but these computation models should be
always correlated to structural changes of the aortic wall and the organization of the living
tissue.
That is why the main aims of this study were: 1. to evaluate the morphometric and
structural characteristics of abdominal aortic aneurysms (AAA); 2. to form a morphometric
model of the AAA that could be applicable in the development of mathematical and
computation models for rupture risk assessment. The morphometric model of AAA was
compared to two different control groups: an aortic occlusive disease group and a control
group with aortas with low-grade atherosclerosis.

2. MATERIAL AND METHODS
Three study groups were formed: the AAA group, the aortic occlusive disease group (the
AOD group) and the control group with aortas with low-grade atherosclerosis (atherosclerotic
lesions I to III), totaling 65 patients. The study was approved by the Ethics Committee of the
Dedinje Cardiovascular Institute and the Ethics Committee of the Faculty of Medicine,
University of Belgrade.

2.1. The Abdominal Aortic Aneurysm Group
Tissues of 30 patients were gathered during operative resections of AAA with the
reconstruction of blood flow with aorto-illiac or aorto-bifemoral Dacron by-pass grafts at the
Dedinje Cardiovascular Institute. All relevant epidemiologic and demographic data for this
group of patients are presented in Tables 1 and 2.
Table 1. Characteristics of the AAA group formed according to diameter
The AAA Group

Diameter of aneurysms

Group 1 (d≤40mm)
Group 2
(41 mm≤d≤60mm)
Group 3 (d≥61mm)
Total

Number of
patients
5
15

Diameter of
aneurysms (mm)
40
53.34 ± 3.92

Ages
(years)
67.2 ± 7.16
64.53 ± 6.32

10
30

72.3 ± 9.82
57.50 ± 13.13

65.1 ± 6.66
65.17 ± 6.41
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Table 2. Risk factors and diseases in the AAA group and the AOD group

Risk factors
Hypertension
Hyperlipidemia
Smoking
Ex-smokers
Cerebrovascular diseases
Diabetes mellitus
Glucose intolerance
Carotid arteries disease †
Aneurysm of the thoracic aorta
Coronary arteries disease
Acute myocardial infarction
Arrhitmias
COPD
Benign tumors¶
Family history
Digestive system diseases*
Renal diseases§
Benign prostate hyperplasia
Alcoholism
Struma colloides polynodosa
Polyneuropathia diabetica

The AAA group

The AOD group

Number of
patients
29
27
17
11
2
5
2
17
2
18
9
2
8
3
21
9
14
5
2
0
0

Number of
patients
15
15
9
3
2
7
0
11
0
9
4
0
0
0
6
3
3
0
0
1
2

Percentage
(%)
96.67
90.00
56.67
36.67
6.67
16.67
6.67
56.67
6.67
60
30
6.67
26.67
10
70
30
46.67
16.67
6.67
0
0

Percentage
(%)
88.24
88.24
52.94
17.65
11.76
41.18
0
64.71
0
52.94
23.53
0
0
0
35.29
17.65
17.65
0
0
5.88
11.76

† Stenosis, kinking.
¶ Adrenal adenoma.
*Chronic gastritis, peptic ulcus, pyloric stenosis, cholelitiasis and chronic cholecistitis.
§Chronic renal failure, chronic pyelonephritis, adult polycistic renal disease and polycystic liver
disease, nephrolithiasis, hydronephrosis.

Out of thirty patients, 27 (90%) were male, whereas 3 (10%) were females. The average
age of males was 65.07 ± 6.39 years, while average age of females was 66 ± 7.94 years. All
patients with AAA were divided in three groups based on aneurysm diameter (d): smalldiameter aneurysms (d≤40 mm), medium-diameter aneurysms (41 mm≤d≤60 mm) and largediameter aneurysms (d≥61mm). This classification was used to relate to the clinical evolution
of aneurysms (Dai et al., 2005) (Table 1). The diameter of AAA was significantly different
among formed groups (F=48.592; p<0.001), but no statistical difference was established in
the average age (F=1.502; p=0.217). The diameter of AAA was established by MSCT
angiography (multi-slice computerized tomography angiography).

2.2. The Aortic Occlusive Disease Group
Tissues of 17 patients were gathered during operative resections of AOD with a
reconstruction of blood flow with aorto-illiac or aorto-bifemoral Dacron by-pass grafts at the
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Dedinje Cardiovascular Institute. All relevant epidemiologic and demographic data for this
group of patients are presented in Table 2.
The average age of this group was 58.35 ± 8.22 years. Out of 17 patients, 14 (82.35%)
were male, and 3 (17.65%) were female. The average age of males was 57.71 ± 8.60 years,
and the average age of females was 61.33 ± 8.60 years.
Samples were gathered from abdominal aortas below the renal artery, so that the
anatomic localization of AAA samples matched the anatomic localization of AOD samples.
Diagnosis of AOD was confirmed by MSCT angiography (multi-slice computerized
tomography angiography).

2.3. The Control Group of the Aortas with Low-Grade Atherosclerosis
Tissues of 18 patients who died of non-vascular causes were gathered during autopsies at
the Institute of Pathology, Faculty of Medicine, University of Belgrade. All relevant
epidemiologic and demographic data for this group of patients are presented in Table 3. The
average age of this group was 66.50 ± 14.77 years. The ANOVA testing showed that there
was no significant difference in average age between the AAA group and the control groups
(F=0.002; p=0.965). Samples were gathered from the abdominal aorta below the renal artery,
so that the anatomic localization of AAA samples matches the anatomic localization of the
control group samples. The control group consisted of the aortas with low-grade
atherosclerosis, while the aortas with lesions of type IV, V or VI were excluded from the
analysis.
Table 3. Risk factors and diseases in the control group – autopsy samples
Risk factors
Hypertension
Cerebrovascular diseases
Diabetes mellitus
Peripheral vascular disease
Carotid artery disease †
Aneurysm of the thoracic aorta
Coronary arteries disease
Acute myocardial infarction
Arrhitmias
COPD
Bronchopneumonia
Benign tumors¶
Digestive system diseases*
Renal diseases§
Benign prostate hyperplasia
Malignant tumors‡

Number of patients
11
8
1
1
9
0
14
7
3
5
5
4
9
6
3
3

Percentage
(%)
61.11
44.44
5.56
5.56
50
0
77.78
38.89
16.67
27.78
27.78
22.22
50
33.33
16.67
16.67

† Stenosis, kinking.
¶ Cavernous hemangioma of the spleen, thyroid adenoma, cervical polips, Leiomyoma uteri.
*Acute erosive gastritis, chronic gastritis, peptic ulcus, pyloric stenosis, cholelitiasis and chronic
cholecistitis.
§ Chronic renal failure, chronic pyelonephritis, adult polycistic renal disease and polycystic liver
disease, nephrolithiasis, hydronephrosis.
‡ Adenocarcinoma of the prostate, mucinous adenocarcinoma of the bronchi.
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Figure 1. Grading of the inflammation: A) – C) Without inflammation (0), (Weigert van Gieson (A),
methenamine silver (B), Voerhoff van Gieson (C), original magnification 40x; bar=1000µm; D) Focal
inflammation (1) (Van Gieson Collagen technique, original magnification 100x); E) – F) Inflammation
in the form of homogenous, band-like infiltrate (2) (Weigert van Gieson (E), Van Gieson collagen
technique (F), original magnification 100x); G) – H) VALT (3) (Alcian blue, original magnification
100x; bar=200µm (G), immunohistochemical staining for Ki67, UltraVision/HRP, DAB, original
magnification 100x; bar=100µm).

2.4. Grading of the Inflammation
All samples were graded according to inflammation in the adventitia:


Without inflammation (0), sections without defined inflammatory infiltrates (Figure
1 A-C).
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Focal inflammation (1), sections with well formed, focal, mostly perivascular
inflammatory infiltrates in the adventitia (Figure 1D).
Inflammation in the form of homogenous, band-like infiltrates (2) (Figures 1E-F).
VALT (3) (Vascular-Associated Lymphoid Tissue), with defined lymphoid follicles
in the adventitia (Figures 1G-H).

For each patient, the highest grade of inflammation was detected on 47 different serial
sections, and they were marked and analyzed according to the highest established grade of
inflammation.
Between formed groups, there was statistical significance in neither average age
(F=0.478; p=0.699) nor in the average diameter of aneurysms (among aneurysms) (F=1.894;
p=0.155).

2.5. Preparation of Tissue for Morphological and Morphometric Analysis
The complete material obtained from surgery or autopsy was prepared routinely. Blocks
of tissue were immediately placed in 4% neutral buffered formaldehyde solution and fixed by
immersion for at least 24 hours at room temperature.
The tissue was then dehydrated through increasing grades of alcohol and embedded in
Paraplast. Each block was serially sectioned according to a specific scheme. After that, the
sections were routinely stained using selective techniques for elastic fibers.
Three techniques were employed: the Weigert van Gieson technique with resorcin
fuchsine, the Voerhoff van Gieson method and the staining-with-the-acid-orcein method.
Randomly sampled sections from each group were stained either withhematoxylin and
eosin or by the Masson trichrome technique, PAS, PAS-Alcian blue staining, Alcian blue
staining or methenamine silver staining, then Heidehain Mallory Azan, Mallory collagen
staining, Van Gieson collagen staining or staining for reticular fibers.

2.6. Morphometric Analysis
The methodology of morphometric analysis was developed according to previous similar
research (Labudović Borović, 2003; Hellenthal et al., 2009; Labudović Borović et al., 2010;
Labudović Borović, 2011). Morphometric parameters were minimally measured at five and
maximally at seven different serial sections, with at least 100 μm of distance between
analyzed sections. The following morphometric parameters were measured: thickness of the
intima, thickness of the medial layer, thickness of the adventitia and thickness of the wall at
the smallest magnification (4x) of the Olympus BX 41 light microscope, with the Olympus C
– 5060 wide zoom digital camera and and the Olympus DP-soft Image Analyzer program at
minimally ten and maximally fifteen microscopic fields distributed uniformly through the
whole length of sections. Oblique sections were excluded from the analysis.Only sections
with a preserved structure with the three layers (the tunica intima, the tunica media and the
tunica adventitia) were analyzed to enable precise measurements of all elements. Then, the

88

Milica Labudović Borović, Saša Borović, Đorđe Radak et al.

following ratios were calculated: proportion of the adventitia in the aortic wall (adventitia-towall ratio) and the proportion of the media in the aortic wall (media-to-wall ratio).

2.7. Statistical Analysis
Statistical methods were used to evaluate morphometric results. Data was expressed as
the mean value  SD. In addition, the standard error (SE) and a 95% confidence interval (95%
C.I.) were calculated. The following statistical methods were used: the One-way ANOVA
with the Bonferroni as the Multiple Comparison Test, the Univariate Analysis of Variance,
Pearson Correlation Coefficient and Spearman’s Rho. The value of p<0.05 was considered
statistically significant. The tests were performed with the SPSS version 15.0 for Windows.

3. RESULTS
3.1. Changes of Morphometric Parameters during Aneurysm Dilatation
3.1.1. The Thickness of the Tunica Adventitia
First, the group of aneurysms was compared to control groups (data not shown). Then,
the testing was performed between the groups of aneurysms and the control groups (Tables 46). The means of the tunica adventitia thickness and its proportion in the wall thickness
(adventitia-to-wall ratio) for the AAA groups and the control groups are presented in Tables
4-6 and Figures 2A and 2D. The following morphometric principles were confirmed with
statistically significant differences:
1. The thickest adventitia is characteristic of the AAA group (ANOVA F=610.358;
p<0.001), when the whole group of aneurysms (independently on diameter) was
compared to both control groups.
2. The adventitia-to-wall ratio is significantly different among the analyzed groups
(ANOVA F=558.573; p<0.001).
3. However, no statistical significance was observed between the AOD group and the
control group with low-grade atherosclerosis when adventitia-to-wall ratio was
analyzed (the Bonferroni Multiple Comparison, p=0.442) (Figure 2D). Obviously,
during the development of atherosclerosis, until its advanced, occlusive forms, the
adventitia thickness gradually increases, but in proportion to the thickness of the
abdominal aorta wall.
4. Ageing leads to a significant increase in the adventitia thickness in all groups
(Univariate Analysis of Variance, F=87.273; p<0.001) as well as the adventitia-towall ratio (Univariate Analysis of Variance, F=59.758; p<0.001).
5. With the aneurysm dilatation, the thickness of the adventitia and adventitia-to-wall
ratio gradually increases, hence the aneurysms with a diameter ≥61mm have the
thickest adventitia (ANOVA F=376.727, p<0.001) (Tables 4 and 5) (Figures 2A and
2D).
6. The adventitia thickness correlates significantly and positively with the aneurysm
diameter (Pearson Correlation Coefficient=0.186; p<0.001; Spearman’s Rho=0.156;
p<0.001). The adventitia-to-wall ratio also correlates significantly and positively
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with the aneurysm diameter (Pearson Correlation Coefficient=0.135; p<0.001;
Spearman’s Rho=0.143; p<0.001).

(a)

(b)

(c)
Figure 2. (Continued)
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(d)

(e)
Figure 2. Morphometric parameters of different groups: aneurysms (d≤40 mm) (1); aneurysms
(41≤d≤60mm) (2); aneurysms (d≥61 mm) (3); aortic occlusive disease (4); control group – lowgrade atherosclerosis (5) - Notice the increase in the adventitia thickness in aneurysms, especially
for aneurysms with diameters 41≤d≤60mm; an intensive decrease in the media thickness and
thickening of the walls in AAA and AOD.

7. The statistically significant increase in the adventitia thickness and adventitia-to-wall
ratio occurred in aneurysms with diameters between 41 mm and 60 mm (the
Bonferroni Multiple Comparison, p<0.001) (table 6) (Figures 2A and 2D).
Amongthis group and the group of aneurysms with a diameter larger than 61 mm
there was no statistically significant difference in the thickness of the tunica
adventitia (the Bonferroni Multiple Comparison p=0.201) or in the adventitia-to-wall
ratio (the Bonferroni Multiple Comparison p=1.000) (Table 6) (Figures 2A and 2D).
Between the aneurysms with diameters ≤40mm and the AOD group there was no
statistical significance in the thickness of the adventitia (the Bonferroni Multiple
Comparison p=0.085) (Table 6). However, the adventitia-to-wall ratio is statistically
significantly larger in small aneurysms than in the AOD group (the Bonferroni
Multiple Comparison p<0.001) (Tables 5 and 6). This result confirms that
remodeling in aneurysms is specific for the extensive invasion of the adventitia in the
vascular wall, even in the aneurysms with small diameters.

Table 4. The means of morphometric parameters – all groups
Descriptives
Parameter

Group

Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm)
The tunica adventitia
(2)
thickness
Aneurysms (d≥61 mm) (3)
(μm)
Aortic occlusive disease (4)
Control (5)
ANOVA F=376.727, p<0.001
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm)
The tunica media
(2)
thickness
Aneurysms (d≥61 mm) (3)
(μm)
Aortic occlusive disease (4)
Control (5)
ANOVA F=265.865, p<0.001
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm)
(2)
The wall thickness (μm)
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
ANOVA F=268.561, p<0.001

N

X

SD

SE

95 C.I.
Lower Bound

MIN.

MAX.

162.74
129.41

1,986.24
2,496.04

290
811

807.31
1,205.93

352.31
526.38

20.69
18.48

766.59
1,169.65

Upper
Bound
848.03
1,242.21

535
722
902

1,265.19
723.64
499.63

702.67
385.05
235.56

30.38
14.33
7.84

1,205.52
695.51
484.24

1,324.87
751.78
515.03

101.96
103.92
108.29

3,076.42
2,092.12
1,349.00

290
811

180.81
153.63

163.71
255.69

9.61
8.98

161.89
136.00

199.73
171.25

0.00
0.00

780.38
1,227.43

535
722
902

105.37
548.25
895.27

158.57
350.84
250.49

6.86
13.06
8.34

91.90
522.62
878.90

118.83
573.89
911.64

0.00
0.00
39.20

813.71
1,951.72
1,852.91

290
811

2,120.32
2,352.19

426.82
488.55

25.06
17.16

2,070.99
2,318.52

2,169.65
2,385.86

3,109.75
4,500.69

535
722
902

2,389.86
2,435.13
1,714.28

657.32
652.32
331.58

28.42
24.28
11.04

2,334.03
2,387.47
1,692.61

2,445.67
2,482.79
1,735.95

826.04
1,101.9
4
966.65
784.43
990.18

4,625.71
4,147.02
2,825.44

Table 5. The means of the proportion of the tunica adventitia and the tunica media in the wall of the aorta
Descriptives
Parameter

Group

Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Adventitia-to-wall ratio
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
ANOVA F=326.367, p<0.001
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Media-to-wall-ratio
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
ANOVA F=2,342.479, p<0.001

N

X

SD

SE

95 C.I.
Lower Bound

Upper Bound

MIN.

MAX.

290
811
535
722
902

0.385
0.507
0.512
0.301
0.289

0.155
0.183
0.207
0.144
0.118

0.009
0.006
0.009
0.005
0.004

0.367
0.494
0.494
0.291
0.281

0.403
0.520
0.529
0.312
0.297

0.070
0.070
0.050
0.050
0.070

0.890
0.978
0.978
0.870
0.640

290
811
535
722
902

0.083
0.068
0.050
0.230
0.529

0.074
0.117
0.078
0.132
0.129

0.004
0.004
0.003
0.005
0.004

0.075
0.060
0.043
0.221
0.520

0.092
0.076
0.057
0.240
0.537

0.00
0.00
0.00
0.00
0.040

0.320
0.570
0.480
0.740
0.860

Table 6. The Bonferroni Multiple Comparison Test for Different Parameters
Bonferroni Multiple Comparisons
Dependent variable

The tunica adventitia thickness (μm)

The tunica media thickness (μm)

The wall thickness (μm)

Adventitia-to-wall ratio

Media-to-wall-ratio

Group
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)
Aneurysms (d≤40 mm) (1)
Aneurysms (41≤d≤60mm) (2)
Aneurysms (d≥61 mm) (3)
Aortic occlusive disease (4)
Control (5)

* The mean difference is significant at the 0 .05 level.

Aneurysms
(41≤d≤60mm) (2)
p<0.001(*)

Aneurysms
(d≥61 mm) (3)
p<0.001(*)
p=0.201

Aortic occlusive
disease (4)
p=0.085
p<0.001(*)
p<0.001(*)

p=1.000

p<0.001(*)
p=0.009

p<0.001(*)
p<0.001(*)
p<0.001(*)

p<0.001(*)
p<0.001(*)
p<0.001(*)
p<0.001(*)

p<0.001(*)

p<0.001(*)
p=1.000

p<0.001(*)
p=0.019(*)
p=1.000

p<0.001(*)
p<0.001(*)
p<0.001(*)
p<0.001(*)

p<0.001(*)

p<0.001(*)
p=1.000

p<0.001(*)
p<0.001(*)
p<0.001(*)

p<0.001(*)
p<0.001(*)
p<0.001(*)
p=1.000

p=0.579

p=0.001
p=0.043

p<0.001(*)
p<0.001(*)
p<0.001(*)

p<0.001(*)
p<0.001(*)
p<0.001(*)
p<0.001(*)

Control (5)
p<0.001(*)
p<0.001(*)
p<0.001(*)
p<0.001(*)
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3.1.2. The Thickness of the Tunica Media
The means of the tunica media thickness and the proportion of the tunica media in the
aortic wall (media-to-wall ratio) for the AAA, the AOD, and the control group are presented
in Tables 4-6 and Figures 2B and 2E.
The following morphometric principles were confirmed with statistically significant
differences:
1. The thinnest media was characteristic of the AAA group (ANOVA F=2509.452,
p<0.001) when the whole group of aneurysms (independently on diameter) was
compared to both control groups.
2. Ageing leads to a significant decrease in the media thickness (Univariate Analysis of
Variance, F=11.401; p=0.001) and in themedia-to-wall ratio (Univariate Analysis of
Variance, F=27.239; p<0.001).
3. With the aneurysm dilatation, the thickness of the tunica media gradually decreases
(ANOVA F=1265.865, p<0.001), as does the media-to-wall ratio (ANOVA
F=2342.479, p<0.001) (Tables 4 and 5; Figures 2B and 2E).
4. The media thickness correlates significantly and negatively with the aneurysm
diameter (Pearson Correlation Coefficient=-0.053; p=0.033; Spearman’s Rho=0.109; p<0,001). Also, the media-to-wall ratio correlates significantly and negatively
with the aneurysm diameter (Pearson Correlation Coefficient=-0.056; p=0.024;
Spearman’s Rho=-0.112; p<0,001)
5. The decrease is abrupt in aneurysms with a diameter ≥61mm (the Bonferroni
Multiple Comparison, p<0.001) (Table 6).

3.1.3. The Thickness of the Wall
The means of the wall thickness for the AAA, the AOD and the control group are
presented in Tables 4 and 5 and Figure 2C.
The following morphometric principles were confirmed with statistically significant
differences:
1. The thickness of the wall among the aneurysms with diameters ≥ 61mm and AOD is
not significantly different (the Bonferroni Multiple Comparison p=1.000) (Table 6).
2. With the aneurysm dilatation, the thickness of the wall gradually increases, with the
abrupt increase in aneurysms with diameters between 41mm and 60mm (the
Bonferroni Multiple Comparison p<0.001) (Table 6). Further increase persisted with
aneurysm dilatation, but it was not statistically significant (the Bonferroni Multiple
Comparison p=1.000) (Table 6).
3. Ageing leads to the significant increase in the wall thickness (Univariate Analysis of
Variance, F=25.961; p<0.001), but only in the AAA group.
4. The wall thickness correlates significantly and positively with the aneurysm diameter
(Pearson Correlation Coefficient=0.147; p<0.001; Spearman’s Rho=0.130; p<0,001).
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3.2. Changes of Morphometric Parameters of Aneurysms due
to Inflammation and Dilatation
The means of different morphometric parameters for the AAA with different grades of
inflammation are presented in Tables 7, 8 and 9 and Figures 3 and 4.
Table 7. The tunica adventitia thickness – factor diameter of AAA and factor
inflammation
The Univariate Analysis of Variance
Dependant Variable: The tunica adventitia thickness (μm)
Aneurysm
maximal
diameter
Aneurysms
(d≤40 mm)
(1)

95% C.I.
Inflammation

X

SD

N

Without inflammation (0)
Focal inflammation (1)

728.96
918.30

337.21
344.61

170
120

Lower
Bound
657.03
832.70

Total

807.31

352.31

290

775.24

893.62

834.43
1,355.38
1,370.37
1,398.11
1,205.93
772.68
1,546.05
1,684.14
1,265.19

470.79
409.97
534.66
413.73
526.38
394.07
744.50
598.46
702.67

251
200
210
150
811
230
105
200
535

1,289.06
1,305.65
1,321.54
710.84
1,454.53
1,617.83
657.03
832.70
775.24

1,421.69
1,435.08
1,474.68
834.51
1,637.57
1,750.45
800.89
1,003.91
893.62

0.320
0.478
0.385
0.364
0.580
0.538
0.606
0.507
0.386

0.128
0.142
0.155
0.166
0.134
0.174
0.132
0.183
0.143

170
120
290
251
200
210
150
811
230

0.296
0.450
0.345
0.558
0.517
0.580
0.365
0.512
0.619

0.343
0.506
0.384
0.601
0.559
0.631
0.406
0.572
0.662

0.542
0.641
0.512

0.242
0.160
0.207

105
200
535

0.296
0.450
0.345

0.343
0.506
0.384

Without inflammation (0)
Focal inflammation (1)
Aneurysms
Homogenous infiltrate (2)
(41mm≤d≤60
VALT (3)
mm) (2)
Total
Without inflammation (0)
Aneurysms
Homogenous infiltrate (2)
(d≥61 mm)
VALT (3)
(3)
Total
F=20.665; p<0.001
Dependant Variable: Adventitia-to-wall ratio
Without inflammation (0)
Aneurysms
(d≤40 mm)
Focal inflammation (1)
(1)
Total
Without inflammation (0)
Focal inflammation (1)
Aneurysms
Homogenous infiltrate (2)
(41mm≤d≤60
VALT (3)
mm) (2)
Total
Aneurysms
Without inflammation (0)
(d≥61 mm)
(3)
Homogenous infiltrate (2)
VALT (3)
Total
F=2.485; p=0.059

Upper
Bound
800.89
1,003.91

The following morphometric principles were confirmed with statistically significant
differences:
1. When all groups were analyzed according to the presence (1) or absence (0) of
inflammation and corrected for the age of patients as a covariate, the adventitia
thickness (Univariate Analysis F=887.154; p<0.001) and the adventitia-to-wall ratio
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2.

3.

4.

5.

6.

7.

(Univariate Analysis F=242.201; p<0.001) were statistically significantly larger in
tissues with inflammation in both AAA and AOD groups (Figures 3A and 3C).
When all groups were analyzed according to the presence (1) or absence (0) of
inflammation, corrected for the age of patients, the media thickness (Univariate
Analysis F=1344.644; p<0.001) and the media-to-wall ratio (Univariate Analysis
F=1531.288; p<0.001) were statistically significantly smaller in tissues with
inflammation in both AAA and AOD groups (Figures 3B and 3D).
Inflammation significantly influenced the wall thickness in aneurysms, with a
significant increase in the wall thickness in the group of aneurysms with diameters
≥61 mm (Univariate Analysis F=245.842; p<0.001) (Figure 3E). However, there was
no significant change in the wall thickness in the AOD group (Figure 3E).
When only the AAA group was analyzed independentlyof patient age and with
included grades of inflammation, the following results were obtained: Inflammation
and dilatation of aneurysms lead to increases in the thickness of the tunica adventitia
and its proportion in the aortic wall (F=20.665; p<0.001), hence the aneurysms with
a diameter ≥ 61mm and with the highest grade of inflammation have the thickest
adventitia (Tables 7 and 8 and Figures 4A and 4D).
The inflammation and dilatation of aneurysms lead to decreases in the thickness of
the tunica media (F=38.278; p<0.001) and its proportion in the aortic wall
(F=34.247; p<0.001) (Tables 7 and 8).
Although, in overall score, aneurysms with a diameter ≥61 mm and with the highest
grade of inflammation have the thickest adventitia, the most significant increase in
the adventitia thickness and the most significant decrease in the media thickness are
characteristic for aneurysms with diameters between 41mm and 60mm and with any
grade of inflammation (Figures 4A-B and 4D-E).
Aneurysms with a diameter ≥61 mm and with the highest grade of inflammation
have the thickest walls (Table 9; Figure 4C).

Table 8. The tunica media thickness – factor diameter of AAA and factor inflammation
The Univariate Analysis of Variance
Dependant Variable: The tunica media thickness (μm)
Aneurysm
maximal diameter Inflammation

Aneurysms (d≤40
mm) (1)

Aneurysms
(41mm≤d≤60mm
) (2)
Aneurysms (d≥61
mm) (3)

95% C.I.

X

SD

N

Without inflammation (0)
Focal inflammation (1)
Total

240.47
96.30
180.81

169.48
109.59
163.71

170
120
290

Lower
Bound
213.75
64.50
360.26

Without inflammation (0)
Focal inflammation (1)
Homogenous infiltrate (2)
VALT (3)
Total
Without inflammation (0)
Homogenous infiltrate (2)
VALT (3)
Total

382.25
22.26
64.61
70.84
153.63
176.37
37.90
59.14
105.37

326.47
49.31
91.78
179.56
255.69
190.85
86.54
106.15
158.57

251
200
210
150
811
230
105
200
535

-2.38
40.57
42.39
153.39
3.89
34.50
213.75
64.50
360.26

Upper
Bound
267.19
128.10
404.24
46.90
88.65
99.29
199.34
71.90
83.78
267.19
128.10
404.24

Morphometric Model of Abdominal Aortic Aneurysm …
The Univariate Analysis of Variance
Dependant Variable: The tunica media thickness (μm)
Aneurysm
maximal diameter
Inflammation
X
F=38.278; p<0.001
Dependant Variable: Media-to-wall ratio
Without inflammation (0)
Aneurysms (d≤40
Focal inflammation (1)
mm) (1)
Total
Without inflammation (0)
Focal inflammation (1)
Aneurysms
Homogenous infiltrate (2)
(41mm≤d≤60mm
VALT (3)
) (2)
Total
Aneurysms (d≥61 Without inflammation (0)
mm) (3)
Homogenous infiltrate (2)
VALT (3)
Total
F=34.247;p<0.001
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95% C.I.
SD

N

Lower
Bound

Lower
Bound

0.108
0.049
0.083
0.173
0.011
0.027
0.028
0.068
0.089

0.077
0.052
0.074
0.155
0.025
0.038
0.070
0.117
0.098

170
120
290
251
200
210
150
811
230

0.095
0.034
0.163
0.00
0.016
0.014
0.078
-0.001
0.011

0.120
0.064
0.183
0.022
0.038
0.041
0.100
0.031
0.034

0.015
0.023
0.050

0.034
0.040
0.078

105
200
535

0.095
0.034
0.163

0.120
0.064
0.183

Table 9. The wall thickness – factor diameter of AAA and factor inflammation
The Univariate Analysis of Variance
Dependant Variable: The wall thickness (μm)
Aneurysm
maximal
Inflammation
diameter

Aneurysms (d≤40
mm) (1)

Aneurysms
(41mm≤d≤60mm
) (2)
Aneurysms (d≥61
mm) (3)
F=44.602; p<0.001

95% C.I.

X

SD

N

Lower
Bound

Upper
Bound

Without inflammation (0)
Focal inflammation (1)
Total

2,253.68
1,931.40

405.04
384.77

170
120

2,178.71
1,842.18

2,328.64
2,020.63

2,120.32

426.82

290

2,213.79

2,337.18

Without inflammation (0)
Focal inflammation (1)
Homogenous infiltrate (2)
VALT (3)
Total
Without inflammation (0)
Homogenous infiltrate (2)
VALT (3)
Total

2,275.49
2,325.48
2,510.45
2,294.58
2,352.19
2,018.37
2,790.57
2,606.71
2,389.86

543.85
455.64
470.32
405.21
488.55
626.00
375.82
585.81
657.32

251
200
210
150
811
230
105
200
535

2,256.37
2,443.01
2,214.77
1,953.92
2,695.18
2,537.60
2,178.71
1,842.18
2,213.79

2,394.60
2,577.90
2,374.38
2,082.82
2,885.95
2,675.82
2,328.64
2,020.63
2,337.18
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(a)

(b)

(c)
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(d)

(e)
Figure 3. Changes of morphometric parameters due to inflammation: aneurysms (d≤40 mm) (1);
aneurysms (41≤d≤60mm) (2); aneurysms (d≥61 mm) (3); aortic occlusive disease (4); control group –
low-grade atherosclerosis (5); without inflammation (0); with any grade of inflammation (1) – Notice a
significant increase in the adventitia thickness and a decrease in media thickness in all groups with
inflammation, including the AAA and AOD groups; these changes are more intensive in the AAA
group; the thickness of the wall increasing significantly in the AAA, but not in the AOD group.

Figure 4. (Continued)
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(a)

(b)

(c)

(d)
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(e)
Figure 4. Influence of inflammation in the AAA group: aneurysms (d≤40 mm) (1); aneurysms
(41≤d≤60mm) (2); aneurysms (d≥61 mm) (3); without inflammation (0); focal inflammation (1);
inflammation in the form of a homogenous, band-like infiltrate (2); VALT (3) – Inflammation induces
an increase of the adventitia and destruction of the media, consistently with dilatation.

3.3. Gender-Specific Changes of Morphometric Parameters
of Aneurysms
The means of different morphometric parameters for the AAA of both genders are
presented in Figures 5 and 6. The following morphometric principles were confirmed with
statistically significant differences:
1. Small aneurysms with a diameter ≤40mm in the female patients have significantly
thicker adventitia and thinner media (F=35.473; p<0.001) than aneurysms of the
same diameter in males (Figures 6A-D).
2. The proportion of the adventitia is significantly higher in small aneurysms in females
(F=21.146; p<0.001) (Figure 6C), and the proportion of the media is significantly
smaller in small aneurysms of female patients (F=33.457; p<0.001) (Figure 6D).
3. Small aneurysms with a diameter ≤40mm in the female patients have significantly
thinner walls than aneurysms of the same diameter in males (F=35.164; p<0.001)
(Figure 6E).
4. Nevertheless, when all groups were analyzed for gender-specific differences, and age
of the patients was used as a covariate, the adventitia thickness was not significantly
different among different groups (Univariate Analysis F=1.703; p=0.192) (Figure
5A).
5. The same was confirmed for the media thickness (Univariate Analysis F=0.030;
p=0.893) (Figure 5B) and media-to-wall ratio (Univariate Analysis F=1.238;
p=0.266) (Figure 5D), as well as for the wall thickness (Univariate Analysis
F=3.097; p=0.079) (Figure 5E).
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6. The adventitia-to-wall ratio was statistically significant among the groups
(Univariate Analysis F=18.205; p<0.001) (Figure 5C), with higher values in females.
It was the only significance registered when data was analyzed correcting for the age
of the patients.

(a)

(b)

(c)
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(d)

(e)
Figure 5. Gender-specific changes of morphometric parameters in all groups corrected for the age of
patients: aneurysms (d≤40 mm) (1); aneurysms (41≤d≤60mm) (2); aneurysms (d≥61 mm) (3); aortic
occlusive disease (4); control group – low-grade atherosclerosis (5); males (1); females (2) – Notice that
female aortas have thicker adventitia and thinner media in all groups, but without statistical
significance, except for the adventitia-to-wall ratio, which is significantly higher in female patients.

3.4. Changes of Morphometric Parameters of Aneurysms due
to a Thrombus
The means of different morphometric parameters for the AAA with a thrombus are
presented in Figures 7 and 8. The following morphometric principles were confirmed with
statistically significant differences:
1. When all groups were analyzed in respect to the presence (1) or absence (0) of the
thrombus and the age of patients was used as a covariate, the adventitia thickness
significantly increased in all groups including the AOD group (Univariate Analysis
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F=464.878; p<0.001) (Figure 7A). The same was confirmed for the adventitia-towall ratio (Univariate Analysis F=636.664; p<0.001) (Figure 7C).
2. The same analysis confirmed that the medial layer thickness (Univariate Analysis
F=1209.542; p<0.001) (Figure 7B) and the media-to-wall ratio decreased
significantly (Univariate Analysis F=1771.023; p<0.001) (Figure 7D).

(a)

(b)

(c)

Morphometric Model of Abdominal Aortic Aneurysm …
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(d)

(e)
Figure 6. Gender-specific changes of morphometric parameters in the AAA group: aneurysms (d≤40
mm) (1); aneurysms (41≤d≤60mm) (2); aneurysms (d≥61 mm) (3); males (1); females (2) – Notice a
significant increase in the adventitia thickness and a decrease in the media thickness with thinner walls
in female aneurysms.

3. The wall thickness increased significantly in AAA (Univariate Analysis F=35.991;
p<0.001), but not in the AOD group (Figure 7E).
4. When only the AAA group was analyzed, it was observed that the dilatation of
aneurysms in the presence of a thrombus is associated with a significant increase in
the thickness of the tunica adventitia (F=104.006; p<0.001) (Figure 8A) and a
significant decrease in the thickness of the tunica media (F=237.770; p<0.001)
(Figure 8B).
5. The dilatation of the aneurysms in the presence of a thrombus is associated with a
significant increase in the proportion of the tunica adventitia in the aortic wall
(F=152.986; p<0.001) (Figure 8D) and a significant decrease in the proportion of the
tunica media in the aortic wall (F=277.122; p<0.001) (Figure 8E).
6. The dilatation of the aneurysms in the presence of the thrombus is associated with a
significant increase in the thickness of the wall (F=6.126; p=0.013) (Figure 8C).
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(a)

(b)

(c)
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(d)

(e)
Figure 7. Changes of morphometric parameters due to the presence of a thrombus in all groups
corrected for the age of patients: aneurysms (d≤40 mm) (1); aneurysms (41≤d≤60mm) (2); aneurysms
(d≥61 mm) (3); aortic occlusive disease (4); control group – low-grade atherosclerosis (5); without a
thrombus (0); with a thrombus (1) – Notice that the presence of a thrombus affects the structure of the
aorta in all groups; it produces a significant increase in the adventitia thickness and a decrease in the
media thickness; the wall thickness increases significantly in the AAA group, but not in the AOD
group.

Figure 8. (Continued)
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(b)

(c)

(d)
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(e)
Figure 8. Changes of morphometric parameters due to the presence of a thrombus in the AAA group:
aneurysms (d≤40 mm) (1); aneurysms (41≤d≤60mm) (2); aneurysms (d≥61 mm) (3); without a
thrombus (0); with a thrombus (1) – Notice that the thrombus induces proliferation of the adventitia and
destruction of the media, with an increase in wall thickness. The effect on the media and the adventitia
is significant in small aneurysms.

4. DISCUSSION
4.1. Maximal Diameter of AAA and Its Significance for Rupture Risk
Assessment
Is maximal diameter enough for to predict rupture risk? If we know the maximal diameter
of AAA, what do we exactly know about the structure of AAA and its biological properties
responsible for potential rupture? Could we do more to know and understand the interactions
of the many factors that influence AAA formation, to understand their evolution and
structural changes of the aorta that will ultimately lead to rupture? Is there a parameter that
we could obtain during a non-invasive follow-up of patients that correlates ideally with
changes in the structure of the aorta and signalizes a moment, well-chosen for elective
surgery, with minimum risk and maximum benefit for the patients?
The maximal diameter of AAA is a clinically valid and widely used predictor of rupture
risk. Rupture risk increases exponentially with the diameter. It is estimated that for the aortas
with the basic diameter between 1.9 cm and 2.6 cm, an increase of a diameter to 4.0 cm
produces the rupture risk of 2%, for the aneurysms with a diameter between 4.0 cm and 4.9
cm, estimated risk will be 3.2%, then for the aneurysms with a maximal diameter between 5.0
and 5.9 cm the risk is 25%, while for the aneurysms with a maximal diameter between 6.0 cm
and 6.9 cm, the risk is up to 35%, and for aneurysms larger than 7 cm, the rupture risk is very
high and estimates are at 75% (Myers et al., 2001). A critical, threshold diameter for elective
surgery is established to be 5.5 cm or 5 cm for female patients and 6 cm for male patients
(Leung et al., 2006). For aneurysms with diameters smaller than 5 cm, an expansion rate of 5
mm per year is a signal for elective surgery consideration (Wolf et al., 1994), while the
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expansion rate of more than 10 mm per year is critical for the deciding on elective surgery
(Leung et al., 2006).
However, risk of rupture for smaller aneurysms has been observed by many researchers.
For aneurysms between 4 cm and 5 cm, the risk of rupture in different studies was 12%
(Limet et al., 1991); 12.8% - 23% (Vorp and Geest, 2005) or 10-24% (Fillinger et al., 2003).
Should we reconsider the threshold diameter for aneurysm operation and is there a real
benefit from the early operation of small-diameter aneurysms? The U.K. Small Aneurysm
Trial showed no obvious benefit from early elective surgery for small aneurysms. Two groups
of patients were observed in this study: patients with early elective surgery and patients with
no surgery but with continual ultrasound monitoring. The maximal diameter of aneurysms in
all patients was between 4 cm and 5.5 cm. Their condition was regularly controlled in a
period of eight years. Initially, the rate of mortality was even higher in patients with early
elective surgery, it was almost equal among the groups after three years, and then an increase
in the mortality rate was observed in a group of patients with no surgical treatment. A
significant benefit from elective surgery was confirmed after almost nine years (The U.K.
Small Aneurysm Trial Participants, 2002; Dietrich, 2006).
Although these results almost put an end to the issue of early elective surgery for small
aneurysms (Dietrich, 2006), the same topic is very relevant even today, especially since
endovascular surgery has its place in the treatment of AAA (Dietrich, 2006; Avgerinos et al.,
2010; Paraskevas et al., 2010).

4.2. The Concept of Computation Models
Many other factors influence aneurysm initiation and progression, as well as their clinical
outcome. Hence, there are numerous computation models that take into account several
factors in an attempt to predict rupture risk (Scotti et al., 2005; McGloughlin and Doyle,
2010). Finite element analysis is a noninvasive and patient-specific model for rupture risk
prediction (Vande Geest et al., 2006). Computation models use improved experimental
models of the AAA made of silicone rubber and are correlated with the clinical data on AAA
(Doyle et al., 2009a).

4.3. The Need to Correlate
Correction of AAA computation models with histomorphometric data is necessary for an
accurate prediction of rupture risk. The structure of the aortic wall is the key variable of the
complicated geometry of abdominal aortic aneurysms (Kleinstreurer and Li, 2006).
Parameters used in computation models are based on CT scans, but not all parameters are
easily assessed with a CT scan (i.e, the wall thickness). Furthermore, some forms of CT scans
can result in poor reconstructions (Doyle et al., 2010). Most of the computation models
operate under the assumption that aneurysms are homogenous structures, which is not the
case. On the contrary, aneurysms are heterogeneous, with extreme variations of structure
among patients and in different parts of the same aneurysm. Some data are not uniquely
defined and recognized (i.e., the influence of a thrombus on the wall structure).
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Methodologies reported in various computation research should be used in comparison to
real tissue structure to investigate if the prediction of the rupture by finite element analysis is
correct. Supposing a correlation of the AAA structure, computation models and clinical
parameters will help us to avoid controversies about the significance of various predictors of
AAA rupture risk. There is another important area for various morphometric research of the
abdominal aorta: selection of the optimal therapeutic strategy for an individual patient
(Thompson, 2004; Midorikawa et al., 2006; Kilian et al., 2008).
We chose to correlate morphometric results and structural changes with the maximal
diameter of the abdominal aorta. Studies that correlate the histological structure with the
clinical parameters (maximal diameter, expansion rate or other clinical characteristics) are
rare (Hellenthal et al., 2009).

4.4. Influence of the Tunica Adventitia and the Tunica Media Thickness on
Rupture Risk
With the dilatation of aneurysms, the thickness of the tunica adventitia and its proportion
in the vessels wall increased, as shown with our results. These results correlated well with
previous research that confirmed an increase of the volume fraction of collagen and ground
substances with aneurysm evolution (He and Roach, 1994) since adventitia is mostly derived
from collagen type I. In addition to irregular fibrous tissue, an increase in adventitia thickness
is a consequence of inflammation and angiogenesis (Ailawadi et al., 2003; Maiellaro and
Taylor, 2007). Inside the wall of aneurysm, adventitia has features of the scar tissue that
invades the aortic wall from the outside. It grows steadily and replaces most of the media.
However, more collagen does not mean a harder wall and lower rupture risk. On the contrary,
it was shown that extensive fibrosis reduced the adaptability (Raghavan and Vorp, 2000) and
the ability for remodeling the aortic wall (Kleinstreurer and Li, 2006).
He and Roach have also shown that with the aneurysm evolution, volume fractions of
smooth muscle cells and elastic fibers reduced significantly, a result that correlates well with
our results and shows a decrease of the tunica media thickness and its proportion in aortic
wall during aneurysm dilatation. According to our results, the reduction of media and
advancement of the adventitia is significant in a group of aneurysms with diameters from 41
mm to 60 mm (the mean ± SD = 53.34 mm ± 3.92 mm). Lack of smooth muscle cells and
elastic recoil definitely reduces the strength of the aorta in larger aneurysms (Mac Sweeney et
al., 1992; Vande Geest et al., 2006).

4.5. Influence of the Wall Thickness to Rupture Risk
The issue of wall thickness and its contribution to rupture risk is rather contradictory.
According to some research, a uniform reduction of the wall thickness of 25% leads to an
increase in the intramural stress of up to 20% (Leung et al., 2006). According to other
research on the human aorta tissue, increases of the wall thickness and decreases of the tunica
media thickness have a synergistic effect; that is, an increase of the intramural stress with the
simultaneously reduced adaptability of the aortic wall consequently increases the risk of
rupture (Xu, Zarins and Glagov, 2001). The combination of experimental and computational

112

Milica Labudović Borović, Saša Borović, Đorđe Radak et al.

results indicated that there was no relationship between the wall thickness and the burst
pressure (Doyle et al., 2009b; Doyle et al., 2009c; Doyle et al., 2010). Furthermore, it was
shown that the wall thickness in the rupture area is actually between 12% and 24% thinner
than the average wall thickness (Doyle et al., 2010), but that aneurysm models do not
necessarily rupture at the thinnest region (Doyle et al., 2010). These facts indicated that the
thickness of the wall by itself does not influence the rupture but rather it is an interaction
between wall thickness and the structure of the wall. The interaction between elastic media
and fibrous adventitia is particularly important, since it dictates the ability of the aortic wall to
resist increasing intramural stress (Vande Geest et al., 2006; Doyle et al., 2007; Doyle et al.,
2010).
Our present study showed that the small aneurysms with diameters to 40 mm have the
thinnest wall, but the thickest media and the thinnest adventitia. A statistically significant
increase in the wall thickness with a statistically significant decrease in the media thickness
and statistically significant increase in the adventitia thickness occurred in aneurysms with
diameters between 41 mm and 60 mm.
The supposed influence of these factors reduced the adaptability of the vascular wall and
augmented the rupture risk since the aortic wall media is responsible for the elastic properties
of the blood vessels, while increased and fibrotic adventitia did not provide sufficient
compliance.

4.6. Influence of Inflammation to the Structure of the Abdominal Aortic
Aneurysms and Rupture Risk
We supposed that instability of the aortic wall is potentiated with the inflammation. We
confirmed, by means of the Univariate Analysis of Variance, that the increase of the
adventitia and destruction of the media were even greater in aneurysms with inflammation,
especially in aneurysms with diameters larger than 41 mm. Because of the latter the stability
of these aneurysms is probably significantly compromised.

4.7. Gender-Specific Changes and Their Relation to Rupture Risk
Although aneurysms are more frequent in males, females have a higher risk of rupture
with a shorter time between initial diagnoses and rupture (Wilson et al., 2003). Small
aneurysms of females are prone to rupture (the U.K. Small Aneurysm Trial, 2002).
Ailawadi et al. used an experimental model and showed that wall thickness and the aortic
lamellar structure were without significant difference among aneurysms of males and
females. They also hypothesized that estrogens inhibit macrophage infiltration, MMP-9
expression and production and probably the destruction of medial smooth muscle cells
(Ailawadi et al., 2004).
Similar to Ailawadi, our analysis showed no significant difference between males and
females in aneurysms with diameters between 41mm and 60mm. However, the accent in our
analysis was on small aneurysms with diameters ≤40 mm. We showed that small aneurysms
of the female patients have significantly thinner walls than aneurysms of the same diameter in
males, but at the same time thicker adventitia and thinner media which probably affects wall
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integrity and adaptability of aneurysmatic walls in women as suggested in previous studies
(Di Martino et al., 2004; Vande Geest et al., 2006).

4.8. Ageing-Specific Changes and Their Relation to Rupture Risk
The incidence of aneurysms increases with age. It was shown that during aging there is
an induction of matrix metalloproteinase gene expression and the increased secretion of these
enzymes (Jacob et al., 2001). However, our data showed that during ageing the thickness of
the adventitia of the abdominal aorta gradually increases in all groups, which could be one of
the reasons why AAA is more frequent in older persons.

4.9. Influence of an Intraluminal Thrombus
The presence of a thrombus significantly reduces the strength of the wall as shown with
previous studies (Vorp et al. 2001; Di Martino and Vorp, 2003). Our study also showed that
the presence of a thrombus especially affects small aneurysms. Small aneurysms with a
thrombus had the thinnest wall, but very thin media and thick adventitia at the same time. An
intraluminal thrombus actively affects the evolution of aneurysms. Aneurysm dilatation
correlates with concentrations of fibrin formations and degradation markers, including the
level of circulating plasmin. In the contact area between the thrombus and aneurysm wall, the
level of MMP9/MMP2 is significantly increased and the level of TIMP-1 and TIMP-2 is
significantly decreased. In the same area there are a lot of neutrophilic granulocytes that are
the primary source of MMP9 and MMP2 (Fontaine et al., 2004; Touat et al., 2006). The
luminal surface of the thrombus is in contact with circulating blood; the thrombus is a
structure with potential for self-renewal and can significantly influence the aneurysm
progression (Touat et al., 2006).
These results correlated well with morphometric research that confirmed significant
decreases in wall thickness and significant decreases in the number of smooth muscle cells
with an increase in the number of apoptotic smooth muscle cells, as well as significant
increases in the number of macrophages in segments of AAA with the thrombus (Kazi et al.,
2003; Touat et al., 2006).
At the same time, these results correlated well with our results that showed a significant
increase in the thickness of the adventitia and a significant decrease in the media thickness
with aneurysm dilatation. Also, the adventitia-to-wall ratio is significantly higher with
dilatation, and the media-to-wall ratio is lower. A major point in this part of our research was
associated with the significant destruction of the medial layer and advancement of the
adventitia in small aneurysms with the thrombus. We supposed that this is a consequence of
intensive inflammation in aneurysms, combined with destructive influence of the thrombus
to the structure of the medial layer and a reparative increase of the adventitia. These features
significantly increase the risk of rupture in small aneurysms with the thrombus.
According to our results, wall thickness increased with the dilatation of aneurysms and
the presence of a thrombus. There are research groups that considered these features as
protective. Namely, these groups considered that the thrombus, together with a thick wall, had
a cushion effect which reduced the mechanical stress in the wall (Wang et al., 2002; Di

114

Milica Labudović Borović, Saša Borović, Đorđe Radak et al.

Martino and Vorp, 2003; Thurbrikar et al., 2003; Leung et al., 2006). However, in our
opinion, since wall thickening is not uniform and it is combined with a significant decrease in
the media thickness and the increase in the adventitia thickness, the thrombus has no
protective effect and it compromised the biomechanical properties of the aortic wall for a
longer period. This is also the attitude of several other research groups (Kazi et al., 2003;
Leung et al., 2006; Vande Geest et al., 2006).

4.10. Limitations of the Study
Our study provided data from different parts of aneurysms and a large number of
measuring points per aneurysm, and all findings are proved despite heterogeneity of
aneurysmatic tissue or with respect to its heterogeneity. However, the number of patients is
small and should be increased in future studies.

CONCLUSION
Considering the structure of aneurysms, the greatest risk of rupture is a feature of
aneurysms with diameters of more than 41 mm. Ageing and inflammation increase this risk
significantly. Small aneurysms with a thrombus and small aneurysms of females are under
special risk.
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