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Effect of collagen fibres and elastic lamellae content
on the mechanical behaviour of abdominal aortic aneurysms
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Wrocław University of Science and Technology, Wrocław, Poland.

Purpose: The main purpose of this study was a detailed analysis of the mechanical and structural characteristics of human abdominal
aneurysms in comparison with normal abdominal aortae and determination of the correlations between their mechanical behaviour and
the microstructural content. Methods: Various mechanical properties, i.e., mechanical failure properties, elastic moduli, inflection point
coordinates, index of anisotropy and incompressibility were determined under uniaxial loading conditions in the circumferential and
axial directions. Constitutive parameters were derived from the commonly used constitutive model proposed by Holzapfel et al. [9]. The
microstructural arrangement was examined by histological staining supported by scanning electron microscopy analysis. The content of
collagen fibres and elastic lamellae was tested in relation to mechanical properties and constitutive parameters. Results: Significant dif-
ferences were found in the microstructural arrangement and layer composition of the aneurysmal specimens, compared to the normal
aorta group. The mechanical properties and constitutive parameters of the aneurysmal specimens were significantly altered, indicating
a weakening of the load-bearing properties of the walls of the aneurysms. A comparative analysis discovered significant correlations
between structural composition and mechanical parameters, in particular with respect to the number of collagen fibres and failure stress,
which can be important for clinical evaluation of abdominal aortic aneurysm (AAA) rupture. Conclusions: Changes in the content of
collagen fibres and elastic lamellae correlate with mechanical and constitutive parameters, indicating AAA severity.
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Abbreviations

M – mechanical failure stress, tensile strength
MMT – maximum tangent modulus
IP, IP – stretch ratio and stress at inflection points (IP), coor-

dinates of inflection point
MTML – maximum tangent modulus for the low-stretch do-

mains
MTMH – maximum tangent modulus for the high-stretch

domains
A – anisotropy index
detF – incompressibility
F – deformation gradient tensor
a, c, r – principal stretches in circumferential, axial and radial

directions
vol – volumetric term of the strain energy density function
iso – isotropic term of the strain energy density function

aniso – anisotropic term of the strain energy density function
J – Jacobian
C – right Cauchy–Green deformation tensor
I1, I4, I6 – the first, the fourth and the sixth invariant of the

Cauchy–Green deformation tensor
M – vectors of the collagen fibres mean orientation
, k1, k2,  – material parameters derived from the constitutive model

fitted to experimental data
NE, NC – elastic lamellae and collagen fibres number

1. Introduction

According to the definition by Society for Vascular
Surgery (SVS) and International Society for Cardio-
vascular Surgery (ISCVS) of 1991, an abdominal aor-
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tic aneurysm (AAA) is a permanent localized dilation
of a normal abdominal aorta (NAA) by at least 50%,
compared to the normal diameter [10]. In a clinical
setting, an AAA is diagnosed in the cases where the
diameter of an infrarenal aortic aneurysm exceeds
30 mm [19]. The incidence of AAA is 4–10% of the
global population and the likelihood of formation of
this type of aneurysm increases with age, especially
after age of 50 [1]. The most dangerous complication
of this disease is aneurysm rupture, which is a direct
life threat that requires immediate treatment. The over-
all mortality rate associated with AAA rupture reaches
up to 80–90% [18].

An AAA develops as a result of multifactorial,
pathological remodelling of the extracellular matrix of
the aortic wall [26], which is built mostly of elastic
lamellae and types I and III collagen fibres [12]. Fi-
brotic components are degraded by proteolytic enzymes
from the endopeptidase family, mainly extracellular
matrix metalloproteinases [25], [26]. Degradation of
elastic lamellae and, consequently, of elastic fibres,
is considered the primary cause of aneurysm devel-
opment, while the destruction of collagen leads to
a decrease in tensile strength and is the main cause
of aneurysm rupture [25]. From a mechanical point
of view, AAA rupture can be considered a classic case
of material destruction that occurs as a result of exces-
sive loading on the vessel wall, insufficient material
strength, or both of these factors simultaneously [13].
The strength of aneurysmal walls can decrease by as
much as 50–60% compared to normal abdominal aor-
tic walls. In addition, AAA walls are characterised by
higher stiffness than normal aortic walls [7], [24],
[27], [28].

Both normal and aneurysmal arterial tissues sub-
jected to uniaxial loading exhibit strong nonlinear
behaviour with an exponential stiffening effect at
high-strain domains that is typical of soft tissues [12],
[14]–[17]. Arterial walls are considered anisotropic,
incompressible [2], and subjected to finite strains with
negligible shear deformation [13], [21]. The passive
mechanical behaviour of the arterial tissue is charac-
terized by the strain-energy function ( ) of hyper-
elastic models representing vascular walls as the fibre-
reinforced composites [9], [13], [21]. It has been pro-
posed that the strain-energy function additively decom-
poses into an isotropic contribution (iso), an aniso-
tropic or at least orthotropic contribution (aniso or
ortho), and a contribution of the volumetric part of the
deformations (vol) [9]. The isotropic contribution of
strain energy represents energy stored in the non-
collagenous matrix, i.e., the ground matrix and a por-
tion of randomly distributed fibre reinforcement, and

corresponds mainly to the initial stiffness of the arte-
rial wall. The anisotropic term of the strain-energy
function refers to energy stored in collagen fibres, i.e.,
isochoric and anisotropic behaviour of collagen fibres
embedded in the extracellular matrix. The anisotropic
contribution is connected with stiffness in high-strain
domains [6], [12].

In this study, a detailed mechanical characteriza-
tion of human normal abdominal aortae and AAAs
(both from infrarenal aortic part) was performed on
a large heterogeneous group of specimens with sig-
nificant structural diversity. This information can be
helpful in defining a model of AAA development
based on specific structural changes and correspond-
ing mechanical behaviour and properties. A better
understanding of the progression of aneurysm disease
requires examination of the correlations between the
mechanics and the microstructure, which motivated
this study. Therefore, the analysis covered the stress-
stretch relationships under uniaxial loading conditions
and constitutive parameters derived from the com-
monly used constitutive model proposed by Holzapfel
et al. [9] and further microstructural arrangement,
obtained by investigation of multiple histological pa-
rameters and supported by scanning electron micros-
copy (SEM) imaging.

2. Materials and methods

2.1. Tissue preparation

Preparations of AAA walls (n = 96) were collected
intraoperatively at the Provincial Specialist Hospital
in Wrocław, Poland. During elective open repairs of
aneurysms, excess tissue was collected from the anterior
walls of AAAs, remaining after sealing of the vascular
prosthesis. The walls of normal abdominal aortae
from the infrarenal section (n = 67) were collected
post-mortem during forensic medical examination at
the Department of Forensic Medicine of Wrocław
Medical University within 24 hours of the donors’
death. All collected tissues (specimens) were stored in
normal saline at 4 C until testing, but no longer than
24 hours. Donor information is summarised in Table 1.
There were no statistically significant differences in
age structure between the AAA and NAA groups.
The sex distribution of the donors was similar in both
groups. Examinations of tissue material collected
from human subjects was approved by the Bioethics
Committee of Wrocław Medical University (decision
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No. 374/2009). The research was carried out in accor-
dance with the principles outlined in the Declaration
of Helsinki.

Table 1. Summary of donors information

NAA AAA p-values/
statistical test

Age
[years]

66 ± 11
53–81

68 ± 9
58–77

p = 0.183
Student’s t-test

Sex
[M/F]

M = 57 (85.1%)
F = 10 (14.9%)

M = 87 (90.6%)
F = 9 (9.4%)

p = 0.109
Chi-square test

Diameter
[mm]

20.6 ± 0.9
17–28

79.4 ± 18.8
53–107

p = 0.0009
Student’s t-test

Specimens of AAAs and NAAs were excised for
mechanical tests and structural analyses. The speci-
mens for testing mechanical properties were punched
out with a punch tool, with a minimum of two speci-
mens for each two mutually perpendicular directions:
circumferential (marked as symbol “c” and specimens
were identified as AAAc and NAAc) and axial (marked
as symbol “a” and specimens were identified as AAAa
and NAAa) (Fig. 1), and then were placed in normal
saline cooled to 4 C. From the remaining tissue, two
specimens – one for histological and second for ultra-
structural examinations were excised with a scalpel,
approx. 10 mm2 in size. The specimen for histological
examination was placed in 4% formalin aqueous so-
lution (pH = 7.4) and the specimen for ultrastructural
examination was placed in 2.5% glutaraldehyde solu-
tion on phosphate buffer.

Fig. 1. Representative fragment of the abdominal aortic
aneurysm (AAA) wall; contours mark the specimens

excised for the respective examinations

2.2. Structural investigation

Histology

Arterial specimens fixed in 4% formaldehyde so-
lution were embedded in paraffin and sectioned at 5 µm.

Three types of histological stains were used, namely,
standard staining with haematoxylin and eosin (H & E)
and two specific, mutually complementary staining
techniques: elastic van Gieson’s and Verhoeff’s elas-
tic stains. H & E staining was used to visualize cellu-
larity, calcification content, and general tissue archi-
tecture. Elastic van Gieson’s and Verhoeff’s elastic
stains allow to distinguish between elastic lamellae
and collagen fibres, hence they were performed to
visualize fibrotic composition. Preparations obtained by
staining with the specific stains were used to perform
histometric analyses using ImageJ software (ver. 1.50b).
Elastic lamellae (stained black) and collagen fibres
(stained red) was counted. Other connective tissue
components and smooth muscle cells stained yellow to
brown were omitted. A total of 10 through-thickness
lines were drawn perpendicular to the sections, and
the elastic lamellae and collagen bundles crossing
each of the lines were counted and averaged for indi-
vidual specimens. In addition, calculations were made
of the total wall thickness of individual vessels, layer
thickness, and relative thickness of the individual
layers as a percentage of the whole wall (intima:
media:adventitia ratio, indexed as I:M:A ratio) [22].
Analyses were carried out using a light microscope
(AxioImager M1m, Zeiss).

Scanning electron microscopy

Ultrastructural analysis was performed using a SEM
microscope (Phenom ProX, Thermo Fisher Scien-
tific). The fixed material was sliced on a cryostat
(Hyrax C50, Zeiss) into 15 µm-thick sections and at-
tached to specimen stubs with a carbon tape.

2.3. Mechanical testing

The initial geometric dimensions of the specimens
were as follows: length l0 = 25 (±0.5) mm and width
w0 = 5 (±0.1) mm. The width-to-length (WL) ratio
was maintained at 0.2:1 as the most suitable for tensile
testing [14], [29]. The specimens were mounted on
a testing machine (Synergie 100, MTS) with flat clamps
covered with rigid elastomer. The specimens were
initially pre-loaded to 0.01 N. They were then pre-
stretched for five loading-unloading cycles to 10%
strain. The pre-stretched specimens were quasi-statically
stretched to failure at a constant rate of 2 mm/min.
The testing was conducted at room temperature (22
 1 C) and the specimens were moistened by drip-
ping on them a 0.9% saline solution.

During tensile testing of the specimens, their geo-
metric dimensions, including length (l), width (w), and
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thickness (t), were measured using a video exten-
someter (ME 46-350, Messphysik). The lengths of the
specimens were determined in both frontal and lateral
planes by measuring the distances between contrasting
markers, which were placed on the surfaces of the
specimens. In the frontal plane, six markers were
placed (spaced 5 mm apart), which divided the speci-
mens into five measurement sections. In the lateral
plane, on the other hand, two markers were placed at
the ends of each specimen, right next to the edges of
the mounting clamps. Width and thickness were
measured in five measurement sections based on the
analysis of specimen contours, which contrasted with
the white background (Fig. 2).

Based on uniaxial tensile tests, the Cauchy stress-
stretch ratio relationships were determined for all the
specimens. The mechanical parameters were obtained
from the plots in the following steps (Fig. 3) discussed
in previously published papers [6], [8], [13], [14],
[31]. Firstly, at the maximum point of the curve, the
stress (M) values were determined, representing the

mechanical failure of the specimens under uniaxial
loading, and the maximum tangent modulus (MTM),
determined as the maximum tangential slope to the
Cauchy stress-stretch ratio curves. Secondly, inflection
points (IPs) were determined as the maximum curva-
ture based on a derivative and defined as the maximum
change of slope. The IP coordinates (IP, IP) were
also determined. Then, elastic moduli for the low-
stretch (MTML) and high-stretch (MTMH) domains
divided by IPs were defined based on the linear fitting
of the curve separately for low- and high-stretch do-
mains. All three elastic moduli (MTM, MTML, MTMH)
represented material properties related to stiffness.
Finally, the anisotropy (A) and incompressibility
(detF) indices of NAAs and AAAs were assessed on
the basis of the principal stretches associated with the
radial (r), circumferential (c), and axial (a) direc-
tions determined by the video extensometer. The ani-
sotropy index and incompressibility were calculated
based on the relationship between the circumferential
and axial stretches at the IPs as follows:

(a) (b) 

Fig. 2. Visualisation of the process of recording the geometric dimensions of the specimens:
(a) in the frontal plane, and (b) in the lateral plane

(a) (b) (c)

Fig. 3. Pathway of determination of the mechanical properties: a) maximum stress (M) and maximum tangent modulus (MTM);
b) inflection point (IP) coordinates (IP, IP); and c) maximum tangent modulus for the low-stretch (MTML)

and high-stretch (MTMH) domains

c [–] c [–] c [–]
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The anisotropy index becomes negative if the tis-
sue is more compliant circumferentially than axially.
The incompressibility of the material is preserved when
the product of the stretches is equal to unity, assuming
there is no shear deformation:

rcadet F , (2)

where F is the deformation gradient tensor, and a, c,
and r are the principal stretches in the circumferen-
tial, axial, and radial directions, respectively.

2.4. Material model

The hyperelastic anisotropic model for incompressi-
ble materials, proposed by Holzapfel et al. in 2000 [9],
was utilized to describe the mechanical behaviour of
arterial tissues:

 = vol + iso +aniso. (3)
The first term of the strain energy density, vol =

vol(J), represents volume changes and is dependent
on the purely volumetric part of the deformation ex-
pressed by the Jacobian of the deformation gradient,
defined as J = detF.

The second term, iso = iso(C), represents the
isochoric behaviour of the isotropic components of the
aortic wall and is dependent on the right Cauchy–
Green deformation tensor C, defined as C = FTF
(where F is the deformation gradient tensor), and is
expressed by the neo-Hookean function:

iso(C) = )3(
2 1 I , (4)

where  is a stress-like material parameter describing
the stiffness of the matrix and I1 is the first invariant
of the Cauchy–Green deformation tensor (I1 = trC).

The last term, aniso = aniso(C, M), is the aniso-
tropic part of the energy function denoting the contri-
bution of two symmetrical and mechanically equiva-
lent families of collagen fibres reinforcing the vessel
wall. aniso depends on the right Cauchy–Green de-
formation tensor C, and vectors M describing the
mean orientation of collagen fibres in the reference
configuration, and is expressed as:
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where k1 > 0 is a stress-like parameter related to the
stiffness of the fibres, k2 > 0 is a dimensionless mate-

rial parameter related to the degree of non-linearity
resulting from the progressive nature of fibre behav-
iour, and I4  1 and I6  1 are the invariants related
to the mechanical response of the fibres in the prefer-
ential directions of M4 and M6, respectively, ex-
pressed as:

Ii = C:Mi  Mi, i = 4, 6. (6)

The physical meaning of I4 and I6 is the square of
the fibres stretches defined in the reference configura-
tion. Assuming that no shear loads occur under loading
conditions and no components are present in the radial
direction, the expression of the invariants I4 and I6 be-
comes simply:

 2222
64 sincos acII  , (7)

where  is the angle between the circumferential di-
rection and the main directions of the fibres.

Hence, the material model chosen as a constitutive
relation to describe the mechanical behaviour of the
aortic walls contained four parameters, of which three
were material i.e., , k1, and k2, and one is structural,
i.e., . However, the structural orientation of the fi-
bres within individual specimens was not investigated,
hence  was treated here as a phenomenological pa-
rameter and was determined by fitting the model to the
data. The constitutive parameters were determined
using a nonlinear least-squares lsgnonlin function in the
Matlab software (ver. 2017b). The standard nonlinear
Levenberg–Marquardt algorithm was used during the
curve fitting process, resulting in a minimization of
the objective function expressed as:
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where n is the number of data points, e
c  and e

a  are
the experimental Cauchy stresses in each i-th point
of data, and m

c  and m
a  are the modelled Cauchy

stresses predicted by the strain-energy function corre-
sponding with particular data points for both circum-
ferential and axial directions.

The goodness of fit was evaluated by the coeffi-
cient of determination (R2).

2.5. Statistical analysis

Statistical analysis was performed using Statistica
software (Statistica 13.1, StatSoft) with a statistical
significance level of 0.05. Statistical significance was
tested between normal and aneurysmal aortic speci-
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mens using Student’s t-test for independent groups.
The results were presented in the form of means with
standard deviations (X   SD). The correlation be-
tween structural and mechanical parameters was ana-
lysed using Pearson’s correlation coefficient (R) test.

3. Results

3.1. Structural investigations

Histological images of abdominal aortic walls
showed correctly shaped layers (Fig. 4a). The bounda-

ries of the layers were clearly marked, which allowed
for accurate measurement of their thickness (Table 2).
In contrast, histological images of the AAA wall prepa-
rations showed degradation of all the layers, especially
the tunica intima, and various degrees of blurring of
the boundaries between the layers (Figs. 4b, 4c). In
the cases where the boundaries of individual layers
were distinguishable, their thickness was measured
(Table 2).

The tunica media of the NAA walls showed numer-
ous elastic lamellae (E). Collagen fibres (C) observed
both in the tunica media and tunica adventitia fol-
lowed a morphologically normal, wavy course (Fig. 5a).
It was noted that the courses of collagen fibres and
elastic lamellae were mutually complementary in the

(a) (b) (c)

Fig. 4. Histological images of: (a) walls of a normal abdominal aorta (NAA) with clearly marked elastic lamellae (black bands)
stained with Verhoeff’s stain, and (b) and (c) AAA walls with layers differentiated with van Gieson’s stain.

Legend: TA – tunica adventitia, TM – tunica media, TI – tunica intima

Table 2. Thickness of the walls and individual layers of NAAs and AAAs

NAA AAA

 X   SD [μm] Range [μm] I:M:A [%]  X   SD [μm] Range [μm] I:M:A [%]
p-value

Intima
(I) 272.5 ± 180.7 51.2÷394.9 21

(6÷25) 63.5 ± 23.0 43.7÷88.7 6
(6÷7) 0.001

Media
(M) 702.2 ± 346.6 427.7÷1330.8 54

(47÷85) 622.4 ± 201.8 301.6÷958.7 65
(45÷80) 0.037

Adventitia
(A) 201.7 ± 105.5 100.5÷383.7 15

(11÷24) 194.1 ± 52.3 120.0÷273.4 20
(18÷23) 0.074

Wall 1296.6 ± 303.9 913.4÷1555.7 – 952.9 ± 233.8 663.0÷1187.7 – 0.015

Fig. 5. Histological images of elastic lamellae (E) and collagen fibres (C) showing (a)
the tunica media of the abdominal aortic wall (Verhoeff’s stain), (b) individual elastic lamellae (E),

and (c) fragmentation of elastic lamellae (E) in the AAAs walls (van Gieson’s stain)
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wall of a normal vessel. A SEM image also showed
characteristic, morphologically normal fibre arrange-
ment (Fig. 6a). Degradation of elastic lamellae was
noted for all AAA preparations (Fig. 5b and c). This
phenomenon had different intensity in individual
cases. In most preparations, the number of fibres was
significantly reduced, sometimes to single strands,
which were randomly present in the entire histologi-
cal image (Fig. 5b). Fragmentation of elastic lamel-
lae was also observed (Fig. 5c). The arrangement of
collagen fibres in the media and adventitia of AAAs
was disturbed. The fibres were often straight (Fig. 5b).
This phenomenon was also observed in electron mi-
croscope images (Fig. 6b).

Table 3. The number of elastic lamellae (NE)
and collagen fibres (NC) in NAA and AAA preparations

NAA AAA

 X   SD Range  X   SD Range
p-value

NE 54.24 ± 9.89 42÷72 9.12 ± 3.24 4÷17 0.0001
NC 83.76 ± 10.79 64÷96 65.84 ± 18.35 34÷88 0.006

3.2. Mechanical properties

The Cauchy stress-stretch ratio curves are highly
nonlinear for all tissues (Fig. 7).

The mechanical parameters of aneurysmal and
normal aortic walls (Table 4) were significantly dif-
ferent, which was particularly evident in the case of
specimens tested in the circumferential direction. In the
axial direction, only the MTM was significantly differ-
ent (higher) for AAA walls compared to NAA walls. In
the circumferential direction, aneurysmal walls were
characterized by much higher MTM (by approx. 40%)
and much lower strength (M) (by approx. 60%). In the
low-stretch domains, elastic modulus (MTML) of AAA
walls was significantly lower, and in the range of
high-stretch domains (MTMH) it was significantly
higher.

The determinant of the deformation gradient ten-
sor both for AAA and NAA walls was approximately
equal to one (Table 5). This means that AAA and NAA
walls were incompressible materials. The standard de-

(a) (b) 

Fig. 6. Scanning electron microscopy images showing elastic lamellae and collagen fibres in the tunica media of
(a) the NAA wall, and (b) the AAA wall
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viation for aneurysmal walls was very large (±0.21).
It was noted that the presence of inclusions in the
aneurysmal wall in the form of intramural thrombi
(results not presented here) lowered the value detF.
The anisotropy index was clearly different for AAAs
and NAAs (Table 5). Anisotropy of the mechanical
properties for NAA walls was pronounced and the
aortae were more compliant circumferentially than
axially. For aneurysmal walls, anisotropy disappeared
and AAAs were comparably compliant in the circum-
ferential and axial directions.

3.3. Material model

The behaviour of the walls of AAAs and NAAs
under mechanical loading conditions was described
using the model proposed by Holzapfel et al. [9]. It
was noted that three out of four parameters of the
model ( , k1, and k2) differed significantly between
NAAs and AAAs (Table 6). The angle between the
circumferential direction and the main directions of the

Table 6. The constitutive parameters for NAA and AAA

NAA
X   SD

AAA
X   SD p-value

 [MPa] 0.22  0.06 0.11  0.03 0.007
k1 [MPa] 2.29  2.03 130.95  63.05 0.000003
k2 [–] 209.24  32.61 21.78  17.35 0.000001
 [] 46.89  1.85 43.72  25.91 0.14
R2 min–max 0.94–0.99 0.93–0.96 –

NAA AAA
A
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(c) 
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Fig. 7. Examples of the Cauchy stress-stretch ratio for:
(a) NAAc, (b) AAAc, (c) NAAa, and (d) AAAa

Table 4. Mechanical properties of NAA and AAA walls determined in the circumferential and axial directions
based on the Cauchy stress-stretch ratio

Circumferential direction Axial direction

NAAc AAAc p-value NAAa AAAa p-value
M [MPa] 1.26 ± 0.64 0.51 ± 0.44 0.000001 0.49 ± 0.27 0.37 ± 0.26 0.081
MTM [MPa] 1.01 ± 0.54 1.72 ± 1.23 0.007 0.83 ± 0.46 1.27 ± 1.06 0.048
IP [–] 1.19 ± 0.15 1.06 ± 0.04 0.004 1.08 ± 0.06 1.06 ± 0.05 0.097
IP [MPa] 0.12 ± 0.04 0.04 ± 0.03 0.002 0.03 ± 0.01 0.02 ± 0.02 0.169
MTML [MPa] 0.28 ± 0.17 0.19 ± 0.16 0.082 0.22 ± 0.09 0.17 ± 0.11 0.176
MTMH [MPa] 2.60 ± 0.93 3.73 ± 2.82 0.032 1.74 ± 1.11 2.10 ± 1.93 0.268

Legend: MTM – maximum tangent modulus, M – tensile strength, IP, IP – coordinates of inflection point,
MTML – maximum tangent modulus for the low-stretch domains, MTMH – maximum tangent modulus for the high-stretch
domains.

Table 5. The anisotropy index (A) and incompressibility (detF)
determined for NAA and AAA walls in the circumferential

and axial directions

NAA AAA p-value
A [–] –0.093 ± 0.041 –0.002 ± 0.001 0.00007

detF [–] 0.98 ± 0.08 0.98 ± 0.21 0.16
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fibres () was comparable for NAAs and AAAs. It
should be emphasized that this parameter was deter-
mined based on a fitting procedure, hence it was a phe-
nomenological component of the model.

3.4. Assessment of the impact
of structural changes

on the mechanical properties
of the AAA walls

Based on the tests of the structure and mechanical
properties, it was found that in the case of walls of
AAA preparations the determined mechanical and
structural parameters varied widely and were statis-
tically significantly different from the results ob-
tained for NAAs. Therefore, an analysis was con-
ducted of the effect of the number of elastic lamellae
and collagen fibres on the parameters determined
during the examination of mechanical properties.
The results of the analysis are collected and pre-
sented in Table 7.

Table 7. Pearson’s correlation coefficients (R)
between the determined mechanical parameters

and the number of elastic lamellae and collagen fibres
for specimens excised from AAA walls in the circumferential

and longitudinal directions

AAAc AAAa

NE NC NE NC

M [MPa] 0.32 0.86 0.22 0.71
MTM [MPa] 0.09 0.42 0.07 0.44
IP [–] 0.23 0.37 0.19 0.32
IP [MPa] 0.29 0.33 0.16 0.46
MTML [MPa] 0.83 0.25 0.42 0.07
MTMH [MPa] 0.30 0.84 0.31 0.53

Anisotrophy and nonlinearity index of AAAs
NE NC

A [–] 0.38 0.47
detF [–] 0.41 0.49

Constitutive parameters of AAAs
NE NC

 [MPa] 0.87 0.32
k1 [MPa] 0.21 0.69
k2 [–] 0.34 0.56
 [] 0.13 0.28

The values of Pearson’s correlation coefficient (R)
indicated a significant differentiation of the relation-
ship between individual mechanical and constitutive
parameters, and the number of elastic lamellae and
collagen fibres, ranging from very weak, through mod-

erate and good, to very strong. For most of the analysed
correlations, the correlation coefficients were higher
for specimens excised in the circumferential than axial
direction.

4. Discussion

This study characterized the mechanical and struc-
tural properties of human AAAs, harvested intraop-
eratively, and compared them to NAAs, harvested
post-mortem from subjects of the corresponding age
and sex. The structural composition was examined by
histological techniques and supported by SEM imag-
ing. The mechanical properties were determined using
uniaxial tensile tests for two main directions: circum-
ferential and axial. The results showed significant
differences in the behaviour of NAAs and AAAs with
respect to structural composition.

The walls of AAAs were characterised by a sig-
nificantly higher stiffness (defined here as MTM)
compared to the walls of normal aortae, irrespective
of the testing direction, and lower strength, which was
significantly lower in the circumferential direction.
Similar results were also obtained by other researchers
in both uniaxial tension tests [24], [27], [28] and in
biaxial tests [7]. Tensile strength strongly correlated
with the number of collagen fibres, which is a proof
that collagen degradation is the main cause of wall
damage, i.e., aneurysm rupture [25]. A typical nonlin-
ear strength curve (Fig. 7) had a different characteris-
tic in terms of low- and high-stretch domains. This
results from the participation of elastic lamellae and
collagen fibres in the load transfer process, which is
typical of soft tissues rich in collagen [14]–[16], [31].
The above phenomenon has been well described [12];
the operational ranges of both structures have been
defined using techniques of selective digestion of
load-bearing components from aortic walls, separately
elastic lamellae and collagen fibres. Elastic lamellae
are responsible for the behaviour of the blood vessel
wall in the low deformation range, while collagen
fibres are responsible for the mechanical response of
the vessel wall in the high deformation range. A typi-
cal characteristic curve, i.e., the toe region, results
from gradual involvement of collagen fibres into the
process of transfer of mechanical loads [8]. The di-
mensionless parameter of the model (k2) reflects the
degree of non-linearity caused by gradual involvement
of collagen fibres in the process of transfer of me-
chanical loads. The value of this parameter, which at
a good level correlated with the number of collagen
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fibres, was significantly lower for AAAs, which means
that strength curves for AAA walls were less nonlin-
ear than NAA walls (Fig. 7). An assessment of the
strength characteristic curve allowed to determine the
IP describing the change of the curve slope. Following
Niestrawska et al. [21], the term “inflections point”
is understood as the point of the stress-stretch curve
where collagen takes over the mechanical response
and the material rapidly stiffens. The IP coordinates
(IP, IP) for AAAs were significantly lower in the
circumferential direction and slightly lower in the
axial direction, compared to NAAs. The IP coordi-
nates were relatively weakly correlated with the num-
ber of elastic lamellae and moderately correlated with
the number of collagen fibres. After passing through
the IPs, the curves of AAAs had a steeper slope than in
the case of NAAs, and the toe regions were narrower
(Fig. 7). The division of the curve into two ranges de-
termined by the IP enabled the assessment of the ma-
terial stiffness in conjunction with the scope of work
of individual load-bearing structures [12], elastic la-
mellae in the low-stretch domains, and collagen fibres
in the high-stretch domains. AAAs, when compared to
NAAs, were characterised by insignificantly lower
elastic modulus for the low-stretch domains (MTML)
and significantly higher elastic modulus in the circum-
ferential direction for the high-stretch domains (MTMH).
A similar relationship was observed for the stress-like
parameters of the constitutive model  and k1. They
are associated with stiffness of the isotropic ground
matrix and collagen fibres, respectively. The  was
significantly higher for NAAs, and the k1 parameter
was significantly higher for AAAs. The correlation of
these parameters with the number of collagen fibres
(NC) and elastic lamellae (NE) (Table 7) showed strong
relationships for the pairs: MTML  NE and   NE,
and also MTMH  NC and k1  NC.

The angle between the circumferential direction
and the main directions of the fibres () varied widely
for AAAs (Table 3), which indicates its high variabil-
ity in the case of aneurysms. This means that the ar-
rangement of collagen fibres is less ordered than in the
case of NAAs. In the case of aneurysmal walls, anisot-
ropy was clearly less marked, which was consistent
with a previous report [13], and aneurysms were very
slightly more compliant circumferentially than axially
(Table 5). The anisotropy index for NAAs was in
general agreement with the data observed for older
aortae (over 50 years old) [11]; NAAs demonstrated
higher circumferential compliance. Both NAAs and
AAAs were incompressible materials (Table 5), which
is consistent with the widely accepted assumption
proved by Carew at al. [2] already in 1968.

Despite the fact that the performed correlation analy-
ses accurately reflect the dependence of individual
mechanical parameters on the contents of load-bearing
structural components, this dependence is not exhaus-
tive. Assuming that, unlike in the remodelling of arte-
rial walls during the development of atherosclerosis
[14], [17], no atypical formations appear in the struc-
ture of AAAs as a result of remodelling, there are at
least several properties of the fibrotic extracellular
matrix that can significantly affect the mechanical prop-
erties and parameters of material models. These include,
among others, the degree of collagen crosslinking, colla-
gen turn-over, degree of collagen packing, fragmenta-
tion of elastic lamellae, degree of hydration (proteogly-
can content), and spatial fibre arrangement, described
here by the angle between the circumferential direc-
tion and the main directions of the fibres ().

In all analysed cases, correlation coefficients were
higher for specimens excised in the circumferential
direction. This result is justified due to the specific
structure of the blood vessel walls. In addition, AAAs
always grow in the circumferential direction relative
to the long axis of the vessel and this direction also
shows the most characteristic changes in the mechani-
cal properties during progression of AAAs’ develop-
ment. The complex architecture of arterial tissue is rep-
resented in constitutive modelling as a fibre-reinforced
composite [9], [21], in which two families of collagen
fibres are embedded in an isotropic ground matrix. In
general, the material parameters obtained in this study
are consistent with the results presented by other
authors for the same model and models extended by
a larger number of structural parameters, including
fibre dispersion in the in-plane and out-plane direc-
tions [21], [22].

All the analysed mechanical parameters are char-
acterised by significant variability, which may be condi-
tioned by many factors, particularly individual variabil-
ity, since each of the specimens may have a different
structure. On the other hand, diversity in structural
composition of AAAs may be determined by, among
others, the presence of mural thrombus [28], geometry
of the aneurysm (in particular wall thickness) [24],
and development of comorbidities, including athero-
sclerotic plaques [15] and dissection [16]. Regardless
of the factors affecting tissue remodelling, the struc-
tural composition of AAAs depends on the stage of
the disease. The composition of abdominal walls dur-
ing aneurysm development showed a significant re-
duction in the concentration of elastic lamellae (ap-
prox. 85%) and collagen fibres (approx. 20%) (Table 3).
The loss of elastic lamellae in the aneurysmal wall can
range from 63% to 92% [30]. While the content of
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elastin fibres in the aneurysmal wall always decreases,
the collagen content may increase [4], remain un-
changed, or decrease [20], similar to the results of tests
performed in this study. The character of structural
changes occurring in the wall of the abdominal aorta
in the process of aneurysm growth has been systema-
tized. Thompson and Baxter [26] proposed a three-
stage identification model of AAA growth based on
the characteristic structural changes and the size of the
aneurysm. The first phenomenon occurring in the
process of aneurysm development is the fragmentation
of elastic lamellae and their reduced concentration in
the medial layer of the aortic wall, which is also con-
firmed by the results presented here. Degradation of
elastin fibres in the media of the aortic wall reduces
the ability of the vessel to transfer tensile stresses and
induces compensatory collagen production. The in-
crease in collagen content in the aneurysmal wall sug-
gests the existence of repair or compensatory proc-
esses. In the second stage, collagen degradation and
synthesis proceed with similar intensity. However, in
the third stage of AAA development, an imbalance
occurs between collagen degradation and its synthesis,
which causes a decrease in the tensile strength of the
aortic walls, and under hypertensive conditions this
leads to aneurysm rupture [25]. Tensile strength in the
circumferential direction in the case of ruptured AAAs
is 30–40% lower compared to the specimens excised
from aneurysms during elective surgeries [3].

Tests of the mechanical properties of the NAA and
AAA walls were performed under uniaxial tensile
loading in two perpendicular directions: circumferen-
tial and axial. This type of test was treated as equiva-
lent to biaxial tests, which are considered to be best at
mimicking the physiological conditions [9], [21]. The
test conditions were chosen to balance the need for
restoration of physiological conditions against the
technical capabilities of the mechanical tests. Suitable
conditions representative of the in vivo physiological
environment for the vascular tissues are as follows:
hydration and ambient temperature equal to 37 °C,
stress distribution without artificial local concentra-
tion, and strain rate mimicking the normal cardiac
systole [29]. In this study, mechanical tests were con-
ducted at a much lower speed to avoid viscoelastic
effects [23] resulting from the action of smooth muscle
cells. Smooth muscle cells are responsible for active
behaviour of arterial tissues under mechanical loads
conditions. Because the purpose of the study was to
assess passive mechanical properties of arterial tis-
sues, the potential impact of active mechanical re-
sponse of the tissues should be minimized so that the
impact of this component on the final measurement

result is negligible. During the tests, the tissues were
kept hydrated but due to the use of a non-contact de-
formation measuring device – a video extensometer,
no tests were performed in a water bath at 37 °C,
which may induce stiffening of arterial tissue [5]. The
local stress concentration within the specimen mate-
rial was eliminated by maintaining the width to length
(WL) ratio below 1:1 that was found to be most suited
for tensile testing [29].

5. Conclusions

This study assessed the effect of pathological re-
modelling on the mechanical behaviour of AAAs.
Structural heterogeneity of the specimens and severity
of aneurysmal degeneration were quantified by count-
ing collagen fibres and elastic lamellae. Using a large,
heterogeneous group of AAA specimens, it was dem-
onstrated that the number of collagen fibres and elastic
lamellae is well correlated with the mechanical proper-
ties determined under uniaxial loadings and constitutive
parameters determined for the commonly used consti-
tutive model [9]. Hence, aneurysm development with
the concomitant changes in mechanical properties can
be assessed over time based on the number of load-
bearing structural elements. In particular, the number of
collagen fibres has a key clinical role and potential for
AAA rupture evaluation because the coefficient of
correlation with failure strength was observed at the
highest level. As a next step, a mechanobiological
model of AAA development should be developed.

Limitations

The representative control group was selected on
the basis of the age structure and sex distribution in the
experimental aneurysmatic group. In the aortic normal
walls classified as the control group showed athero-
sclerotic changes with different pathologies, which is
typical in this age range [14]. Thus, the determined
mechanical properties of NAA are affected by patho-
logical arteriosclerotic remodelling.

Tests were carried out on specimens excised only
from the anterior walls of AAAs during elective repair
procedures. The sampling conditions, in particular the
overriding need to ensure the welfare of the patient/
donor, prevented an analysis of the mechanical prop-
erties of AAA walls that would consider other loca-
tions, e.g., lateral or posterior walls. While examining
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the effect of the sampling site on the mechanical
conditions, Thubrikar et al. [27] noted that stiffness
and strength were highest for lateral AAA surfaces and
strength was lowest for anterior AAA surfaces.

The applied constitutive model contains five pa-
rameters, including one (angle between the circumfer-
ential direction and the main directions of the fibres, )
describing structural properties of the tested material.
This study did not analyse the arrangement and pat-
tern of collagen fibres in the wall. It is known that for
NAA this angle averages 45 . In the case of AAA, on
the other hand, the value of  varies widely depending
on the degree of tissue remodelling. Structural imag-
ing methods, such as SEM and histology, are not rec-
ommended methods for assessing the spatial distribu-
tion of collagen fibres in tissues. Volumetric high-
-resolution imaging methods are preferable, especially
second-harmonic generation imaging [21], [22]. In
this study, all parameters of the model, including the
angle describing fibers arrangement, were determined
by fitting the model to experimental data.
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