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Morphology and

mechanical properties of

Abdominal Aortic Aneurysms:

Summary

Abdominal Aortic Aneurysm (AAA) rupture is a life-threatening event, but can, when

diagnosed timely, be avoided by either endovascular or conventional repair. Since
these methods are accompanied by a high mortality rate, the decision to operate

should only be made when the rupture risk exceeds the risks of repair. To date,

the maximum diameter of the aneurysm is used as a measure for rupture risk and
hence as a criterion for surgical intervention. It has, however, been shown already

that small aneurysms do rupture sometimes, while some large aneurysms have not
ruptured yet, and therefore the diameter criterion alone may not be sufficient. Since

rupture of an AAA occurs when locally the wall stress exceeds the strength of the

vessel wall, it is generally believed that wall stress distribution could help to better
assess AAA rupture.

Patient specific models for wall stress computations do not only require the geometry

of the aneurysm but also the mechanical properties of the aneurym tissue. Studies on
the material properties of vessel wall have mainly focused on describing AAA vessel

wall and thrombus as a homogeneous material. Local inhomogeneities can have large
influences on the stress magnitude and distributions. AAA vessel wall may contain

inhomogeneities such as calcifications and atherosclerotic plaques. Furthermore, the

thrombus, which is present in the majority of the aneurysms may influence the local
mechanics considerably. It is a layered fibrin structure, that shows different levels of

degeneration. The level of degeneration of the fibrin structure might have influence

on the mechanical properties of the thrombus.
To improve future wall rupture risk prediction based on wall stress, the objective of

this study is to obtain the local mechanical properties of both thrombus and the AAA
vessel wall.

AAA vessel wall and thrombus are obtained from patients treated with conventional

surgery. The viscoelastic behaviour of thrombus is determined using plate-plate rheom-

ix



x Summary

etry. To study the changes in mechanical properties throughout the thickness of the

thrombus a radially oriented stack of samples was used. In the small strain regime
frequency sweep test are peformed and the elastic and viscous moduli are found to

be in the range of 1.7 ± 1.3 kPa and 0.2 ± 0.1 kPa respectively. Since large deforma-

tions occur in thrombus the non-linear properties are determined by stress relaxation
experiments. To describe the phenomena observed experimentally, a non-linear multi

mode model is used. The parameters for this model are obtained by fitting this model
successfully to the experiments in both the linear and non-linear regime.

To determine the morpholgy of the AAA vessel wall, the applicability of multi contrast

MRI to discriminate the components of the vessel wall is studied. Multi contrast MR
results are compared to the golden standards, histology and µCT. Components like the

media, calcified deposits, areas containing cholesterol, thrombus and the adventitia

containing fat cells and vasa vasorum can be recognised in the MR images. The results
obtained so far are not suitable for an automatic classification by an unsupervised

clustering algorithm.
To obtain the mechanical properties of the components present in the vessel wall a

mixed numerical experimental method is proposed. This method is a robust way to

determine the mechanical properties of the individual components without having to
isolate them.

The method is applied to AAA vessel wall samples. The morphology is obtained with

multi contrast MR. The Young’s moduli of media, adventitia, calcification, an area
with cholesterol crystals and thrombus are determined. Although the media is less

stiff than the adventitia the moduli are in same the order of magnitude (≈ 1.0 MPa).
The stiffness of thrombus is found to be an order of magnitude lower (≈ 40 kPa). An

area with a lot of cholesterol is stiffer than the rest of the wall (≈ 7.5 MPa) and a

calcified area is even stiffer (≈ 50 MPa).
By implementing the findings for thrombus in a patient specific model it is shown that

thrombus does change the stress distribution and peak wall stresses, but the effect is

much lower than reported in literature by others. The presence of calcification has a
large effect on the wall stress distribution. It is shown that the wall stress distribution

is influenced by the accuracy with which the geometry of the calcification is decribed.
The limited resolution available in the clinical settting results in a non-realistic stress

distribution. For correct implementation of inhomogeneities of the vessel wall the

spatial resolution of both imaging techniques and computations should increase.
The contribution of this work consists not only of the reported morphologies and

mechanical properties. The observations reported in this work also suggest that effort

should be put into development of clinical methods to include the morphology and
mechanical properties of the aneurysm into the rupture risk analysis.
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1.1 Abdominal Aortic Aneurysms

The aorta is the main blood vessel of the human body and its major function is to

transport blood to the organs and the extremities. The abdominal aorta is the part

of the aorta between the diaphragm and the bifurcation to the left and right com-
mon iliac arteries. An abdominal aortic aneurysm (AAA) is a localised dilation of the

aorta between the renal arteries and the bifurcation to the iliac arteries (figure 1.1).
This abdominal part of the aorta is classified as aneurysmal when the diameter has

increased 50% compared to the expected normal diameter of the artery, or the diam-

eter proximal to the dilation.

Figure 1.1: Schematic view of an Abdominal Aortic Aneurysm.

In a Norwegian population-based study, the diameter of the abdominal aorta of 6386

men and women aged 25-84 years was measured. AAA was present in 8.9% of the
men and 2.2% of the women (Singh et al., 2001). Although some AAA patients have

vague symptoms like back pain or an abdominal pain, most AAA are symptomless

until the event of rupture, which is lethal for 65% to 85% of the patients (van der Vliet
and Boll, 1997). Each year, approximately 15 000 deaths in the USA are attributed to

abdominal aortic aneurysms (Grange et al., 1997). Elderly, a growing segment of the

population, are primarily affected by this disease (Grange et al., 1997). 1.3% of the
deaths in men and 0.6% in women over the age of 65 are caused by abdominal aortic

aneurysms . Within this group the incidence of aneurysm development seems to be
increasing (Wolf and Bernstein, 1994).

Although the mechanisms in development of AAA are still unclear, it is likely that

changes in the contents of the vessel wall play an important role in the development
of an AAA. The wall of a healthy aorta consists of three layers. The tunica interna

or intima is the innermost layer, lined by endothelium. The intermediate thick elastic

layer is called the tunica media and consists of elastic fibres (elastin), collagen and
smooth muscle cells (SMC). SMCs synthesise the components of the extracellular ma-

trix. The tunica externa or adventitia is the tough outer layer, which consists mainly
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of collagen fibres. Adventitial fibroblasts also have the capacity to synthesise extra

cellular matrix components. The most important structural macromolecules of the
aortic wall are elastin and fibrillar collagen. The elastic properties of elastin enable it

to stretch to twice its original length and then rapidly return to its normal size. The

elasticity of elastin helps to maintains vessels at their normal dimensions. Fibrillar
collagen provides the wall with tensile strength (Dobrin, 1989). The molecules are

long, thin rods, which are coiled around one another into a triple helix. Fibrillar col-
lagen has a tensile strength over 20 times larger than that of elastin (MacSweeney

et al., 1994). The close association of elastin, collagen and SMCs in the aortic media

is responsible for the viscoelastic properties of the aorta (Wills et al., 1996).
The dilatation is accompanied by a decrease in SMC and elastin content of the me-

dia and dense inflammatory infiltrates (Carmo et al., 2002; Wills et al., 1996). The

changes in collagen structure and content are still controversial. Both an increase
in collagen content (Grange et al., 1997; He and Roach, 1994; Wills et al., 1996) as

a decrease (Sumner et al., 1970) have been reported. Carmo et al. (2002) found
no change in collagen content but suggest that old collagen accumulates cross-links

while new collagen biosynthesis is somehow defective. The abdominal aorta is a re-

gion prone to develop advanced atherosclerotic plaques (Wassef et al., 2007). Aortic
calcification is common in AAA patients. The stiffness of the calcifications limits the

deformation of the vessel wall (Marra et al., 2006).

medial

luminal

abluminal

Figure 1.2: Thrombus can be divided in luminal, medial and abluminal thrombus

AAAs are lined with intraluminal laminated thrombus to varying extent. Thrombus

is a fibrin structure infiltrated with blood cells, platelets, blood proteins and cellular

debris (Falk, 1992). Observation of thrombus reveals that three types of thrombus
exist (figure 1.2). New thrombus is formed at the luminal side and appears red. Fibrin

fibres are clearly identifiable, arranged into primary, thick fibrin bundles and a fine

secondary cross linked structure. Attached to this thrombus is a more aged region,
which appears white. Fibres in this regions have degenerated. In the abluminal

region, the thrombus has aged most and all fibres appear degenerated, no structure
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can be recognised (Wang et al., 2001).

When the fine structure and cellular composition is studied, it can be demonstrated
that thrombus contains a system of reticular canaliculi (Adolph et al., 1997). This is

a delivery system for both cells and macromolecules, although cells do not seem to

penetrate the thrombus beyond the first centimetre. Near the surface deposition of
new thrombus by the penetrating platelets occurs more than thrombus degradation.

Degradation of thrombus is concentrated in the abluminal region, and in absence of
cells, thrombus is not renewed.

Studies of the pathogenic influence of thrombus on AAA show that the aneurysm wall

covered with thrombus is thinner and shows more frequent signs of inflammation
(Kazi et al., 2003). This may, together with local mural neovascularisation, be caused

by localised hypoxia (Vorp et al., 2001). This may lead to regional wall weakening

and thereby increase the risk of aneurysm rupture.

1.2 Treatment

Although the life expectancy of individuals with symptomless AAA is decreased by

the chance of rupture, elective surgical correction can improve survival rates (van der
Vliet and Boll, 1997). Every year, 40 000 people undergo surgical repair to prevent

rupture. When performed in an emergency these operations are, however, associated
with a mortality rate of 50%. Mortality rates in elective surgery are still as high as

5% (Grange et al., 1997; Franks et al., 2007). Conventional surgery requires a major

operation during which the dilated part of the abdominal aorta is replaced by an
artificial graft. An incision is made from the bottom of the sternum to the pubic bone.

After laying aside the intestines the aorta is clamped. Next, the aorta is incised and

the thrombus inside the aneurysm is removed. The graft material is then sutured into
the healthy part of the aorta just below the renal arteries. After cutting it to length,

the graft is sutured into the iliac arteries. The clamps are removed and the wall
over the aneurysm is closed over the graft to prevent the graft from eroding into the

surrounding intestine (Brands, 2003). Open surgical repair is, however, associated

with significant morbidity rates in 15% to 30% of the patients (Uflacker and Robison,
2001; Zarins et al., 1999). Less invasive treatment has therefore become favourable

in the majority of the cases.

Endovascular repair of an AAA was first performed by Parodi et al. (1991). They per-
formed the first human stent graft placement for treatment of AAA in 1990 (Parodi

et al., 1991; Uflacker and Robison, 2001). The device was balloon expandable and
used a stent, stitched to a Dacron tube. Results were encouraging and endovascular

repair is now employed worldwide. Problems with these endovascular devices arise

when endoleak occurs. Endoleak is a condition unique to endoluminal vascular grafts
defined by the persistence of blood flow outside the lumen of the endoluminal graft

but within the aneurysm sac (Uflacker and Robison, 2001). The pressure in the lumen

does not decrease in this situation and the risk of rupture is not diminished. Although
the endoleak rate decreased over the years it still occurs in approximately 10% of the

patients (Franks et al., 2007).
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Since conventional and endovascular repair are accompanied by a 30-day mortality
rate of 4.0 % versus 2.9% (Hua et al., 2005), the decision to operate should only be

made when rupture risk exceeds the risks of repair.

1.3 Rupture risk prediction

To date, the maximum diameter of the aneurysm is used as a measure for rupture

risk and hence as a criterion for surgical intervention. Aneurysm size is the most

important factor related to likelihood of rupture. Although rupture may occur with
an aortic diameter of less than 4 cm, the risk is very small. For aneurysms smaller

than 5 cm the annual chance of rupture is about 0.5% and for aneurysms between 5
and 6 cm the chance of rupture increases to 5%. The risk increases exponentially for

even larger aneurysms (van der Vliet and Boll, 1997; Wolf and Bernstein, 1994). It

has, however, been shown already that small aneurysms do rupture sometimes, while
some large aneurysms have not ruptured yet, and therefore the diameter criterion

alone may not be sufficient. Since rupture of an AAA occurs when locally the wall

stress exceeds the strength of the vessel wall, it is generally believed that wall stress
distribution could help to better assess AAA rupture. Several studies of AAA wall

stress by means of computational methods have been reported in literature.
Studies using idealised geometries showed that the wall stress distribution of an

aneurysm is dependent on the wall thickness (Scotti et al., 2005), diameter (Stringfel-

low et al., 1987; Vorp et al., 1998) and shape (Hua and Mower, 2001; Scotti et al.,
2005; Stringfellow et al., 1987; Vorp et al., 1998). Since geometries of aneurysms

are widely complex (Sacks et al., 1999), several studies focused on patient specific

models. Wall stress turned out to be complexly distributed, to show large regional
variations (Raghavan et al., 2000; Thubrikar et al., 2001a) and to be sensitive to

small geometrical variations (de Putter et al., 2006a). Peak wall stress was correlated
to the site of rupture (Venkatasubramaniam et al., 2004) and was suggested to be

a superior rupture risk predictor compared to diameter (Fillinger et al., 2002, 2003;

Raghavan et al., 2005; Venkatasubramaniam et al., 2004).
The effect of the presence of thrombus has been studied on both idealised (di Mar-

tino et al., 1998; Inzoli et al., 1993; Mower et al., 1997) and patient specific models

(di Martino and Vorp, 2003; Wang et al., 2002). Thrombus was found to reduce
and redistribute wall stress. The size of the effect is dependent on the size and the

mechanical properties of the thrombus. Atherosclerotic plaques cause stress concen-
tration and a significant increase in maximum stress (Inzoli et al., 1993). The effect

of calcification is similar. Speelman et al. (2007) reported that not only the relative

amount but also location and shape of the calcified regions influence the wall stress.
de Putter et al. (2006b) showed that peak wall stress is sensitive to the material

properties of the calcification. Several recent studies also included fluid-dynamics by

application of fluid-structure interactions (Breeuwer et al., 2004; di Martino et al.,
2001; Papaharilaou et al., 2007; Scotti et al., 2005; Wolters et al., 2005). An under-

estimation of peak wall stress is reported when fluid dynamics are not incorporated
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(Papaharilaou et al., 2007; Scotti et al., 2005).

The mechanical properties of the thrombus, used in these models were either assumed
(Inzoli et al., 1993; Mower et al., 1997) or were determined by fitting tensile test

data to a linear elastic model (di Martino et al., 1998) or to a two-parameter, hyper

elastic, isotropic and incompressible material model (Wang et al., 2001, 2002). An
ideal model for calculating AAA wall stresses would include loading with a dynamic

pressure and applying a proper constitutive model that also incorporates the position
dependent viscoelastic properties of the thrombus.

The mechanical properties of the vessel wall in the several patient specific models are

assumed to be linear elastic (Inzoli et al., 1993; Hua and Mower, 2001; di Martino
et al., 2001; Mower et al., 1997; Scotti et al., 2005; Stringfellow et al., 1987; Vorp

et al., 1996, 1998; Wolters et al., 2005). Parameters are either estimated or experi-

mentally determined (di Martino et al., 2001). The stress-strain curve which results
from uniaxial test can be described by σ = aεb (He and Roach, 1994; Thubrikar et al.,

2001b) or by a two parameter, hyper elastic, isotropic, incompressible model (Ragha-
van and Vorp, 2000). The latter has been implemented in several studies on the wall

stresses in AAA (de Putter et al., 2007; Fillinger et al., 2003; di Martino and Vorp,

2003; Papaharilaou et al., 2007; Raghavan et al., 2000; Raghavan and Vorp, 2000;
Raghavan et al., 2005; Venkatasubramaniam et al., 2004; Wang et al., 2002). These

models all assume the vessel wall to be an isotropic material.

For thrombus and vessel wall the influence of variations in the parameters of the hy-
per elastic model was found to be negligible when values varied within the standard

deviation found by experiments. It was concluded that population means can be used
reasonably in wall stress evaluations (di Martino and Vorp, 2003; Raghavan and Vorp,

2000).

1.4 Objective and outline

Studies on the material properties of vessel wall have mainly focused on describing

AAA vessel wall as a homogeneous material. Local inhomogeneities can, however,
have large influences on the stress magnitude and distribution as can be concluded

from the previously described effect of atherosclerotic plaques and calcifications (In-

zoli et al., 1993; de Putter et al., 2006b). To improve future wall rupture risk predic-
tion based on wall stress, the objective of this study is to obtain the local mechanical

properties of both thrombus and the AAA vessel wall.
A schematic overview of the contents of this work is shown in figure 1.3. For the

thrombus, one might expect a gradient in mechanical properties over the laminated

structure. The material should, as proposed in the previous section, be described
by a viscoelastic model. Chapter 2 will focus on the use of rheometry as a tool for

measuring linear viscoelastic properties of thrombus. In chapter 3 the position depen-

dent non-linear viscoelastic behaviour of the thrombus is determined. A non-linear
viscoelastic material model is presented to describe the phenomena observed experi-

mentally.
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Figure 1.3: Overview of contents
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The composition of the vessel wall is known to show local variations. Since mechan-

ical properties and composition are strongly related, local variations in mechanical
properties are expected in the vessel wall. These might have large influence on the

wall stress analyses. Isolation of the individual components will automatically result

in destruction of tissue morphology. Therefore, the mechanical properties of indi-
vidual components need to be tested when integrated in their original surrounding

tissue. To achieve this a non-destructive method, Magnetic Resonance Imaging (MRI)
is used to obtain information from the different components of the vessel wall. MRI

is a widely used method to study the components of human atherosclerotic plaques

(Cappendijk et al., 2002; Clarke et al., 2003; Correia et al., 1997; Fayad et al., 1998;
Kooi et al., 2003; Luk-Pat et al., 1999; Shinnar et al., 1999; Toussaint et al., 1996;

Yuan et al., 1998, 2001, 2002; Zimmermann-Paul et al., 1999). Shinnar et al. (1999)

showed that calcium, fibrocellular tissue, lipid, lipid rich core and thrombus can be
distinguished using multi contrast MR images of the carotid walls. The relationship

between these components, their MR grey values and their mechanical properties is
of great importance for the patient specific wall stress analysis. If this relationship is

known the local mechanical properties can be assigned to the vessel wall in the wall

stress analyses based on the MR findings alone.
In chapter 4 the composition of the AAA wall will be studied by using these multi

contrast MR techniques. Histology and µCT are used as golden standards. In chapter

5 an inverse method is described with which local mechanical properties can be de-
termined by a combination of tensile tests and MR imaging. This method is applied to

AAA samples in chapter 6 to obtain the local mechanical properties. The final chapter
will summarise the work done and discuss the influence of the variations found in

mechanical properties on the AAA wall stress analyses and the subsequent rupture

risk prediction.
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2.1 Introduction

Abdominal Aortic Aneurysm (AAA) rupture is a life-threatening event, but can, when
diagnosed timely, be avoided by either endovascular or conventional repair. Since

these methods are accompanied by a 30-day mortality rate of 2.9% versus 4.0% (Hua
et al., 2005), the decision to operate should only be made when rupture risk exceeds

the risks of repair. Presently, the maximum diameter of the aneurysm is used as

a measure of rupture risk and hence as a criterion for surgical intervention. Since
rupture of an AAA occurs when locally the wall stress exceeds the strength of the

vessel wall, it has already been suggested that wall stress is a more reliable rupture

predictor than the maximum vessel diameter (Fillinger et al., 2003). Stress analyses
of AAAs have already been performed by several groups using computational methods

(di Martino et al., 1998; Fillinger et al., 2002; Inzoli et al., 1993; Mower et al., 1997;
Raghavan et al., 2000; Thubrikar et al., 2001a; Wang et al., 2002; Wolters et al.,

2005) and in some of these analyses the effect of intraluminal thrombus, present in

most AAAs, on the stress distribution was incorporated (di Martino et al., 1998; Inzoli
et al., 1993; Mower et al., 1997; Wang et al., 2002). The presence of a thrombus is

found to alter the wall stress distribution and to reduce the peak wall stress. The

mechanical properties of the thrombus, used in these models were either assumed
(Inzoli et al., 1993; Mower et al., 1997) or were determined by fitting tensile test

data to a linear elastic model (di Martino et al., 1998) or to a two-parameter, hyper
elastic, isotropic and incompressible model (Wang et al., 2001, 2002). An ideal model

for calculating AAA wall stresses would include loading with a dynamic pressure and

applying a proper constitutive model that also incorporates the position dependent
viscoelastic properties of the thrombus.

A thrombus is a fibrin structure infiltrated with blood cells, blood proteins and cellular

debris (Falk, 1992; Fontaine et al., 2004; Wang et al., 2001). Observation of thrombus
reveals that three types of thrombus exist (Fig. 1.2) (Wang et al., 2001). New throm-

bus tissue is formed at the luminal side and appears red. Fibrin fibres are clearly
identifiable, arranged into primary, thick fibrin bundles and a fine secondary cross

linking structure. Attached to this thrombus is a more aged region, which appears

white to yellow. Fibres in this regions have degenerated. In the abluminal region, the
thrombus has aged the most, all fibres appear degenerated, and no structure can be

recognised (Wang et al., 2001).

Although a thrombus generally exists of luminal, medial and abluminal thrombus, not
all the different types are present in each patient. Additionally, some of the layers are

not suitable for the harvesting of samples. Samples which are needed for the deter-
mination of the mechanical properties, cannot be cut from the abluminal thrombus

because it is too degenerated. The abluminal thrombus is therefore not taken into

account in the rest of this study.
With respect to transitions from luminal to medial tissue the thrombi used in this

study can roughly be divided into a discrete transition group and a continuous transi-

tion group. In the discrete transition group the luminal, medial and abluminal throm-
bus are not or at most weakly attached to each other. The luminal thrombus appears

very red and weak, while the medial thrombus is a yellow gel-like structure (Fig.
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a b

Figure 2.1: Discrete (a) and continuous (b) material transitions in a thrombus. In the
discrete situation luminal (left), medial (bottom) and abluminal(top right) regions
are clearly identifiable. The transversal cross-section of continuous thrombus shows
that there is a gradual change in the tissue type.

2.1a). The mechanical properties of the luminal and medial tissue of this type of

thrombus are expected to differ considerably, as was already reported for tensile test-
ing by Wang et al. (2001).

Thrombi that show a continuous transition (Fig. 2.1b) consist of multiple layers that

still form a single structure. The layers of this type of thrombus are firmly attached to
each other and the transition of the luminal to the medial region is spread over several

layers. The differences in mechanical properties between luminal and medial regions
are expected to be smaller for the continuous transition thrombus than for the discrete

transition thrombus. In the continuous transition thrombus the mechanical properties

are expected to change gradually. The transition from medial to abluminal regions is
also continuous and the amount of the abluminal tissue, which is not studied in this

work, is in general less than in the discrete transition thrombus.

In the in vivo situation thrombi undergo large deformations and it would therefore be
necessary to study nonlinear behaviour, which would require performing large strain

experiments. Before doing so, in this work the applicability of rheometry to obtain
the viscoelastic properties of thrombus is evaluated by studying the linear viscoelastic

behaviour. To achieve this goal, oscillatory shear experiments are applied to samples

from thrombi with either a discrete or continuous tissue transition. Since shear ex-
periments are sufficient to determine the linear viscoelastic properties our study was

limited to these measurements. The differences in mechanical properties between the

distinct layers in the discrete transition thrombus are studied as well as the changes
of the properties throughout the layers of the continuous transition thrombi. Finally,

the results from the discrete and continuous groups will be compared.
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2.2 Methods and Materials

2.2.1 Methods

To determine the linear viscoelastic properties, shear experiments were performed.
Experimental methods are based on standard procedures and on previous research in

our group on the viscoelastic properties of other soft tissues, such as brain (Brands

et al., 1999; Hrapko et al., 2006) and muscle (van Turnhout et al., 2005). All exper-
iments were performed using a Rheometrics rotational rheometer (Advanced Rheo-

metric Expansion System (ARES), Rheometrics Scientific, USA) with controlled strain

mode with a parallel plate geometry in combination with a Peltier environmental
control and a fluid bath.

Linear viscoelastic material behaviour is described by a multi mode Maxwell model
(Macosko, 1994):

τ̇i +
1

λi
τi = Giγ̇, (2.1)

where τi is the shear stress contribution of mode i with the relaxation time λi and
modulus Gi. γ̇ is the applied strain rate. The total stress (τ) is the sum of the stress

contributions of all (n) modes:

τ =
n
∑

i=1

τi, (2.2)

A frequency (ω) dependent input γ = γ0 sin ωt will lead to a sinusoidal shear stress

τ = Gdγ0 sin(ωt + δ), (2.3)

where Gd is the dynamic modulus and δ the phase shift. The response can be written

in an in-phase and out-of-phase wave: τ = τ ′ + τ ′′ = τ ′
0 sin ωt + τ ′′

0 cosωt. From this
one can compute the moduli

G′ = τ ′
0/γ0 =

n
∑

i=1

Gi
λ2

i ω
2

1 + λ2
i ω

2
(2.4)

G′′ = τ ′′
0 /γ0 =

n
∑

i=1

Gi
λiω

1 + λ2
i ω

2
(2.5)

where G′ is the storage modulus, representing the elastic part of the behaviour and G′′

is the loss modulus, representing the viscous part of the behaviour. The two moduli,

G′ and G′′, form the complex dynamic modulus Gd = G′ + iG′′. The phase shift δ is a

measure of viscous versus elastic material behaviour and is related to Eqn. (2.4) and
(2.5) as follows

tan δ =
G′′

G′
. (2.6)



Determination of Linear Viscoelastic Behaviour of Abdominal Aortic Aneurysm Thrombus 13

All shear experiments should be performed in the linear viscoelastic regime of the

tissue. The linear regime is the strain range in which the material properties are as-

sumed to be constant. This regime is determined using oscillatory shear experiments
with constant frequency and varying strain (strain sweep). A constant strain within

this linear regime is chosen for the subsequent frequency sweeps. The frequency in
the latter experiments is increased stepwise from 0.1 to 100 rad/s.

2.2.2 Discrete transition group

All thrombi were obtained from patients undergoing elective surgical AAA repair. Be-
cause this material is normally discarded and it is anonymised after the procedure,

making it impossible to trace it back to the patient, informed consent was not re-

quired. The procedure was in conformity with the code of conduct for use of human
material as stated by the Dutch federation of Biomedical Scientific Societies.

Tissue was stored in saline at 4◦C immediately after being removed from the patients
and tested within 24 hour after harvesting. The thrombus was peeled into thin layers

(about 2 mm thickness). Cork drills of 10 and 14 mm diameter were used to cut

samples from both the luminal and medial thrombus layers, from regions with (as
far as could be determined) constant thickness. Thrombus in the discrete transition

group was obtained from 4 different patients (referred to as patients 1 through 4).

A total of 7 luminal samples from these 4 patients was obtained, while a total of 4
medial samples from 3 patients (patient 1, 3 and 4) was used. From patient 2 no

sufficiently flat medial thrombus samples could be produced. Frequency sweeps were
applied to the samples from patient 1 and 2. The initial intention was to perform all

experiments at 37◦C, but due to failing temperature control equipment at the time

the tissue was available, only one measurement was performed at 37◦C. The rest of
the experiments was performed at room temperature.

When the Time-Temperature Superposition (TTS) principle is applicable to the tis-

sue, data can be shifted to and from a reference temperature (Macosko, 1994). The
isothermal characteristic, Gd (and also G′ and G′′), can be shifted along the horizon-

tal and vertical axis to a reference temperature T0:

Gd(ω, T ) =
1

bT
Gd(aT ω, T0). (2.7)

with the horizontal shift factor aT and vertical shift factor bT . The TTS principle is
valid when one smooth curve mastercurve can be obtained by shifting the frequency

sweep curves obtained at different constant temperatures horizontally and vertically
to the curve obtained at the reference temperature until all curves overlap. When no

smooth master curve can be obtained the TTS principle is invalid.

The frequency shift used to shift each dataset to the mastercurve can be plotted
against the temperature at which the dataset was acquired. The result can be de-

scribed with an Arrhenius function:

aT = Ae−Ea/RT (2.8)
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where A is a constant, Ea is the activation energy, R is the universal gas constant

and T the temperature. This results in the horizontal shift factor aT . The vertical
shift factor, bT , is obtained in a similar way. After obtaining the shift factors the TTS

principle can be used to shift data sets to or from a reference temperature by shifting

them along the horizontal and vertical axes, applying horizontal shift factor aT and
vertical shift factor bT according to (Eqn. 2.7).

To show the applicability of the TTS principle to thrombus tissue a total of 6 samples
from 2 patients (patients 3 and 4) was used, 3 samples of which were from the lu-

minal region, and 3 from the medial region. After repair of the temperature control

equipment, frequency sweeps for these samples were measured at 5◦C, 20◦C, 35◦C
and 40◦C. Room temperature (20◦C) was chosen as the reference temperature for the

mastercurve. Samples from 1 patient were also measured at 10◦C, 15◦C, 25◦C and

30◦C.
The frequency sweep curves of patient 3 and 4 performed at 20◦C were added to the

data in the discrete transition group. The shift factors aT and bT obtained were used
to shift all data sets in the discrete transition group to 37◦C.

Figure 2.2: Schematic view of the sample orientation in the continuous transition
thrombus.

2.2.3 Continuous transition group

Since the layers of thrombus of the continuous transition type are hard to classify in

the luminal and medial regions, slices of 0.5 mm thickness were cut from the thickest
part of the thrombus using a vibratome (VS1000s, Leica microsystems, Germany),

going from the abluminal to the luminal side of the thrombus (Fig. 2.2). Cork drills,

10 mm diameter, were used to cut samples from all slices. Since this sample prepara-
tion is time-consuming, measurements had to be postponed and samples were stored

temporarily at -80◦C. To verify that the storage did not influence the mechanical prop-
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erties, 6 fresh samples from 2 patients were tested both before and after freezing.

The samples were thawed in a lukewarm bath before experiments at 37◦C were per-
formed. Because the original position of the samples within the thrombus is known,

a possible gradual change of the mechanical properties throughout the thrombus can

be studied. For this purpose G′ and G′′ were measured for samples of all slices.

2.3 Results

The results for the discrete and the continuous transition group will be presented
successively. The elastic modulus G′ will be shown for all experiments. G′′ shows

similar trends as G′ and is not presented for all measurements to limit the number of

figures. The values of G′′ do, however, represent the viscous part of the viscoelastic
behaviour and are shown for the frequency sweep tests that are needed to determine

the viscoelastic behaviour of the thrombus.

1 2 3 4 5 6 7 8 9 10
10

2

10
3

10
4

Shear strain [%]

G
’ [

P
a]

luminal
medial

Figure 2.3: Strain sweep: mean G′ of luminal and medial layers. The behaviour is
assumed (within good approximation) to be linear at 3% strain.

2.3.1 Discrete transition

In figure 2.3 typical curves for luminal and medial strain sweep curves are shown.

The behaviour of both luminal and medial samples is assumed to be linear at strains

higher than 2%. G′ decreases slowly and to assure measurements are done within
the linear regime, a constant strain of 3% has been chosen for the frequency sweep

measurements.

To test the applicability of the Time Temperature Superposition principle, the G′

curves for different temperatures were shifted to the reference curve at 20◦C. The

resulting curves of G′ have well overlapping areas and form a smooth master curve.
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It can be readily assumed that the Time-Temperature Superposition principle is appli-

cable to thrombus tissue. The shifting required a vertical (Fig. 2.5b) and a horizontal
(Fig. 2.5a) shift factor. The vertical shift factor, bT , was always close to 1 and there-

fore will be assumed to be 1 in the rest of this study. The mean value of the horizontal

shift factor aT was fitted with an Arrhenius function (Eqn. (2.8)), which yielded aT =
0.29. Data obtained at 40◦C were excluded from further examination because of er-

rors caused by possible protein degradation at this temperature. All frequency sweeps
performed at room temperature were shifted to 37◦C by multiplying the frequencies

by the fitted horizontal shift factor.

In figure 2.6 the results of the frequency sweep test on luminal thrombus are shown.

a b

Figure 2.4: Time Temperature Superposition: G′ Master curve for luminal (a) and
medial (b) thrombus.
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Figure 2.5: Time Temperature Superposition: horizontal shift factor aT (a) with the
fitted Arrhenius function (dotted line) and vertical shift factor bT (b).

For all the samples from 4 different patients G′ increases with frequency in a similar
manner (Fig. 2.6a). Typically, the minimal and maximal values differ by ≈ 1 kPa. G′′

(Fig. 2.6b) also increases with frequency for all samples and the slope is similar to
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that for G′, but the level is considerably lower (<300 Pa). G′ for the medial samples

(Fig. 2.7a) ranges between 1-3 kPa. Again, G′′ increases similarly (Fig. 2.7b) at a
level which is equal to that of G′′ in luminal thrombus.
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Figure 2.6: Luminal thrombus: frequency dependency of G′ and G′′.
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Figure 2.7: Medial thrombus: frequency dependency of G′ and G′′.

2.3.2 Continuous transition

The effect of freezing was tested for 6 samples of 2 patients. Although the value for G′

changes for all samples we have tested before and after freezing (Fig. 2.8), they are

all of the same order of magnitude. Mean G′ before freezing was 1.8 ± 0.5 kPa. After

the freezing and thawing it was 2.2 ± 0.8 kPa. The maximum change of G′ was -1.4
kPa (Fig. 2.8, sample 1), the minimum change was -0.14 kPa (Fig. 2.8, sample 5).

The frequency dependency was not affected by the freezing. The observed variations

are acceptable considering the variations between thrombi.
In figure 2.9 the results for G′ at 10 rad/s for 3 patients are plotted against the

relative position of the sample in the thrombus. 10 rad/s is the logarithmic mean
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Figure 2.8: Effect of freezing and thawing. G′ at 10 rad/s of fresh samples(+) and
after freeze storage (o). Samples 1 to 3 are from a different patient as samples 4 to 6.

of the frequency range, which covers the entire physiological frequency range. In

the relative position of the sample in the thrombus, position 0 corresponds to the
abluminal side, while position 1 indicates the luminal side. Except for one datapoint

in the curve of patient 6 (at a relative position of approximately 0.6), G′ changes
smoothly throughout the thrombus. For all 3 patients the G′ values are of the same

magnitude and show a similar decline towards the luminal side. The values for G′′

do not change throughout the thrombus.
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Figure 2.9: Continuous transition thrombus: Gradual change in G′ throughout the
thrombus. G′ (a) and G′′ (b) is plotted against the dimensionless position of the
sample within the thrombus, 0 indicates the abluminal side, 1 indicates the luminal
side of the thrombus.

2.4 Discussion

In most patients intraluminal thrombus is a layered structure. The tissue was divided

into three groups, the luminal thrombus, the medial thrombus and the degenerated
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abluminal thrombus. This last type of thrombus shows no structure at all, is not

suited for preparation of samples and is for that reason not included in this work. In
some thrombi the luminal and medial thrombus are clearly recognisable as separate

layers with different structures. This type of thrombus is defined as a discrete transi-

tion thrombus. The thrombus that consists of one layered piece of tissue is called a
continuous transition thrombus.

Although the mechanical properties of the abluminal thrombus may be negligible
compared to those of the luminal and medial thrombus, abluminal thrombus is an im-

portant factor in the mechanics of the vessel wall-thrombus interaction. It is responsi-

ble for the attachment of the thrombus to the wall. The nature of the thrombus-vessel
wall contact is unclear to the authors, and will be a subject of further study.

Although the discrete and continuous transition thrombi are treated as separate groups,

the results of the two groups show identical trends. In figure 2.10 the mean ± stan-
dard deviation of G′ values of all luminal (Fig. 2.6) and all medial (Fig. 2.7) samples

of the discrete transition group at 10 rad/s are depicted. When these are compared to
G′ values for the continuous transition group, it is clear that G′ tends to be lower for

samples near the lumen in both groups. Although the average values for the discrete

group are lower than for the continuous group they are all in the same order of mag-
nitude. This could suggest that the application of the same material model for both

groups would be sufficient. More data, however, are needed to support this idea.
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Figure 2.10: Discrete and continuous transition thrombus. A combination of figure
2.9 and G′ values at 10 rad/s from the discrete transition group. The luminal layer
error bar is plotted at distance 0.8 (near the lumen), the medial layer at 0.4.

The phase angle, δ, is a measure for viscous versus elastic material behaviour and is

related to G′ and G′′ (Eqn. 2.6). In purely elastic behaviour, δ is 0◦, whereas δ is 90◦

in purely viscous behaviour. For the discrete and the continuous thrombus, the mean
and standard deviation of δ was 8.9 ± 4.2 and 14.7 ± 13.1 respectively. It can be

concluded that the elastic part of the behaviour dominates the viscous part. Although

the viscous part is small compared to the elastic part it may play an important role in
the attenuation of pressure waves travelling through the arterial system.

For the continuous thrombus the G′ at 10 rad/s was shown to change gradually
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throughout the thrombus. For 1 patient one solitary jump in G′ can be seen in the

curve. Because of the solitary character of the point in the curve, it is assumed that
the deviation is caused by a measurement error.

The expected differences between the material properties of the luminal and medial

layers of the discrete transition thrombus are confirmed by results obtained from fre-
quency sweep experiments. It was found that the storage modulus G′ for luminal

discrete transition thrombus within each patient is lower than for the medial region.
In contradiction to our results, Wang et al. (2001) concluded from uniaxial tensile

testing that luminal thrombus is significantly stiffer. They related this to the struc-

tural state of the tissue. Differences in the division of tissue in the medial or luminal
region would account for some differences in the observed mechanical properties but

do not explain the opposite relation of mechanical properties found in the luminal and

medial regions. In their study (Wang et al., 2001) the thrombus was clamped and uni-
axially stretched up to a ratio of 2.5, a value that will not be reached physiologically

and makes a comparison to our 3% strain experiments meaningless. Furthermore,
the inaccuracy that rises from measuring width and thickness of the sample in uni-

axial testing does not occur in the shear measurements we performed. Additional

advantages of our method are the facts that no clamping is required, and that the
temperature can be controlled during the experiments.

The measurements at the limiting temperatures of the chosen range (5-40◦C) in the

time-frequency superposition measurements sometimes lead to unreliable results and,
therefore, these 40◦C-measurements have not been considered further. Moreover, the

measurement at 5◦C had to be discarded. The applicable temperature range is physi-
cally bounded by phase transitions at low temperatures and the solidifying of proteins

above 41◦C. Results have, however, shown that the applicable temperature range is

more narrow. Mechanical properties measured at any temperature can be shifted
to 37◦C by applying the Time-Temperature Superposition principle. It is, however,

strongly recommended to avoid the boundaries of the temperature range.

The variation on results between patients, which is not unexpected, can be attributed
to several factors. First of all, the age of the thrombus is not known. During ageing

the initial platelet rich blood clot is first enmeshed by a fibrin structure, followed
by degradation of this fibrin structure (Falk, 1992). For the luminal thrombus, it

is only known that it is formed most recently, but the actual stage of ageing and

the subsequent state of the structure is expected to have a great influence on the
mechanical properties.

Secondly, the exact shape and thickness of the thrombus is different for each patient

and the original position of the thrombus in the aneurysm is not known. To study the
influence of shape, thickness and original position it would be interesting to involve

CT or MR patient data in to this research. Even if these data were available it should
still be remembered that some inter subject variations will always be found.

The computational model of Inzoli et al. (1993) which included the thrombus in the

stress calculations of the vessel wall concluded that a thick thrombus with a Young’s
modulus of 0.2 MPa decreases the peak wall stress most. Mower et al. (1997) varied

stiffness from 0.01-2.0 MPa and found that a low thrombus stiffness hardly leads

to maximal stress reduction. Values found in this study are, however, lower and it
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will therefore be interesting to study whether the presence of a thrombus with the

measured viscoelastic properties will influence the wall stress. Before thrombus can
be included in our patient specific model (Wolters et al., 2005), the actual mechanical

properties need to be described for the entire relevant bandwidth. This can be done by

fitting a multi-mode Maxwell model to the experimental results. To obtain statistically
tested model parameters the methodology first needs to be applied to a sufficient

number of thrombi.
Since the experimental methods are known to lead to reproducible results, the method

may, in future work, be extended to the non-linear regime to deal with the large

strains that appear in a thrombus (Vorp et al., 1996).

2.5 Conclusion

It has been shown that determination of the viscoelastic properties of thrombus is
possible. Time-Temperature Superposition is applicable to thrombus tissue. Although

not statistically proved, it is suggested that in a discrete transition thrombus, the

mechanical properties of luminal and medial areas cannot be assumed to be equal. In
the continuous transition thrombus the changes in mechanical properties are gradual.

Values for discrete transition and continuous transition thrombi are all in the same

order of magnitude.
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3.1 Introduction

Rupture of an abdominal aortic aneurysm (AAA) is a life threatening event, that can,
when diagnosed in time, be prevented by either conventional or endovascular repair.

Since these corrections are accompanied by mortality rates of 4.0% and 2.9% respec-
tively (Hua et al., 2005), a careful evaluation of the rupture risk versus the risk of

surgical intervention is required. Currently, rupture risk prediction is based on the

maximum diameter of the aneurysm. However, it has been shown already that small
aneurysms do rupture sometimes, while some large aneurysms have not ruptured yet,

and therefore the diameter criterion alone may not be sufficient. Since the aneurysm

wall ruptures when stress exceeds the strength of the vessel wall (Fillinger et al.,
2003), stress analyses of the AAA vessel wall by means of a Finite Element Method

(FEM), have become subject of several studies (di Martino et al., 1998; Fillinger et al.,
2002; Inzoli et al., 1993; Mower et al., 1997; Raghavan et al., 2000; Thubrikar et al.,

2001a; Wang et al., 2002; Wolters et al., 2005).

AAAs are lined with intraluminal laminated thrombus to a varying extent. The effect
of the presence of thrombus on the wall stress has been studied on both idealised

(di Martino et al., 1998; Inzoli et al., 1993; Mower et al., 1997) and patient specific

geometries (di Martino and Vorp, 2003; Wang et al., 2002). Thrombus is found to re-
duce and redistribute wall stress. The size of the effect is dependent on the geometry

and the mechanical properties of the thrombus.
Thrombus is a fibrin structure infiltrated with blood cells, blood proteins and cellular

debris (Falk, 1992). Observation of thrombus (van Dam et al., 2006; Wang et al.,

2001) reveals that three types of thrombus exist (Fig. 1.2). New thrombus is formed
at the luminal side and appears red. Fibrin fibres are clearly identifiable and ar-

ranged into primary, thick fibrin bundles and a fine, secondary, cross linked structure.

Attached to this thrombus is a more aged region, which appears white. Fibrin fibres
in this regions have degenerated. In the abluminal region, the thrombus has aged

most and all fibres appear degenerated, no structure can be recognised (Wang et al.,
2001).

Figure 3.1b shows ESEM images, obtained in our lab, of the transversal plane through

three different human AAA thrombi. The abluminal thrombus is at the right side of
the image, luminal at the left side of the images. In the first thrombus, the local

differences in structure are large. The structure is very dense in some positions,

whereas it is very loose in others. The structure of the other two thrombi seems
to be much more homogeneous, but still differences between areas can be pointed

out. Wang et al. (2001) related the mechanical properties of the luminal and medial
thrombus to their structural state and reported a difference between the layers. The

ESEM images in figure 3.1b, however, do not show clear distinction between the

luminal, medial and abluminal layers, but do show large local variations. This may
indicate that local variations can also occur in the mechanical properties.

The effects of local differences in structure were, however, neglected in the wall stress

analyses concerned. The thrombus was modelled as an isotropic homogeneous mate-
rial in all studies; the mechanical properties were either assumed (Inzoli et al., 1993;

Mower et al., 1997) or were determined by fitting tensile testing data to a linear
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Figure 3.1: In ESEM images of thrombus of 3 patients no large structural change can
be found throughout the thrombus. At the left the luminal thrombus, at the right the
abluminal thrombus.

elastic model (di Martino et al., 1998) or to a two-parameter, hyper-elastic, isotropic

and incompressible model (Wang et al., 2001, 2002). An ideal model for calculat-
ing AAA wall stresses would include loading with a dynamic pressure and applying a

proper constitutive model that also incorporates the position dependent viscoelastic

properties of the thrombus.
It has been shown in previous studies that rheological measurements yield repro-

ducible results for linear viscoelastic behaviour, which is valid for small strains up to
5% (Hinnen et al., 2007; van Dam et al., 2006). Large strains can, however, appear

in thrombus (Vorp et al., 1996). When the change of shape of in vivo AAAs during

systole was studied based on MR images inner, circumferential strains up to 15% were
revealed. Since linear viscoelastic behaviour is only applicable to small strains, the

goal of this study is to determine the non-linear viscoelastic behaviour of the throm-

bus and to study the changes in mechanical properties throughout the thickness of
the thrombus caused by structural changes as described by Wang et al. (2001).

To achieve this goal, first a non-linear viscoelastic material model is presented that
can capture the phenomena observed experimentally. To obtain the model parameter

values, results of experiments in both the linear and the non-linear regime are needed.

The changes in the linear behaviour throughout the thickness of the thrombus, that
may be caused by structural changes, will be shown. Although the oscillatory shear

experiments were performed earlier (van Dam et al., 2006), they were repeated for a

larger number of samples and the experimental methods were extended to the non-
linear regime. Stress relaxation experiments are performed to obtain the non-linear

model parameters.
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3.2 Methods

3.2.1 Kinematics

The changes of volume and shape of an arbitrary solid material are described by the

deformation gradient tensor F . F is split (Fig. 3.2) into an elastic part, F e, and an
inelastic part F p :

dx = F · dx0; F = F e · F p, (3.1)

where dx0 represents a material line element in the undeformed state, C0, and dx

represents it in the deformed state, Ct. The inelastic part of F , F p, transforms the
undeformed state, C0, to a relaxed stress-free configuration, Cp. This is a fictitious

state that would be recovered instantaneously when all loads were removed from the
material line-element. The elastic part, F e, of F transforms the stress-free state, Cp,

elastically into the deformed state, Ct. Next, the elastic Finger tensor, Be, can be

introduced:

Be = F e · F
T
e (3.2)

Cp

Ct

C0

~Fe

~F

~Fp

1

Figure 3.2: The inelastic part of F , F p transforms the undeformed state C0 to a
relaxed stress-free configuration, Cp and is modelled by a dashpot. Cp is a fictitious
state that would be recovered instantaneously when all loads were removed from
the material element. The elastic part, F e, of F transforms the stress-free state Cp

elastically into the deformed state Ct. This part is modelled by a spring.

The velocity gradient tensor can be defined as:

L = Ḟ · F−1. (3.3)
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Figure 3.3: A spring-dashpot model as a mechanical analog of the constitutive model.
The springs G1 through Gn and the dashpots in the viscoelastic modes are linear. The
equilibrium mode is modelled by a non-linear spring G0.

Using Eqn. (3.1) and (3.3) an additive decomposition of L is defined:

L = Le + Lp,

Le = Ḟ e · F
−1
e , Lp = F e · Ḟ p · F−1

p · F−1
e . (3.4)

Both parts of the velocity gradient can be decomposed in:

Le = De + Ωe, De =
1

2
(Le + L

T
e ), Ωe =

1

2
(Le − L

T
e )

Lp = Dp + Ωp, Dp =
1

2
(Lp + L

T
p ), Ωp =

1

2
(Lp − L

T
p ) (3.5)

where De and Dp are the symmetric rate of deformation tensors and Ωe and Ωp are

the skew-symmetric spin tensors. To obtain a unique fictitious stress free state, Cp,
the inelastic deformation is assumed to occur spin free:

Ωp = 0. (3.6)

The elastic part of the deformation must then account for all rotations:

Ωe = Ω. (3.7)

3.2.2 The constitutive model

The constitutive model proposed is based on previous research on the viscoelastic
properties of brain tissue (Hrapko et al., 2006).

Since thrombus can be assumed to be incompressible (Hinnen et al., 2007), the

Cauchy stress can be split:

σ = σ
d + σ

v , (3.8)
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where σ
v is the volumetric part, that only depends on the hydrostatic pressure (p =

− 1
3 tr(σ)), and σ

d = σ − pI is the deviatoric part. The latter part is decomposed into
an elastic part, σ

d
0 and into n viscoelastic modes (Fig. 3.3):

σ
d = σ

d
0 +

n
∑

i=1

σ
d
i . (3.9)

The elastic behaviour of the viscoelastic modes is modelled as being Neo-Hookean :

σ
d
i = GiB

d
e,i, (3.10)

where Bd
e,i is the deviatoric part of the elastic Finger tensor Be of mode i. The time

dependent behaviour of the viscoelastic modes is described by the inelastic rate of
deformation, Dp:

Dp,i =
σ

d
i

2ηi
(3.11)

with ηi = Giλi. This is equivalent to a Leonov model; a nonlinear model that is fully
characterised by the linear parameters Gi and λi only. In the limits of small strains

this model reduces to a Maxwell model.

A non-linear equilibrium mode is added to the viscoelastic modes. This mode is de-
scribed by a Mooney-Rivlin-type model, modified with a damping function:

σ
d
0 = 2

∂W

∂I1
B

d − 2
∂W

∂I2
(B−1)d, (3.12)

with W = W (I1, I2) the strain energy function, where I1and I2 are the first and
second invariants of the Finger tensor:

I1 = tr(B); I2 =
1

2
[tr(B)2 − tr(B2)]. (3.13)

The shape of the partial derivatives of the strain energy function is chosen based on

the non-linear strain-dependency of the equilibrated response as is observed in shear

relaxation tests:

W = G0{−
1− A

C2
[(Cx + 1) exp(−Cx) − 1] +

1

2
Ax2}, (3.14)

with

x =
√

bI1 + (1 − b)I2 − 3 (3.15)

and A, C and b material specific parameters. With this strain energy function, the

constitutive relation for the equilibrium mode can be written as:

σ
d
0 = G0[(1−A) exp(−C

√

bI1 + (1 − b)I2 − 3)+A][bBd − (1− b)(B−1)d]. (3.16)
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The parameter b distinguishes between the contribution of the first and second in-

variant of B to the strain energy and cannot be determined in shear experiments.
This parameter is, in absence of other than shear experimental data, set to b = 1.

Determination of b will be subject of future research by adding compression tests to

the experimental methods. Eqn. (3.16) then can be simplified:

σ
d
0 = G0[(1 − A) exp(−C

√

I1 − 3) + A]Bd. (3.17)

The constitutive model, Eqn. (3.10), (3.11) and (3.17), describes the material be-
haviour of the individual elements, i.e. the springs and dashpots. In each mode,

the behaviour of the springs is described as a function of the isochoric elastic Finger
tensor B

d
e,i, while the dashpots are described as a function of the inelastic deforma-

tion rate, Dp,i. For numerical implementation, the kinematics is used to write the

behaviour in terms of the inelastic right Cauchy-Green tensor for each mode Cp:

Cp = F
T
p · F p = F

T · B−1
e · F . (3.18)

Taking the time derivative of Cp and using the requirement of spin-free inelastic
deformation, Eqn. (3.6), provides an evolution equation for large rigid-body rotation

and translation:

Ċp = 2Cp · F−1 · Dp · F . (3.19)

In the time integration procedure (Brands, 2002), the evolution equation, Ċp is used

to numerically update Cp, Eqn. (3.19), in the following way: At each new time in-
crement the updated elastic Finger tensor follows from F at that time increment and

Eqn. (3.18): Be = F · C
−1
p · F

T . Application of Be in constitutive equation, Eqn.

(3.10), yields an updated σ
d
i . Finally, the inelastic rate of deformation Dp is deter-

mined from Eqn. (3.11) and the subsequently updated Ċp, Eqn. (3.19), serves as the

basis for proceeding to the next step. The evolution equation, Ċp, is insensitive for

large-body rotations (Brands, 2002) and is therefore used to numerically update Cp.

The material parameters, G0 to Gn, λ1 to λn, A and C, are determined by fitting the
proposed model to experimental data as will be described in the next section.

3.2.3 Determination of material parameters

Sample preparation

Thrombus tissue was obtained from seven patients undergoing elective surgical AAA

repair. Because this material is discarded in the normal clinical setting and it is
anonymised after the procedure, making tracing back to the patient impossible, in-

formed consent was not required. The procedure was in conformity with the code of

conduct for use of human material as stated by the Dutch federation of Biomedical
Scientific Societies. Directly after harvesting of the tissue, it was stored in Phosphate

Buffered Saline (PBS). The thickest part of the thrombus was selected for preparation
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of samples for mechanical testing. A vibratome (VS1000s, Leica microsystems, Ger-

many) with a sapphire knife was used to cut a radially oriented stack of slices (Fig.
2.2), each with a thickness of 0.5 mm. For experiments performed on a plate plate

configuration rheometer, the samples need to be parallel. A cork drill with a diameter

of 10 mm was used to cut a sample out of each slice. Since this sample preparation is
time-consuming, measurements had to be postponed and samples were stored at

-80 ◦C. In a previous study it was verified that this storage did not influence the me-
chanical properties (van Dam et al., 2006). Before testing, the samples were thawed

in a bath with lukewarm water.

Experimental setup

All small strain and large strain experiments were performed on a Rheometrics rota-

tional rheometer (ARES, Advanced Expansion System) with parallel disk geometry in

combination with a Peltier Environmental control and a fluid bath. All measurements
were performed at 37◦C in a PBS saturated humid environment.

To avoid compression to be applied during the shear experiments, the exact thickness
of each sample was determined. The gap between the plates needs to be equal to

this thickness. To this end, the upper plate is positioned above the sample and is then

lowered with a constant velocity, while measuring the normal force. A typical repre-
sentation of this procedure, called the force gap test, is given in figure 3.4, where the

normal force is plotted as a function of the gap width during the force gap test. Sam-

ples are saturated with PBS, which will form a layer of liquid on top of the sample.
When the upper plate nearly contacts the fluid, capillary effects will cause a negative

normal force. When the plate is lowered further and reaches the sample top, the nor-
mal force will have increased again to zero. Evidently, the normal force will increase

rapidly when the upper plate is lowered even further and compresses the sample.

Small strain experiments

For small strains, the non-linear viscoelastic model proposed in the previous para-

graphs, reduces to a multi mode Maxwell model. A n-mode Maxwell model is fully
determined by the relaxation time λi and moduli Gi (i=1,...n) and can be presented

in terms of the storage modulus G′ and the loss modulus G′′,

G′ = G0 +
n
∑

i=1

Gi
λ2

i ω
2

1 + λ2
i ω

2
, G′′ =

n
∑

i=1

Gi
λiω

1 + λ2
i ω

2
(3.20)

where λi and Gi are a set of the relaxation time and shear modulus for the ith mode.

For a given number of modes the values for G and λ can be acquired by a dynamic fre-

quency sweep test (DFST). In a DFST, harmonic oscillations with a varying frequency
at a constant strain are applied. DFSTs were performed with a frequency range of

1 rad/s (0.16 Hz) to 100 rad/s (16Hz) and a constant strain of 3%, which is within
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Figure 3.4: Force Gap Test: The gap distance versus the normal force. When the
gap distance is decreased, capillary forces will lead to a negative force. When the
gap is decreased even further the force will rise through zero and the sample will
be compressed. The sample thickness is taken equal to the smallest gap distance at
which the normal force equals zero, in this case 0.5 mm.

the linear viscoelastic regime of the thrombus. The applicability of these small shear

experiments was shown in previous work (van Dam et al., 2006). In this study, new

samples were used to determine the non-linear parameters and to obtain complete
datasets these new samples were also tested in the small strain regime. The obtained

G′ and G′′ were used to the study the variations within and between thrombi. The

original position within the thrombus of each slice plotted against the G′ and G′′

provide information about the changes of the viscoelastic properties throughout the

thrombus. To obtain the differences between thrombi, the mean and standard de-
viation of G′ per thrombus were used. To obtain the general model parameters λ1

through λn and G0 through Gn, all G′ and G′′ curves were averaged. Eqn. (3.20)

was fitted to these mean G′ and G′′ curves, with n=3, using a least squares estimation
algorithm.

Large strain experiments

To determine the model parameters of the non-linear material model described in the
previous section, oscillatory experiments can be used. These experiments should then

be done at a certain number of frequencies. When, however, stress relaxation experi-
ments are performed information is gathered about all frequencies present within the

limits of the experimental setup. During the stress relaxation experiments, a theo-

retical step in strain is imposed on the sample. Since this is not possible in reality,
stress relaxation strain ramps with increasing magnitude (1, 5, 10, 15 and 20%) are

imposed with a strain rate of 1s−1 (Fig. 3.5). Strain is kept constant thereafter for a

loading time of 10 seconds (ω < 2π/10s ≈ 0.5) . After this loading phase the strain is
released and the sample is left to recover at zero strain for 10 times the loading time.

Besides the facts that we explore the nonlinear regime and a range of frequencies,
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Figure 3.5: Stress relaxation experiments: strain ramps with increasing magnitude
are imposed.

these experiments also provide information about reproducibility and the relaxation

behaviour.

The evolution equation (3.19) was implemented numerically as described in section
3.2.2 and the model then was fitted to the results from the stress relaxation experi-

ments using a least squares estimation algorithm. The stress responses to the applied

strain (Fig. 3.5) of all samples were averaged and the resulting mean stress response
was used in the fitting procedure.

Moduli G1 through G3 and relaxation times λ1 through λ3, as determined for the
linear regime are assumed to be true for the non-linear case as well. Relaxation, how-

ever, continues up to 10 seconds, but the small strain experiments do not include such

low frequencies. The large relaxation time that is expected from the stress-relaxation
experiment can therefore not be found by fitting it solely to the small strain results.

A fourth viscoelastic mode, with G4 and λ4, is therefore introduced. Addition of a

viscoelastic mode will influence the total G′ and G′′ (according to Eqn. (3.20)) and
therefore G0 is fitted again. Since G0 also influences the nonlinear regime (according

to Eqn. (3.17)), the fitting routine simultaneously evaluates the parameters for small
strains, (Eqn. 3.20), and large strains, (Eqn. 3.19) with the objective function:

ε =
1

n

n
∑

i=1

(

(G′
mod(i) − G′

exp(i))
2

G′2
exp(i)

+
(G′′

mod(i) − G′′
exp(i))

2

G′′2
exp(i)

)

+

1

m

m
∑

j=1

(σmod(j) − σexp(j))
2

(3.21)

where G′
mod, G

′′
mod and σmod are the modelled values and G′

exp, G
′′
exp and σexp the ex-

perimental values. G′ and G′′ are measured (and modelled) at n points, σ is measured

at m points. In this objective function errors between the modelled and measured lin-
ear data are normalised to experimental values, whereas the non-linear error is not

normalised. Normalisation of the non-linear error to the measured value is impossible
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because at some measurements points it will lead to divide-by-zero.

3.3 Results

3.3.1 Small strain experiments

To determine the thickness of each sample the force gap test was performed before

further testing. The thickness of the samples varied between 0.4 and 0.6 mm.
The frequency sweep results show the variations of material properties within and

between patients. G′ and G′′ at 10 rad/s are plotted against the relative position of

the sample in the thrombus (Fig. 3.6). Position 0 corresponds to the abluminal side,
while position 1 indicates the luminal side. The G′ values are all in the same order

of magnitude and are within a range of 1.7 ± 1.3 kPa. When studying the change of
G′ throughout the thickness of each thrombus no similar trend for all patients can be

found. The results for G′′ are similar: all values are in the same order of magnitude

(0.2 ± 0.1 kPa) and no similar trends can be found throughout the thrombus for the
different patients. G′ of patient 1, e.g., increases towards the abluminal side while G′

of patient 2 decreases.

Figure 3.7 depicts the mean and standard deviation of G′ and G′′ over all samples
separately. The values G′ and G′′ do not differ significantly between patients.
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Figure 3.6: G′ (a) and G′′ (b) at 10 rad/s versus the relative position of each sample
in the thrombus: 0 indicates the abluminal side, 1 indicates the luminal side of the
thrombus.

The mean and standard deviation of all samples are given versus the frequency in

figure 3.8. G′ increases with frequency for all samples in a similar way. A Maxwell
model with 3 viscoelastic modes and an equilibrium mode was fitted to the mean of

all samples. The values for λi and Gi are given in table 3.1, the resulting G′ and G′′

are plotted in figure 3.8. Both fitted G′ and G′′ are well within the standard deviation
of the measured values and the multi mode Maxwell model is therefore assumed to

describe the linear material behaviour in a satisfying way.
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Figure 3.7: The mean and standard deviation of G′ and G′′ at 10 rad/s of all samples
of each patient.

G0 [Pa] G1 [Pa] G2 [Pa] G3 [Pa] λ1 [s] λ2 [s] λ3 [s]
9.5· 102 5.7 · 102 2.7 · 102 2.6 · 102 9.5 · 10−3 9.6 · 10−2 9.1 · 10−1

Table 3.1: Linear model parameters that describe the average G′ and G′′ .

3.3.2 Large strain experiments

To obtain the parameters for the large strain regime, the stress relaxation experiments

as described in section 3.2.3 have been performed. The mean stress response of all

samples has been used to obtain the model parameters.
In figure 3.9a the mean stress responses for the 1, 5, 10, 15 and 20% strain are given

(from bottom to top respectively). Datapoints in the loading phase and the relaxation

were used simultaneous to fit to the model. In the unloading phase too few datapoints
were gathered, due to experimental limitations, to determine material properties.

In figure 3.9b, the same experimental data are presented as in figure 3.9a as a stress-
strain curve. It can be seen that the model can describe the behaviour in the loading

and relaxation phase rather good, however, the unloading phase is not described very

well. The predicted relaxation is faster than the measured relaxation. Since a fourth
viscoelastic mode is added and G0 is estimated again, the values for G′ and G′′ have

changed. In figure 3.9c, the mean and standard deviation of G′ and G′′ are shown

together with the newly calculated value for G′ and G′′ according to Eqn. (3.20). G′

is overestimated after fitting the stress relaxation data, but is still within the standard

deviation of the measured data.
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Figure 3.8: Mean G′ (a) and G′′ (b) with the standard deviation over all samples.
The mean value was fitted to a multi mode Maxwell model.

3.4 Discussion

In this work the non-linear viscoelastic properties of thrombus are studied. In pre-

vious research we did show that rheometry is a useful method to determine linear
viscoelastic properties (van Dam et al., 2006). Since thrombus experiences large

strains in vivo, the characterisation of the material behaviour has been extended to
the non-linear regime. A non-linear multi mode model to describe the viscoelastic

behaviour of the thrombus is chosen. This model consists of a number of non-linear

viscoelastic modes, described by linear viscoelastic parameters Gi and λi only, and a
non-linear equilibrium mode, described by a non-linear spring. The linear viscoelastic

modes and the non-linear equilibrium mode were based on experimental data. If it

is assumed that the loading time is long enough for the sample to relax completely,
the coefficient in Eqn. (3.17) can be taken as the last response before the load is re-

leased (Fig. 3.10a). If this coefficient is extracted for each strain and plotted against
the strain, it is clear that it is decreasing with increasing strain (Fig. 3.10b). Thus,

it is strain dependent in a non-linear way. When the response for each strain am-

plitude is normalised to the strain and the accompanying value for the coefficient of
Eqn. (3.17), it can be seen that the shape of the responses is equal for all strains

(Fig 3.10c). The relaxation behaviour is strain dependent in a linear way. There-

fore, linear springs and dashpots were chosen for the viscoelastic modes, whereas the
equilibrium mode is described by a non-linear spring. To obtain the linear model pa-

rameters, shear experiments in the linear strain regime were performed on thrombi
from seven patients. As has been described earlier (van Dam et al., 2006) samples

cannot be gathered from all parts of the thrombus. The tissue at the abluminal side

of the thrombus is too degenerated to cut samples from. The abluminal thrombus is,
however, responsible for the attachment of the thrombus to the wall. The nature of

the thrombus-vessel wall contact is unclear to the authors, and will be a subject of

further research. When studying the change of G′ and G′′ throughout the thickness
of the thrombus, each thrombus shows it own behaviour. No general curve can be

recognised that describes a gradual change of material properties throughout all dif-



36 Chapter 3

−0.1 −0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
−100

−50

0

50

100

150

200

250

300

Strain [−]

S
tr

es
s 

[P
a]

measured data
model

1%

5%

10%

15%

20%

a

0 20 40 60 80 100
−100

−50

0

50

100

150

200

250

300

Time [s]

S
tr

es
s 

[P
a]

measured data
model

20%

15%

10%

5%

1%

b

10
0

10
1

10
210

1

10
2

10
3

10
4

Frequency [rad/s]

G
’’ 

[P
a]

   
 &

   
 G

’ [
P

a]

measured data
model

c

Figure 3.9: Stress strain relation (a), the stress relaxation (b) and the linear param-
eters, G′ and G′′ (c), for the mean response together with the model description.
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Figure 3.10: When the coefficient of (3.17) is extracted from the stress relaxation
responses (a), and plotted against the strain (G = G0f(I1)) it can be seen that it is
strain dependent (b) in a non-linear way. When the stress responses are normalised
to strain amplitude and the accompanying value for the coefficient, it is clear that the
relaxation is linear dependent on the strain (c).
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ferent thrombi. Values found are all in the same order of magnitude. The mean value

for G′ and G′′ does not differ significantly between patients.
Values for G′ and G′′ we have reported in earlier work (van Dam et al., 2006), were

approximately three times higher than reported in this study. A possible reason for

this is the use of a moisture chamber in this study. Dehydration of the sample could
lead to altered mechanical properties. Hinnen et al. (2007) performed dynamic me-

chanical experiments on thrombus in the linear regime. They reported mean G′ and
G′′ of 35 and 8 kPa, which is an order of magnitude higher than the values reported

in this work. The results by Hinnen et al. (2007), may be influenced by their experi-

mental method which included glueing of the sample.
Responses in the large strain regime have been studied by performing stress relaxation

experiments. Since the loading phases of all curves, with increasing strain, overlap

well, it can be concluded that the samples were not damaged during the experiments.
Mechanical damage would have led to an immediate change in the response. To

describe the behaviour, model parameters were obtained from the experimental data.
The fitting procedure resulted in a unique parameter set as long as the initial guesses

for G and λ are within the same range as the experiments.

All the non-linear parameters play a specific role. Parameter b allows for weighting
between the invariants I1 and I2 and, therefore, distinguish between the non-linear

behaviour in shear and extension (I1 = I2. in shear, I1 > I2 in extension). The

non-linear behaviour is fully captured with the parameters A and C. The strength of
the non-linearity is described by C, while A weights the non-linearity with the linear

part. Most parameters, linear and non-linear, are only weakly correlated except for
those that determine the level of the stress, i.e. A, G0 and G4 (the mode with the

highest relaxation time and thus the most elastic mode).

It has been shown that the mean response of all samples can be described by the non-
linear multi mode model, as described in section 3.2.2, in a satisfying way. Whereas

the stress relaxation is described very well, G′ is overestimated by the model. This is

the result of the objective function in which the non-linear error is weighted heavier
than the non-linear error because of absence of normalisation of the non-linear er-

ror. The overestimation can be prevented by applying normalisation of the non-linear
error to the mean value of the non-linear experimental data. The objective function

then changes to:

ε =
1

n

n
∑

i=1

(

(G′
mod(i) − G′

exp(i))
2

G′2
exp(i)

+
(G′′

mod(i) − G′′
exp(i))

2

G′′2
exp(i)

)

+

1

m

m
∑

j=1

(σmod(j) − σexp(j))
2

σexp
2

(3.22)

Figure 3.11 depicts the results of such a model fit. The description of G′ has indeed

improved, but the relaxation is now described poorly. When this model is to be imple-
mented in a finite element model, the model parameters as described in the results

section can best be chosen. A model for describing relaxation and stress-strain rela-
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tion well is more relevant in the physiological situation than a model describing G′

and G′′ well. The model parameters have been obtained for the mean response of all
samples. Thrombi whose response level is extremely high or low may, however, have

a pronounced influence on rupture risk prediction using finite element stress analysis.

Therefore, the highest and lowest stress responses were fitted to the model proposed.
The measured relaxation and the fitted model for these samples is depicted in figure

3.12. It can be seen that the model can describe these outliers well. The model pa-
rameters for these extreme experimental results and the mean response are given in

table 3.2. It is found that G0 is an important parameter in describing the behaviour.

The non-linear parameters C are all in the same order of magnitude. The variation
in parameter A cannot clearly be related to either a high or low response. In the

model used the parameter b is set to 1. Experiments other than shear experiments,

such as compression tests, are necessary to be able to determine b. Since G′ seems to
be the major player in describing the thrombus behaviour, only small differences are

expected to be found for b. It would, however, be an interesting subject for further
research.

The influence of the non-linear viscoelastic behaviour can be studied by implementing

the material model into finite element AAA stress calculations (Wolters et al., 2005).
Although the moduli found are very low, the viscoelastic behaviour may play a role

in the attenuation of pressure waves travelling through the arterial system. When

implementing the parameters found for the highest and lowest stress response leads
to large variations in wall stress and its distribution, a method has to be developed

to obtain the mechanical properties of thrombus in a patient-specific way. When
the resulting variations in wall stress, however, are small, one may assume that all

thrombi may be described with the same parameter set.

mean highest lowest

mode G [Pa] λ [s] G [Pa] λ [s] G [Pa] λ [s]

1 5.7 · 102 9.5 · 10−3 1.1 · 103 1.0 · 10−2 1.6 · 102 1.0 · 10−2

2 2.7 · 102 9.6 · 10−2 5.6 · 102 9.3 · 10−2 9.7 · 101 1.0 · 10−1

3 2.6 · 102 9.1 · 10−1 5.3 · 102 8.7 · 10−1 1.1 · 102 1.1 · 100

4 1.7 · 102 2.8 · 101 1.1 · 103 1.1 · 102 1.2 · 10−9 1.2 · 102

G0 [Pa] 1.3 · 103 2.7 · 103 4.4 · 102

A [-] 5.7 · 10−1 2.8 · 10−2 4.6· 10−1

C [-] 5.8 · 100 2.4 · 100 8.7 · 100

Table 3.2: Model parameters that describe mean response and the highest and lowest
stress response.

Wang et al. (2001) related the mechanical properties of luminal and medial throm-

bus to the structural state of the tissue. To study the relation between mechanical

properties and structure of the tissue, ESEM images were also included in this work
(Fig 3.1b). On a global scale structural changes can be seen, but these differences

cannot be found consistently in the material behaviour. Local differences in struc-
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Figure 3.11: Stress strain relation (a), the stress relaxation (b) and the linear param-
eters, G′ and G′′, for the mean response together with the model description. G′ and
G′′ were weighted heavily by using the objective function (3.22) for fitting the model
parameters.
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Figure 3.12: The stress relaxation as measured together with the model description
for the samples with the largest (a) and smallest (b) response.

ture could lead to the local effects in properties that we found. The structure seen in

ESEM images and the mechanical properties of samples taken from an adjacent slice
of thrombus cannot be related directly. This would probably require ESEM images of

each rheological sample.

3.5 Conclusion

From experimental data it is concluded that the change of properties throughout the

thrombus is different for each thrombus. The variations found within one thrombus
are of the same order of magnitude as the variation between patients. This suggests

that the same material parameters may be used to describe all thrombi.
The multi mode viscoelastic model proposed can be used to describe the linear and

the non-linear viscoelastic properties of intraluminal thrombus. The parameters can

be obtained successfully by fitting it to the experimental data. The model cannot only
describe the average stress response but also the highest and lowest stress responses.

These may play an important role in rupture risk prediction using finite element stress

analysis and implementation of the model is needed to determine the influence on the
wall stress of responses found.
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4.1 Introduction

Rupture of an abdominal aortic aneurysm (AAA) is a major cause of death in the
Western world. When the AAA is diagnosed timely, rupture can be prevented by

conventional surgical or by endovascular repair. Since mortality rates of these inter-
ventions are as high as 4.0% and 2.9% respectively (Hua et al., 2005), the decision

to operate should only be made when rupture risk exceeds the risks of intervention.

Nowadays, this decision is based on the maximum diameter of the aneurysm, but
it has already been suggested that wall stress would be a better predictor than the

maximum diameter (Fillinger et al., 2003). Patient specific computational models

have been developed to calculate this wall stress (Fillinger et al., 2003; Inzoli et al.,
1993; Hua and Mower, 2001; di Martino and Vorp, 2003; Mower et al., 1997; Papa-

harilaou et al., 2007; Raghavan et al., 2005; Scotti et al., 2005; Stringfellow et al.,
1987; Vorp et al., 1996, 1998; Venkatasubramaniam et al., 2004; Wang et al., 2002;

Wolters et al., 2005). Although it is known that the aneurysm vessel wall is not a

homogeneous tissue, these models only assume homogeneous vessel wall properties.
It has, however, already been shown that inhomogeneities such as atherosclerotic

plaques and calcifications have large effects on the maximum wall stress and wall

stress distribution (de Putter et al., 2006b; Inzoli et al., 1993; Speelman et al., 2007).
The presence and distribution of inhomogeneities is highly patient specific and should

therefore be dealt with accordingly. Although histological staining is a sound method
to determine tissue composition and structure, its highly invasive character prevents

it from being suitable diagnostic tool. A non-invasive imaging tool should therefore

be used to obtain tissue morphology.
Although CT images can provide information about calcification of the vessel wall

they do not provide information about other inhomogeneities due to CT’s limited

abilities in imaging soft tissues. Another noninvasive imaging method, magnetic
resonance imaging (MRI) has already been shown to be useful in obtaining the di-

mensional and compositional properties of carotid arteries (Clarke et al., 2003; It-
skovich et al., 2004; Morrisett et al., 2003; Shinnar et al., 1999). Multiple MR con-

trast weightings are required for identification of plaque components. Since there

is a strong clinical and histopathological association between AAA development and
atherosclerosis, multi contrast MR may also be valuable tool to study AAA vessel wall

inhomogeneities. It is, however, difficult to employ the method as described for the

carotids by different groups in the AAA research for several reasons. First of all, each
research groups described the carotid plaques by different tissue types. Clarke et al.

(2003) suggest that the plaques can be adequately described with the use of only four
tissue classes: fibrous tissue, necrotic core, calcification and loose connective tissue.

Thrombus is then not taken into account, but is included in other work (Morrisett

et al., 2003; Shinnar et al., 1999). Furthermore, Itskovich et al. (2004) report dif-
ferences in MR properties between loose fibrous and dense fibrous tissue. Besides

the different types of tissue that are classified, the results are sometimes in contradic-

tion. Clarke et al. (2003) report that the necrotic core is bright in diffusion weighted
MR, while Shinnar et al. (1999) found that only thrombus is bright in the diffusion

weighted MR image. According to Morrisett et al. (2003) thrombus has a long T2,
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which is in contradiction with the result of Itskovich et al. (2004) who reports that

thrombus appears dark in the T2 weighted image, indicating a low T2 value. Part
of these differences can be explained by the differences in MR field strength and se-

quences that were used. The lack of consensus makes it impossible to extrapolate

the results from literature to the results that could be expected from multi contrast
imaging of the AAA vessel wall imaging.

The degrading vessel wall is likely to show the same types of tissue as the carotids. Fi-
brous tissue, calcifications, connective tissue, thrombus and even areas with atheroscle-

rotic plaques do occur in AAA vessel wall, and multi contrast MR might be a useful

tool to determine the heterogeneity of the vessel wall. The value of the multi contrast
MR weightings for determination of AAA vessel morphology will be studied in this

chapter.

High resolution multi contrast MRI is applied to ex vivo AAA vessel wall samples. To
enable automatic image segmentation and objective classification of vessel wall com-

ponents a clustering algorithm will be introduced. µCT is used as a golden standard
for the detection of calcium deposits and histological examination is used as a golden

standard for tissue composition.

a

F

suture

sample holders

housing filled with fomblin b

Figure 4.1: the samples were glued and sutured to two holders (a). To stretch the
sample a force was applied to one sample holder, while the other was fixed to the
housing (b). The housing was filled with fomblin.

4.2 Methods and Materials

4.2.1 Multi Contrast MRI

AAA tissue was obtained from patients undergoing elective surgical AAA repair. Be-
cause this material is discarded in the normal clinical setting and it is anonymised

after the procedure, making tracing back to the patient impossible, informed consent

was not required. The procedure was in conformity with the code of conduct for use
of human material as stated by the Dutch federation of Biomedical Scientific Soci-

eties. Samples were stored at -80◦C. Before imaging the samples were thawed in a
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bath with lukewarm water. Of each sample a strip, with a size of approximately 15

mm × 30 mm, was used for imaging. The sample was attached at two sides to a sam-
ple holder. Each sample holder was first glued to the sample and to prevent tearing

of the sample, several sutures were made through the sample and the holder. One

sample holder was fixed to the housing, while a load was applied to the other. To
avoid curling, the sample was stretched slightly by application of a small load. The

samples were immersed in fomblin (Solvay Solexis, Milano, Italy). Since fomblin has
no MR signal, the sample can easily be segmented from the background. The entire

set-up was mounted inside a 6.3T MR scanner with a Bruker Biospec imaging console.

To enable MRI-measurements the housing was encompassed by an 8-legged low-pass
birdcage RF coil (RAPID biomedical, Würzburg, Germany).

Three different MR contrast, T1-weighted (T1w), T2 weighted (T2w) and diffusion

weighted (Dw) Spin Echo (SE) were used. The in-plane resolution was 117 µm × 117
µm, and the slice thickness was 1 mm. In the T2w SE 10 echos were acquired. The

series of echos can be used to obtained a T2-map of the samples. Further acquisition
parameters are given in table 4.1.

T1w T2w Dw

Repetition Time (ms) 626 4000 4000

Echo Time (ms) 10.2 10.2, 20.4 ... 102.0 40

Field of view (mm) 30 30 30
Matrix size 256 256 256

Number of averges 4 2 1

b-value 568 s/mm2

Table 4.1: MR acquisition parameters.

4.2.2 µCT & histology

Several histological stainings are used as golden standards for tissue morphology.

Because calcium is removed during the histological processing, µCT images were ob-
tained as the golden standard for calcium deposits. After MR imaging, the samples

were mounted in a custom-made holder, in which the configuration of the sample

during MR imaging could be mimicked. The sample was then immersed in PBS and
imaged with a Scanco µCT-80 scanner (Scanco Medical, Bassersdorf, CH). The voxel

size was 60 µm × 60 µm × 60 µm.
After µCT and Multi contrast MR imaging the samples were decalcified, embedded

in paraffin and were cut into 5µm thick slices. The stainings performed were based

on the tissue types expected in the AAA vessel wall. The morphology of the vessel
wall of AAA has changed severely compared to a healthy vessel wall. The wall of a

healthy aorta consists of three layers. The tunica internica or intima is the innermost

layer, lined by endothelium. The thick elastic layer is called the tunica media and
consists of elastic fibres (elastin) and smooth muscle cells (SMC). SMCs synthesise

the components of the extracellular matrix. The tunica externa or adventitia is the
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Figure 4.2: The components that can be found in the AAA with the proposed stain-
ings. In a EvG staining (a) collagen is pink and elastin black. Fragments of elastin can
be found in AAA tissue (arrow 1 & 2). The MSB staining (b) shows a clear difference
between collagen (blue) and fibrin (red, arrow 3). In the ASMA staining (c) SMCs
appear red. The vasa vasorum that may occur in the adventitia (arrow 4) can be seen
clearly. Fat cells can be recognised by their typical morphology (arrow 5). Sirius red
stain (d) is mainly used to stain collagen red. Cholesterol crystals can be recognised
in any staining by their typical shape (e).

tough outer layer, which consists mainly of collagen fibres. Adventitial fibroblasts also

have the capacity to synthesise extra cellular matrix components. In the aneurysm
wall this three layer structure is destroyed and can no longer be recognised. Elastin

content decreases (Dobrin, 1989; He and Roach, 1994; Sumner et al., 1970) and
elastin fibres that are found are often fragmented (Kazi et al., 2003). An Elastin

van Gieson staining (Fig. 4.2a) shows the elastin fragments in the media. Collagen

appears blue in the MSB (Martius-Scarlet-Blue) staining (Fig. 4.2b), which can be
positively affirmed by a Sirius red staining (Fig. 4.2d). To determine SMC location an

ASMA (α-Smooth-Muscle-Actin) staining (Fig. 4.2c) is used. The SMCs in the vasa

vasorum serve as an internal positive control for the staining. Other components that
can be found in the AAA vessel wall are fibrin, cholesterol crystals and fat cells. Fibrin

is stained red in the MSB staining (Fig. 4.2b). Cholesterol crystals are not stained but
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can be recognised by the remaining ’tears’ in the tissue (Fig. 4.2e). Fat cells always

occur in the adventitia and can be recognised by their morphology. (Fig. 4.2c). Vasa
vasorum can best be seen in the ASMA staining. The SMCs in the small vessel appear

red (Fig. 4.2c). The stainings performed are summarised in table 4.2.

staining stained tissue colour

ASMA Smooth muscle cells brown/red

Sirius red Collagen red

MSB human Nuclei black
Erythrocytes yellow

Fibrin red

collagen blue
Elastin van Gieson Elastic fibres black

Collagen red
Muscle and cytoplasm yellow

Table 4.2: Stainings used for the AAA wall samples

4.2.3 Image analysis

Prior to further analysis all the grey values of all MR images were normalised to values

between 0 and 1. µCT and histological images were manually registered to the MR

images. The influence of cholesterol crystals, thrombus or calcium on MR images will
be shown by use of three samples. Additionally, two complete data sets of two other

samples will be shown.
The different components in the vessel wall may be automatically extracted from the

multi-contrast images using image analysis. A standard k-means cluster algorithm

(Lloyd, 1982) will be used to assign each image pixel to a cluster. The clustering
procedure is schematically given in figure 4.3. First, a 3 dimensional feature space

is built with the normalised grey values of the individual contrasts (T1w, T2w, Dw)

along the axes. For each pixel position a data point is put in the feature space at
the position determined by the grey values at the pixel position in the T1w, T2w

and Dw image. Next, for each cluster a random seeding point is chosen and all
data points are assigned to the nearest seeding point. Points that are assigned to

the same seeding point form a cluster. An iterative procedure calculates the mean

position of all the points in each cluster and moves the seeding points towards those
mean values. The points in the feature space are then individually reassigned to the

nearest seeding point. This is repeated until the position of the seeding points does

not change anymore. Each cluster then consists of pixels with the same characteristics
and represents one type of tissue. All image analyses of the MR data were performed

using Matlab (Mathworks, Massachusetts).
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Figure 4.3: Flowchart of k-means clustering algorithm. MR data is converted to a 3D
feature space and k-means clustering is applied resulting in an image in which each
pixel is assigned to one of 6 clusters.
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Figure 4.4: T1w (a) and T2w (b) images of sample that contains cholesterol. MSB
staining (c) and indicated enlargements of cholesterol and collagen structure of ad-
ventitia (d) and collagen in media (e). The horizontal bar (c) corresponds to 1 mm.

Figure 4.5: Sample with thrombus attached. Multi contrast results in the T1w (a)
and Dw (b) images and the T2 map (c). Corresponding histology: a MSB staining
(d) and a Sirius red staining (e). The presence of calcification is verified with µCT
(f). Tissue morphology is destructed by the histological procedure. The sample tears
at the calcification (2). A thick layer of thrombus is present (1), and a collaganeous
media (3) and fatty adventitia (4). The horizontal bar (e) corresponds to 1 mm.
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4.3 Results

Figure 4.4 shows the T1w and T2w images of a sample that contains a pool of choles-
terol crystals (Fig. 4.4c and d). The area appears dark in both MR images. The

sample shows no signs of an intima. The media and adventitia can be recognised by
their collagen structure.

Figure 4.6: T1w (a), T2W(b) and µCT (c) image of a sample of which only the media
and calcifications can be recognised.

Part of the thrombus was still attached to the sample shown in figure 4.5. In the
MR images the thrombus appears homogeneous. The calcified deposits can be clearly

identified in the µCT images. The adventitia is bright in all MR images and contains

loose connective tissue and fat cells. The morphology of the sample is desctructed
during the histological procedure. When cutting slices, the decalcified tissue tears at

the former side of the calcification.
Another sample shows a lot of calcifications. The µCT (Fig. 4.6c) images show the

calcium deposits are positioned in a layer, that can be easily depicted in the MR

images (Fig. 4.6a and b). Two complete datasets are shown in figure 4.7 and 4.8.
Some pieces of thrombus are still present, which again can be recognised in the MR

images as a homogeneous tissue (arrow 1). A large amount of loose connective tissue

is present at the adventitial side (arrow 2). The collageneous media shows as a dark
band in the MR images (arrow 3). Small calcified deposits (arrow 4) were found in

the µCT, but were hard to recognise in the MR images of the sample in figure 4.7.

4.4 Discussion

In this work it has been shown that the degenerated structures of a AAA vessel wall
correspond to findings in MR and µCT results. Comparison of the different modal-

ities is a difficult task for several reasons. Structures that can be recognised on the
high resolution histological photographs such as elastin fragments are too small to

be recognised in the MR images. Furthermore, histological sections were 5 µm thick,

while the MR slices had a thickness of 1 mm. Partial volume effects result in occa-
sional blurring of regions that are evident in the histological images.

Automatic registration of the MR images to the histological images would provide a

way to compare MR values with histological findings on pixel-based way. The tis-
sue is, however, fixed in formalin for the histological procedure and AAA vessel wall

samples curve in the opposite way when fixed in formalin. Another source of loss
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Figure 4.7: Complete data set of AAA sample: EvG (a), sirius red (b), MSB (c) and
ASMA (d) staining and MR images: T2 map (e), T1w (f), T2w (g) and Dw (h) images.
Calcium is bright in the µCT image (j) and the results of k-means clustering algorithm
(k). Thrombus (arrow 1), adventitia (arrow 2), media (arrow 3) and calcification
(arrow 4) can be recognised. The horizontal bar (a) corresponds to 1 mm.
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Figure 4.8: Complete data set of AAA sample: EvG (a), sirius red (b), MSB (c) and
ASMA (d) staining and MR images: T2 map(e), T1w (f), T2w(g) and Dw(h) images.
Calcium is bright in the µCT image (j) and the results of k-means clustering algorithm
(k).Thrombus (arrow 1), adventitia (arrow 2), media (arrow 3) and calcification (ar-
row 4) can be recognised. The horizontal bar (a) corresponds to 1 mm.

of morphology is the decalcification in the histological preparation. When a sample

contains a lot of calcium (Fig. 4.6 and 4.7) the histological sections tears at the side

of the former calcium. Correcting these deformations with image analysis techniques
is not straightforward and outside the scope of this work.

Multi contrast MR as a tool for characterisation of atherosclerotic plaques in the

carotids has been reported by several research groups, but there is lack of consen-
sus in the results. Although the results for the carotids may not directly relate to

those of the aortic wall, a comparison of our data with the reported results is plausi-
ble. We found that an area with a lot of cholesterol crystals, which might be compared

to necrotic core, was dark in all weightings. Thrombus was a little brighter in the T1

images than the media. T2 of thrombus could only be determined in one sample. Val-
ues varied between 30 and 60 ms. This is in agreement with the findings of Itskovich

et al. (2004) but in disagreement with the findings of Morrisett et al. (2003). The op-

posite holds for the media. In all the images a dark band was found that corresponds
to the collageneous media, which is in agreement with Morriset but in disagreement

with the findings of Itskovitch. The loose connective tissue at the adventitial side was
very distinctive in almost all images as was also reported before (Clarke et al., 2003).

It should be noted that the results in this work were obtained with a 6.3T scanner,

while none of the other studies was performed at this field strength.
Automatic classification can be performed in several ways. Shinnar et al. (1999)

determined grey values in 3 modalities for all tissue classes and used these to segment

the images. Clarke et al. (2003) extended such a method with a k-means algorithm.
Even more complex, Anderson et al. (2007) used a neural network for predictive

modelling and found that the results were 25% to 30% better compared to clustering.
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All these methods, however, require training data. To obtain these data regions of

the images needed to be selected that convincingly belong to a certain tissue class.
Mistakes in the training data lead to structural errors in the automatically classified

results. Furthermore, all tissue classes need to be abundantly present in the training

data.
In this work, only a limited number of samples was available and some tissue classes

(like thrombus) only are present in two datasets. Therefore we have chosen for an
unsupervised k-means clustering algorithm, that does not take advantage of expert

experience. The results of the k-means clustering algorithm are, however, disappoint-

ing. Figure 4.7k and 4.8k show that the thrombus is in the same cluster as part of the
media. The adventitial loose connective tissue is classified as a separate tissue, but

the small calcified deposits merge in the media clusters. A problem with the unsuper-

vised clustering is the choice of the number of clusters that are needed to classify the
tissue. An increase in clusters does not improve the results in this study (Fig. 4.9).

To improve classification results a more complex clustering algorithm needs to be de-
veloped. The results reported in this work indicate that multi contrast MR images

Figure 4.9: The results of the clustering algorithm for a chosen number of 3 (a), 4
(b) or 5 (c) clusters.

correspond to the histological findings and that multi contrast imaging is a promising

tool for characterisation of the AAA vessel wall. To quantify the agreement between
histology and MR images, however, more images should be acquired. These result

could then be used as input for a supervised classification algorithm.
Implementing the inhomogeneous structure found in FE models would not only re-

quire knowledge about the morphology of the vessel wall, but also about the mechan-

ical properties of the components present in the vessel wall. In this work a first step
towards including inhomogeneities is made by studying the possibilities of multi con-

trast MRI to obtain information about the components and morphology of the AAA

vessel wall. Determination of the mechanical properties of the components found will
be presented in the following chapters.
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5.1 Introduction

Predicting Abdominal Aortic Aneurysm (AAA) rupture using patient specific wall
stress analysis has the potential to be superior to the currently used maximum di-

ameter criterion. Wall stress studies using idealised geometries showed that the wall
stress distribution of an aneurysm depends on the wall thickness (Scotti et al., 2005),

diameter (Stringfellow et al., 1987; Vorp et al., 1998) and shape (Hua and Mower,

2001; Scotti et al., 2005; Stringfellow et al., 1987; Vorp et al., 1998). Since geome-
tries of aneurysms are widely complex (Sacks et al., 1999), several studies focused

on patient specific models. Wall stress turned out to be complexly distributed and

to show large regional variations (Raghavan et al., 2000; Thubrikar et al., 2001a).
Peak wall stress was correlated to the site of rupture (Venkatasubramaniam et al.,

2004) and was suggested to be a superior rupture risk predictor compared to diam-
eter (Fillinger et al., 2002, 2003; Raghavan et al., 2005; Venkatasubramaniam et al.,

2004).

In several patient specific models the mechanical properties of the vessel wall are
assumed to be linear elastic (Inzoli et al., 1993; Hua and Mower, 2001; di Martino

et al., 2001; Mower et al., 1997; de Putter et al., 2006a; Scotti et al., 2005; Stringfel-

low et al., 1987; Vorp et al., 1996, 1998; Wolters et al., 2005). The Young’s modulus
is either estimated or experimentally determined (di Martino et al., 2001). Alterna-

tively, the stress-strain curve resulting from such experiments can be described by an
exponential function (He and Roach, 1994; Thubrikar et al., 2001b) or by a two pa-

rameter, hyper elastic, isotropic, incompressible model (Raghavan and Vorp, 2000).

The latter has been implemented in several studies on the wall stresses in AAA (Fill-
inger et al., 2003; di Martino and Vorp, 2003; Papaharilaou et al., 2007; de Putter

et al., 2007; Raghavan et al., 2000; Raghavan and Vorp, 2000; Raghavan et al., 2005;

Venkatasubramaniam et al., 2004; Wang et al., 2002). These models all assume the
vessel wall to consist of a homogeneous, isotropic material.

The composition of the AAA vessel wall shows signs of tissue degeneration and re-
organisation (chapter 4 and (Kazi et al., 2003)). Since mechanical properties and

composition are strongly related, together with variations in composition variations

in mechanical properties are expected in the vessel wall. A study on atherosclerotic
plaques in an idealised model (Inzoli et al., 1993) revealed that plaques, modelled

as an area with a higher stiffness than the vessel wall, causes stress concentrations

and a significant increase in maximum stress. The effect of calcifications is similar.
Speelman et al. (2007) reported that not only the relative amount but also location

and shape of the calcified regions influence the wall stress. de Putter et al. (2006b)
showed that peak wall stress is sensitive to the material properties of the calcifica-

tion. In a literature review by de Putter et al. (2006b) it was reported that the elastic

moduli for calcified tissue of coronaries and iliac arteries range from 1.5 MPa to 19
MPa. The mechanical properties of isolated calcified deposits haven been by studied

and were found to be in the range of cortical bone, 20 GPa (Marra et al., 2006).

No research has focused yet on the variations of the mechanical properties within the
degrading vessel wall. Regions that consist of cholesterol crystals or large amounts

of fat cells are likely to show a large difference in mechanical properties compared
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to normal vessel wall and therefore have an influence on the stress distribution. The

mechanical properties of these tissues need to be determined with a method that does
not require the isolation of the individual components.

In this work the feasibility of a mixed numerical experimental method to obtain the

mechanical properties of different components in one sample from one single uniaxial
tensile test is studied. To develop the method a simplified sample with controllable

mechanical properties has been used. A uniaxial load is applied to a sample while the
resulting displacement of the sample is recorded in 3 dimensions using MRI. This ex-

periment is simulated numerically nu.nl/and the material properties are optimised in

an iterative procedure until the computational results match the experimental results.
First an overview of the mixed numerical experimental method is given, followed by

an elucidation of the separate methods. Then the feasibility of the method is tested in

two steps. First, simulated experiments are used to test the accuracy of the estimation
algorithm and the influence of noise on the estimated material properties. Second, it

will be shown that the mechanical properties of a non-homogeneous hydrogel sample
can be obtained with the mixed numerical experimental method proposed.

5.2 Mixed numerical experimental method
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3D Image
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Figure 5.1: Schematic of the mixed numerical experimental method.

The mixed numerical experimental method (Fig. 5.1) used to estimate material pa-
rameters (Cox et al., 2006; Meuwissen, 1998) is based on the displacement that re-

sults from application of an uniaxial load, f , to a sample under investigation. Before

applying the load, a 3D MR image of the sample is acquired. After application of the
load, the deformed sample is imaged again. Then, 3D digital image correlation of

these two images provide displacements, u
e

in 3 dimensions. Next, the experiment is

simulated numerically with a finite element computation. The mesh and distribution
of the different components are defined based on the MR images. The force that is

applied in the experiment is also applied to the sample in the numerical simulation
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and the resulting displacement, h
e

, is calculated. The difference between the expe-

rimental results u
e

, and the computational results, h
e

, is minimised by the estimation
algorithm that iteratively adjusts the material properties, θ

e

, used in the finite element

computation.

The individual elements of the mixed numerical experimental method will be de-
scribed below.

5.2.1 Load protocol and MR imaging

a b

sample

F

sample holders

c d

Figure 5.2: The sample attached to the holders (a). Both hydrogels are transparent
and cannot be distingsuished from each other in this figure. One sample holder is
fixed in the set-up (b) while a load can be attached to string attached to the other
holder (c). The housing is encompassed by a birdcage RF coil (d).

The sample used in this feasibility study is a polyHEMA hydrogel sample, consist-

ing of two components and MR properties. Both parts were polyHEMA gels, but by
changing the composition of the gel, the mechanical and MR relaxation properties

of the two parts were adapted. Since the image correlation (section 5.2.2) is based

on the presence of contrast distribution, silica beads, with a diameter between 180
and 210 µm, were mixed into both hydrogels. The material behaviour is assumed to

be incompressible linear elastic. The Young’s moduli, determined for both hydrogels
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T1 3D T1 2D T2 2D

Repetition Time [ms] 500 500 4000

Echo Time [ms] 10.2 10.2 30.6
Field of View [mm3] 30 × 30 × 30 35 × 35 × 40 35 × 35 × 40

Voxel size [mm3] 0.23 × 0.23 × 0.23 0.14 × 0.14× 1 0.14 × 0.14 × 1

Averages 2 4 2

Table 5.1: MR parameters of the performed Spin Echo sequences.

separately by uniaxial tensile testing, are E1 = 0.38± 0.06 MPa and E2 = 0.25± 0.01
MPa, respectively.
Each side of the sample is glued to a sample holder (Fig. 5.2a). One sample holder

is fixed in the set-up, while a load can be applied to the other (Fig. 5.2b,c,d). The

set-up is oriented horizontally to fit into a 6.3T MR scanner with a 120 mm horizontal
bore with a Bruker biospec imaging console. To enable MRI-measurements the hous-

ing was encompassed (Fig. 5.2d) by an 8-legged low-pass birdcage RF coil (RAPID
Biomedical, Würzburg, Germany).

To eliminate the deformation caused by gravity on the sample a load of 0.4 N is

applied in the reference state. The T1 weighted images were gathered with a spin
echo sequence. Two images were obtained and averaged to increase the signal to

noise ratio. The MR parameters are given in table 5.1.

The sample is then loaded with an additional load of 1 N and again a 3D MR image is
recorded. Digital image correlation is then used to obtain the 3D displacement field

of the sample (section 5.2.2).
Furthermore, to determine the components present in the sample and their distribu-

tion multi contrast MR imaging is used. When images from different modalities are

combined it is possible to determine the composition of tissues. In this study T1 and
T2 weighted images were acquired. To reduce imaging time these images were not

gathered 3D but slice-wise. 40 slices, perpendicular to the loading direction, with a

thickness of 1 mm covered the entire area used in the 3D T1 imaging. Further details
can be found in table 5.1.

5.2.2 Digital Image Correlation

Digital Image Correlation is a method to determine a displacement field by comparing

two images of one volume. The technique does not require external markers but is
based on the contrast distribution in the images (Meuwissen, 1998; Sutton et al.,

1986; Verhulp et al., 2004).

To calculate the displacement of an arbitrary material point (x, y, z) in the first image,
a rectangular window A needs to be chosen around this point (x, y, z) (Fig. 5.3). In

the deformed situation a search volume, V is defined. In this search volume the

window B, which is located around (x′, y′, z′) and is related to A, has to be identified.
Window B is found by comparing the contrast distribution for all possible window

positions in the search volume, V and finding the maximum correlation. This is done
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in two steps. In the first step window B is only translated, and the second step window

B is linearly deformed to find maximum correlation. For each correlated window the
correlation coefficient (Between 0 and 1, 1 for perfect correlation) is recorded. When

no displacement is found, a value of -1 is assigned to this coefficient. For more detail

the reader is referred to Verhulp et al. (2004).

Figure 5.3: Intersection of the 3D T1 data in reference (a) and loaded (b) situation.
Window A and B (solid white line) and the search volume V (dashed line) indicated.

When the window is chosen too large it will contain a unique contrast distribution
pattern, but the linear deformations of the window are not likely to be near the actual

deformation. When the window is too chosen small the linear deformations will be

accurate but is unlikely that the contrast distribution pattern is unique.
The silica beads mixed in the hydrogel have a size of 1 to 2 voxels in the MR image.

For a unique pattern, the chosen window should include several beads. In this study

the window is chosen to be 13×13×13 voxels. The search volume is 25×25×25
voxels large and is based on the maximum displacements expected, as determined

from a preliminary review of the results. Each voxel within the sample can be chosen
as image correlation points, (x, y, z), the centre of such a window. Due to limitations

in computational resources, only 10% of the voxels were used as the centre of a

window. The positions of these windows are chosen uniformly distributed over the
volume of the sample. The positions of image correlation points, (x, y, z), always

coincide with the position of a voxel, resulting in 256 possible positions in z-direction

and 128 in x and y direction.
Image correlation points for which the digital image correlation procedure cannot

find a displacement, and thus the correlation coefficient is -1, are discarded from the



A Mixed Numerical Experimental Method for Mechanical Characterisation of AAA Vessel Wall 61

data set also. To reduce noise, the outliers need to be discarded from the data set.

Since the largest displacements are expected in the direction of the load the results
are sorted by their position in that (z) direction. The mean and standard deviation

of the displacement for each of the 256 possible positions in the z-direction is deter-

mined and points of which the displacements are not within two standard deviations
from the mean are discarded from the data set. The computational sources for the

parameter estimation are limited and preliminary tests showed that an image correla-
tion data set of approximately 4000 points is sufficient for the parameter estimation.

Therefore, approximately 4000 image correlation points are selected for the parame-

ter estimation, based on their correlation coefficients.

5.2.3 Mesh generation and Finite Element Modelling

The 3D T1 image is used to generate a tetrahedron mesh using a marching cubes
algorithm (Lorensen and Cline, 1987). This algorithm creates a surface of triangles

with the position of the nodes of the surface depending on a specified threshold for

the voxel grey-scale (Fig. 5.4b). The volume enclosed by this surface is then filled
with tetrahedrae (Frey et al., 1994; Verhulp et al., 2004).

A mesh is made of only the central 20 mm of the 3D MR image, in axial direction

direction. In figure 5.4a the part that is used is indicated. The low MR signals at the
edges of the field of view in the axial directions are avoided this way. This leads to

two well defined surfaces, S1 and S2, that are used to apply boundary conditions to
(see section 5.3). The mesh created exists of 21606 tetrahedral linear elements (Fig.

5.4b). In a preliminary study, increasing the total number of elements, did not induce

significant changes in the numerical results.
Initial estimated material properties need to be assigned to each nodal point of the

generated mesh. Different material properties will be assigned to the different com-

ponents found within a sample. A standard k-means clustering algorithm ((Lloyd,
1982), chapter 4) is used to automatically determine the position of components

from the multi contrast MR images (section 5.2.1). The distribution was corrected
manually to correct for artefacts in the results from the k-means algorithm.

The finite element package SEPRAN (Ingenieursbureau Sepra, Leidschendam) was

used to calculate the displacement field corresponding to the experiment. The mate-
rial was assumed to be nearly incompressible, with a Poisson ratio of ν = 0.49.

5.2.4 Parameter estimation

The difference between the experimental results and the computational results is min-

imised by the estimation algorithm that iteratively adjusts the material properties,

used in the numerical experiment.
3D digital image correlation provide displacements in 3 dimensions at N measure-

ment points, that are stored in a column u
e

= [u1, ..., uN ]T . Given a set of P material

parameters θ
e

= [θ1, ..., θP ]T , and the prescribed force, f
e

, the response h
e

is calculated.
The estimation algorithm is aimed at minimising the difference between h

e

(θ
e

,f
e

) and u
e

.

The relation between the measured displacements u
e

and the calculated displacements
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h
e

can be written as:

u
e

= h
e

(θ
e

, f
e

) + ξ
e

(5.1)

where ξ
e

is an error column, that may consist of measurement errors and modelling

errors. To quantify the quality of this agreement an objective function of a quadratic
form is defined:

J(θ
e

) = [u
e

− h
e

(θ
e

, f
e

)]T V [u
e

− h
e

(θ
e

, f
e

)] + [θ
e

(0) − θ
e

]T W [θ
e

(0) − θ
e

] (5.2)

The first term in the right hand side accounts for the difference between measured
and calculated response, while the second term accounts for the difference between

the initial and the current parameter. V and W are two positive definite symmetric
weighting matrices in which the confidence in respectively the measurements and the

initial estimates is represented. Since in this study it is assumed no a priori informa-

tion is known, W is set to zero.
For the minimisation of this objective function a Gauss-Newton algorithm is applied.

The iterative procedure is continued until parameter changes are smaller than a crit-

ical value
√

δθ
e

(i)T
δθ
˜

(i)
< δθ, (5.3)

where δθ is set to 10−3 and δθ
e

(i)T
is defined as

δθ
e

(i)T
= [δθ

e

(i)

1
, ..., δθ

e

(i)

P
], δθ

e

(i)

j
= |δθ

e

(i)

j
|/|θ

e

(i)

j
|, j = 1, ..., P (5.4)

For more details about the estimation algorithm the reader is referred to Meuwissen
(1998) and Cox et al. (2006).

5.3 Validation

The validation procedure is split into two steps. In the first step an experiment is

simulated. This controlled situation is used to study the influence of noise on the
parameter estimation procedure. In the second step the experimental data from a

uniaxial load test on the hydrogel sample are used to estimate the material properties
of the hydrogels.

5.3.1 Simulation

In the first step of the validation experimental results are generated using a finite

element computation. The mesh is based on the experimental MR images (Fig. 5.4b).
The displacements of boundary surface, S1, is fixed to zero in all directions, while a

uniformly distributed force of 1N in z-directions is applied to boundary surface S2.
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Figure 5.4: T1 image in which the area used to create a mesh is indicated( a). Image
of the created mesh (b) and the two cross sections (c,d) obtained from the T2 image
set indicated in (b) to show the position of the embedded hydrogel
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The Young’s modulus of material 1, E1 is set to 0.5 MPa and of material 2, E2 is

set to 0.2 MPa. The displacement fields are calculated and used in the parameter
estimation.

Three different parameter estimations are performed. First, the artificially obtained

displacements are used directly. Second, the displacements are disturbed with nor-
mal distributed uncorrelated noise with a standard deviation of 10% of the maximum

displacement. Finally, the displacements are disturbed with normal distributed un-
correlated noise with a standard deviation of 25% of the maximum displacement.

Initial guesses for the parameters are 1.0 MPa and 0.1 MPa for E1 and E2 respectively.

5.3.2 Results simulation

Both the initial and final parameter estimates and the estimation errors are sum-

marised in table 5.2.
In the 0% noise situation, the final estimates of the parameters are equal to the exact

values. The parameters converge to the exact values within 3 iterations. Errors in

the estimated parameter values result from noise disturbance of the displacements.
For the 10% noise situation a small error is found. Within 4 iterations convergence

was obtained. The error increases when 25% noise is introduced, but still the value
is reached within 4 iteration steps.

The estimated standard deviations of the displacement residuals for the 10% and

25%, divided by the maximum displacement, are 0.071 and 0.251 respectively and
are close to the standard deviations of the artificial noise .

0% noise 10% noise 25% noise

Input Initial Final Final Final
value guess estimate estimate estimate

0.5 1.0 0.500 0.498 0.511

0.2 0.1 0.200 0.199 0.197

Table 5.2: Results for the simulated experiment.

5.3.3 Experiment

The boundary conditions as described in section 5.3.1 cannot be applied in this situ-
ation. The mesh made from the central 20 mm of the 3D MR image (section 5.2.3)

is used. The parts that are not meshed do however deform in the loaded state (Fig.

5.5). This results in a deformation of the surfaces S1 and S2. In the computations
these deformations, as a result of the applied force, should be used. This can be done

by applying the deformation at the surfaces S1 and S2 as the boundary conditions

and calculate the force needed to achieve that deformation. The displacement and
deformation of both surfaces are obtained from the image correlation data and are

described as a function of the x and y coordinates.
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(u2, v2, w2) = f(x2, y2)
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Figure 5.5: Boundary conditions for the finite element model of the hydrogel experi-
ment.

When these boundary conditions are applied, an infinite number of solutions for the
set of Young’s moduli Ecalc,i exists, where i = 1, ...N with N the number of of ma-

terials. For each of these solutions the ratio between Ecalc,i and Ecalc,j 6=i will be the

same. This holds only for small deformation and linear elastic material behaviour.
The absolute value of the Young’s moduli is determined by use of the resulting force

on the load surface Fcalc. Since the force, applied in the experiment, Fexp is known,
the Young’s moduli of the experimental sample, the absolute Eexp,i can be obtained

by

Eexp,i = Ecalc,i ·
Fexp

Fcalc
(5.5)

To have an infinite number of solutions, however, leads to numerical instabilities and

therefore one of the Young’s moduli is set to a fixed value, leaving only one solution
remaining. The ratio between the Young’s moduli found is independent of the fixed

value.

To test the systems robustness, the Young’s moduli, Eexp,i, have been determined for
two different initial guesses for Ecalc,1 (Ecalc,1 =0.1 MPa and Ecalc,1 =1.0 MPa). The

fixed value for Ecalc,2 was set to 0.5 MPa. Additionally, the fixed value Ecalc,2 was

changed to 0.1 MPa and the estimation algorithm was applied with in initial guess of
Ecalc,1 =0.1 MPa. The results of these three calculations should be equal.

5.3.4 Results experiment

The parameters Eexp,1 and Eexp,2 were determined with two different initial guesses
for Ecalc,1. The results (Ecalc, Fcalc and Eexp,i) are shown in table 5.3. In both situa-

tions the same result for Ecalc,1 is reached. Eexp,1 and Eexp.2 were determined with
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Fixed value initial guess final

Ecalc,2 Ecalc,1 Ecalc,1 Fz [N] Eexp,2 Eexp,1

0.5 0.1 1.45 2.2 0.23 0.67
0.5 1.0 1.45 2.2 0.23 0.67

0.1 0.1 0.29 0.43 0.23 0.67

Table 5.3: Estimated moduli [MPa] for hydrogel experiment determined using Eqn.
(5.5).

Eqn. (5.5). When a different fixed value for Ecalc,2 is chosen, the resulting force is

different, but Eexp,1 and Eexp,2 do not differ from the first two tests.
To give an indication of the fit results the displacements u

e

observed in the experiment

are given in figure 5.6. Displacements in x, y and z direction are plotted (grey line)

against their z-position in the sample. In the same figures the corresponding fitted
displacements h

e

are plotted in black lines. Although the experimental data shows

more noise, the fitted parameters describe the displacement field in a satisfying way.
Convergence of the estimation algorithm was reached within 6 iterations.

Figure 5.6: Observed (Grey line) and calculated (black line) displacements in x, y
and z directions plotted at the z position in the sample.

5.4 Discussion

A simulated experiment has been used to show that the parameters estimation algo-
rithm is capable of fitting the Young’s moduli well even when noise is present. The

Young’s moduli, that were to be fitted in the validation, were both chosen in the same

order of magnitude (0.5 MPa & 0.2 MPa). This method is developed for determination
of the local mechanical properties of AAA vessel wall in which one might encounter

calcified deposits. Marra et al. (2006) reported shear moduli for isolated calcifications

of 23 GPa whereas the Young’s modulus of vessel wall is estimated to be 0.5-1 MPa
(Inzoli et al., 1993; Mower et al., 1997; Wolters et al., 2005). Elasticity coefficients

for calcified tissue (no isolation of the deposits) of coronaries and iliac arteries range
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from 1.5 MPa to 19 MPa (de Putter et al., 2006b). These values are still about two

orders of magnitude larger than the vessel walls modulus.
To ensure that a large difference in magnitude of the parameters is not a problem for

the estimation algorithm a second experiment has been simulated (as described in

section 4.1). In this experiment the entire mesh was assigned to be material 1, with
E1 = 0.2 MPa, except for a small strip of material 2 with E2 = 20 MPa (Fig. 5.7). The

influence of noise was studied in a way similar to that described earlier. The results in
table 5.4 show that the estimation algorithm has no problem determining such large

differences in mechanical properties even when the initial guess for Young’s modulus

of the calcified area is chosen in the range of average vessel wall Young’s modulus.

Figure 5.7: A small strip in the sample is set to a Young’s modulus that might be
expected for a calcified area of a AAA vessel wall.

0% noise 10% noise 25% noise

Input Initial Final Final Final
value guess estimate estimate estimate

0.2 0.5 0.200 0.200 0.200

20 0.5 20.00 18.896 19.015

Table 5.4: Results for simulated experiment 2: calcified area in tissue

The parameter estimation of the experimental data leads to Eexp,1 = 0.67 MPa and
Eexp,2 = 0.23 MPa, whereas the values determined from normal tensile testing was

E1 = 0.38 MPa and E2 = 0.25 MPa. Although the order of magnitude does agree
Eexp,2 is slightly lower, while Eexp,1 is higher than determined in the tensile test. This

could be a result of an inaccuracy of the mixed numerical experimental method, but

it is also likely that the Young’s moduli of the two merged hydrogels do not agree with
their individual moduli. The material properties of hydrogels are determined by their

amount of water. When one hydrogel is embedded in the other, transport of water

between them is possible. Transport of water would change the amount of water
in both hydrogels and therefore change their mechanical properties. Dehydration is

another possible reason for the increase in stiffness.
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Incompressibility is assumed in the parameter estimations. The Poisson ratios were

set to 0.49. When the Poisson ratios are estimated as well, they change to ν1 = 0.47
and ν2 = 0.39. Young’s moduli are influenced by this change and changed to Eexp,1

= 0.64 MPa and Eexp,2 = 0.28 MPa. The difference in Poisson ratio between the two

hydrogels could be the result of a difference in water content of the two hydrogels.
Although the Young’s moduli are influenced by the fitted Poisson ratio, it might not

be possible to fit the Poisson ratio in AAA vessel wall. Estimation of the Poisson ratio
takes more effort than the estimation of the Young’s moduli. After 25 iterations the

changes in parameters per iteration were larger then 1·10−3, while this was reached

for the Young’s moduli estimations within 4 iterations.
The displacements in the transversal direction are important for the determination of

the Poisson ratio. These displacements are small compared to the displacements in

the axial directions and therefore have a poorer signal to noise ratio. This effect can be
demonstrated by fitting the Poisson ratio on the displacement data of the simulated

experiment of section 5.3.1 in which 10% noise was added. Poisson ratios do not
converge to the value of 0.49 used in the initial simulation, but to , ν1 = 9.2·10−2

and ν2 = 0.499. Although this second value is near the actual value, the limit for this

parameter was set to 0.499. Because of the difficulties in fitting the Poisson ratios,
they can best be set to a reasonable value.

In the current work linear elastic material parameters are determined for all mate-

rials. The method could be extended to other material models. This would require
implementation of the desired material model in the numerical part and replacement

of the uniaxial tensile test by a test that would provide the information to obtain the
subsequent material parameters.

Vande Geest et al. (2006) used biaxial tensile tests to show that the degeneration

of AAA vessel wall is associated with an increase in anisotropy. Since 3D data is
available after the experiment as proposed in this work, implementing anisotropy in

the model would suffice to draw conclusion about local anisotropy. When needed the

experiment could be extended to biaxial testing. The small bore of the 6.3T scanner
used restricted the experiments to uniaxial testing in this work. Furthermore, when

the deformation is followed over time, it might be possible to draw conclusions about
the non-linear or time dependent behaviour of the material.

It has been shown that the mixed numerical experimental method proposed is a ro-

bust way to estimate the order of magnitude of material parameters. The method is
insensitive to initial estimates of the parameters.
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6.1 Introduction

Rupture risk of abdominal aortic aneurysms based on wall stress analysis has been
suggested to be superior to the currently used rupture risk prediction based on the

maximum diameter (Fillinger et al., 2002, 2003; Raghavan et al., 2005; Venkatasub-
ramaniam et al., 2004). When such wall stress analysis are performed using patient

specific computational models, the shape and diameter of the aneurysm are obtained

from CT or MR images. Although it was already shown that wall thickness influences
the wall stress distribution, wall thickness is assumed to be homogeneous. In addi-

tion to wall thickness also mechanical properties need to be assigned to the vessel

wall in such a model. In several studies on patient specific models, the mechani-
cal properties of the vessel wall are assumed to be linear elastic (Inzoli et al., 1993;

Hua and Mower, 2001; di Martino et al., 2001; Mower et al., 1997; Scotti et al.,
2005; Stringfellow et al., 1987; Vorp et al., 1996, 1998; Wolters et al., 2005). The

Young’s modulus is either estimated or determined experimentally (di Martino et al.,

2001). Alternatively, the stress-strain curve resulting from such experiments can be
described by an exponential function (He and Roach, 1994; Thubrikar et al., 2001b)

or by a two parameter, hyper elastic, isotropic, incompressible model (Raghavan and

Vorp, 2000). The latter also holds for large strains and has been implemented in se-
veral studies on the wall stresses in AAA (de Putter et al., 2007; Fillinger et al., 2003;

di Martino and Vorp, 2003; Papaharilaou et al., 2007; Raghavan et al., 2000; Ragha-
van and Vorp, 2000; Raghavan et al., 2005; Venkatasubramaniam et al., 2004; Wang

et al., 2002). These models all assume the vessel wall to consist of a homogeneous,

isotropic material.
In this work we take into account that AAA vessel wall is not a homogeneous tissue.

In chapter 4 it was shown that the vessel wall contains large collageneous areas,

but also shows calcified deposits, areas with cholesterol crystals and an adventitial
area with large amounts of fat cells. It is likely that the mechanical properties of

these tissue types are not the same. Little is known about the mechanical properties
of the individual components. Only the mechanical properties of calcifications have

been studied. A literature review of de Putter et al. (2006b) shows that the elasticity

coefficients for calcified tissue of coronaries and iliac arteries range from 1.5 MPa to
19 MPa. The mechanical properties of isolated calcified deposits have been by studied

and were found to be in the range of cortical bone, 20 GPa (Marra et al., 2006).

No research has focused yet on the differences in mechanical properties of the com-
ponents present within the degrading AAA vessel wall. The material properties of

the individual components need to be determined with a method that does not re-
quire the isolation of the individual components. For clinical implementation it is of

great importance to find a relationship between the MR grey values and the local me-

chanical properties. Local mechanical properties could then be assigned to the vessel
wall in the patient specific wall stress analyses based on the MR findings alone. In

chapter 5 it was shown that using the proposed mixed numerical method the mechan-

ical properties of the different components in a sample can be estimated successfully
without isolation of the components.

In this chapter the mixed numerical experimental method as described in chapter
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5 will be used to determine local mechanical properties of AAA vessel wall samples.

First, the distribution of the different tissue types in each sample has been determined
with the multi contrast MR sequences as described in chapter 4. Next, a load has

been applied to the sample. The deformation of the sample is recorded with 3D

MR imaging and image correlation. Next, each experiment is simulated numerically
incorporating the tissue type distribution. The material properties of the tissue types

are optimised in an iterative procedure until the computed deformations match the
deformations recorded in the experiment. An estimation will be given for the Young’s

moduli of the different components found in the AAA vessel wall.

6.2 Methods

AAA tissue was obtained from 4 patients undergoing elective surgical AAA repair.

Because this material is discarded in the normal clinical setting and it is anonymised

after the procedure, making tracing back to the patient impossible, informed consent
was not required. The procedure was in conformity with the code of conduct for

use of human material as stated by the Dutch federation of Biomedical Scientific

Societies. Samples were stored at -80◦C. Before imaging the samples were thawed
in a bath with lukewarm water. Of each vessel wall sample a strip, with a size of

approximately 15 mm × 30 mm, was used for imaging. The sample is attached at
two sides to a sample holder (Fig. 4.1). Each sample holder is first glued to the

sample and to prevent tearing of the sample, several sutures are made through the

sample and the holder. One sample holder is fixed, while a load can be applied to
the other. The set-up is oriented horizontally to fit into a 6.3T MR scanner with a

120 mm horizontal bore with a Bruker biospec imaging console. To enable MRI-

measurements the housing was encompassed by an 8-legged low-pass birdcage RF
coil. To eliminate the deformation caused by gravity on the sample a load of 1N is

applied in the reference state.
3D T1 images of the sample are acquired in the reference state, according to the MR

sequence parameters in table 5.1. Next, a load of 1.2 N is applied and again a 3D

image is acquired. The displacement of the sample, as a result of the applied force, is
acquired by digital image correlation of the two MR images (Section 5.2.2). The win-

dow size and search area were chosen to be 13×13×13 voxels. The search volume

is 25×25×25 voxels large and is based on the maximum displacements expected.
Displacement of approximately 4000 points is taken into account. The selection pro-

cedure is decribed in section 5.2.2.
The 3D image of the reference state was used with the marching cubes algorithm to

generate a mesh (Section 5.2.3). To avoid the possible effects of the holders on the

tissue deformation, the mesh edges are positioned 2 mm from the sample holders.
The position of the holders was determined from the MR images.

Mechanical properties should be assigned to each node of the mesh, based on the

tissue type in the sample at the position of the node. As was concluded in chapter
4, a clustering algorithm alone is not sufficient to determine the distribution of the

different tissue types. In this work the samples were manually divided into ’clusters’
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of materials based on T1w and T2w MR images. A custom made routine first puts the

entire vessel wall in one cluster. Then it allows the user to select, in each MR slice,
areas of voxels that should be in one cluster and assign a cluster number to this area.

Of each such a cluster the Young’s modulus is to be estimated.

media adventitia thrombus calcification cholesterol

T1w + + + - - -

T2w - + + - - -

Table 6.1: Appearance of the selected components in T1w and T2w MR images

Table 6.1 summarises the brightness of the components in T1w and T2w images. First

the T2 images were reviewed and the dark band that forms a major part of the media
is selected to be the second cluster. Although it is not certain that this dark band is the

entire media, it is entitled ’media’ from now on. Then the T1 images are reviewed.

The adventitial side of the vessel wall, that is more bright than the media in the T1
images is assigned to a separate cluster. Again, it is not certain that this bright area is

the entire adventitia but it is located at the adventitial side of the media and is thus

named ’adventitia’ in this work. In sample 1 (Fig. 6.1a and b) the dark area that was
found to exist of cholesterol crystals (chapter 4) is selected as a separate cluster. The

area has a dark cloudy structure in the T1w and T2w images which distinguishes it
from the calcified areas. A calcification can be recognised as a completely dark layer

in the media. Sample 2 (Fig. 6.1c and d) shows a layered structure, with (from top

to bottom) remains of thrombus, media, a region that is more bright than the media
and probably part of the adventitia (the adventitia side in Fig 6.1e), and an even more

bright area that probably only exists of fat cells (adventitia). In parts of the sample

small calcified deposits were found. Although the MR appearance of thrombus is
similar to that of the adventitial area it can be distinguished by the position in the

sample. In sample 3 (Fig. 6.1e and f), the calcified area is a separate cluster. In
sample 4 (Fig. 6.1g and h), the intimal side of the vessel together with the remains

of thrombus form a cluster.

For each sample the average Young’s modulus was estimated. To do so, all clusters
were merged into one. The Young’s moduli of all clusters in a sample were estimated.

To check the reliability of the estimates and to check the influence of the surround-

ing tissue on the estimated values, three additional tests were done. In these tests,
2 clusters were merged and an average of these two was estimated together with

the Young’s modulus of the remaining, separate cluster. When the sample is divided
into three clusters, the merging of two clusters can be done in three different ways.

All tissue types were assumed to be linear elastic, nearly incompressible with a Pois-

son’s ratio of 0.45. The finite element package SEPRAN (Ingenieursbureau Sepra,
Leidschendam) was used to calculate the displacement field corresponding to the ex-

periment, using tetrahedral linear elements. The displacement and deformations of

the surfaces S1 and S2 (Fig. 6.2) were obtained from the image correlation data and
described by a surface as described in figure 5.5. For each sample the average Young’s

modulus was estimated. To do so, all clusters were merged into one.
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Figure 6.1: Example T1w (a,c,e,g) and T2w(b,d,f,h)slices of the assignment of
different tissue types in sample 1 (a,b), sample 2(c,d), sample 3(e,f) and sample
4(g,h). A=adventitia, M=media, Ch=cholesterol, T=thrombus, As=adventitial side,
Ca=calcification.
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Figure 6.2: Schematic view of a sample with the surfaces S1 and S2 at which the
boundary conditions are applied

6.3 Results

Per sample, the results of the different estimations are given in table 6.2 to 6.5. For

each cluster the percentage of volume of the entire sample is estimated based on the

number of nodes in each cluster.
When the Young’s moduli for all three tissue types in sample 1 are fitted, cholesterol

is found to be approximately 7 times stiffer than the media and adventitia. Adventitia
is found to be slightly stiffer than the media (1.37 MPa vs 1.02 MPa). When the media

is merged with the adventitia a value is found between their individual values (1.12

MPa). The value for cholesterol does not change a lot, indicating a close fit. When
the stiffer cholesterol is assigned to the same cluster as the adventitia (2.68 MPa),

also the fitted stiffness of the media increase (1.53 MPa). The stiffness assigned to

the neighbouring tissues does influence the values found.
When two or more tissue types were assigned in sample 2, the estimation reached

convergence after the first step, regardless the initial guess for the Young’s moduli.
The dataset is clearly not suitable for the estimations and no further results were

obtained. This unsuitablity probably originates from bad image correlation results.

These may be caused by noise in the MR images or a lack of contrast in the sample.
When three Young’s moduli (media, adventitia and calcification) of sample 3 are fit-

ted, the media is found to be less stiff than adventitia (0.27 MPa vs 1.49 MPa). The

Young’s modulus of the calcification exceeds these values about 50 times (56.1 MPa).
When the results for the merged clusters are studied, the modulus of the calcification

increases to 94.3 MPa when the media and adventitia are merged. When the calci-
fication is merged with either adventitia or media, the estimated modulus evidently

increases; for media merged with calcification E = 1.69 MPa, for adventitia merged

with calcification E = 2.28 MPa.
Sample 4 contains remains of thrombus. For this sample the estimation with 3 sepa-

rate clusters did not converge. From the results of the merged clusters it is, however,

clear that the stiffness of thrombus is a lot lower than the media and adventitia;
E=1.94 MPa for media and adventitia, while for thrombus E = 0.04 MPa. When

thrombus is merged with any of the other cluster the fitted, average Young’s mod-
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ulus of that cluster is influenced by the thrombus and decreases; for media merged

with thrombus, E = 0.16 MPa, adventitia merged with thrombus E= 1.03 MPa. The
modulus of cluster that did not contain thrombus increases with respect to the value

for the merged media/adventitia; for media separately, E = 1.49 MPa, for adventitia

separately, E = 3.4 MPa.
A coarse estimation was made for the Young’s moduli by assuming the samples only

consisted of one tissue type. The moduli range from 1.15 MPa to 1.91 MPa.

sample 1 media adventitia cholesterol

volume % 77.6% 9.7% 12.7%

1 cluster 1.91

2 clusters, media merged with adventitia 1.12 7.41

2 clusters, media merged with cholesterol 1.64 2.61 1.64

2 clusters, cholesterol merged with adventitia 1.53 2.68

3 clusters 1.02 1.37 7.51

Table 6.2: estimated Young’s moduli (MPa) for sample 1.

sample 2 media adventitial adventitia intima/ calcification
side thrombus

volume % 25.1% 27.3% 23.0% 23.2% 1.5%

1 cluster 1.44

Table 6.3: estimated Young’s modulus (MPa) for sample 2.

sample 3 media adventitia calcification

volume % 43.0% 49.3% 7.7%

1 cluster 1.35

2 clusters, media merged with adventitia 0.59 94.3

2 clusters, media merged with calcification 1.69 0.98 1.69

2 clusters, adventitia merged with calcification 0.34 2.28

3 clusters 0.27 1.49 56.1

Table 6.4: estimated Young’s moduli (MPa) for sample 3.

6.4 Discussion

A mixed numerical experimental method was used to determine the Young’s modulus

of different tissue types, found in the AAA vessel wall. The average Young’s moduli for



76 Chapter 6

sample 4 media adventitia intima/

thrombus

volume % 23.6% 31.4% 45%

1 cluster 1.15

2 clusters, adventitia merged with thrombus 1.49 1.03

2 clusters, media merged with thrombus 0.16 3.40 0.16

2 clusters, media merged with adventitia 1.94 0.04

3 clusters no convergence

Table 6.5: estimated Young’s moduli (MPa) for sample 4.

the sample varied from 1.15 to 1.91 MPa. Calcification was found to be two orders
of magnitude stiffer than the average vessel wall. A cholesterol rich area was one

order of magnitude stiffer. Conversely, thrombus is at least one order of magnitude

less stiff than the vessel wall. The low value for the Young’s modulus of thrombus
is confirmed by earlier work (van Dam et al., 2006, 2007). The Young’s moduli of

isolated calcifications were estimated to be around 20 GPa (Marra et al., 2006), which

is two orders of magnitude higher than the values reported in this work (50 MPa). The
area that was defined as calcification in this work is, however, likely to contain some

surrounding tissue with a much lower stiffness. The resulting Young’s modulus will
then be an average of the modulus of the calcified deposits and the surrouding tissue

and would explain the value of the calcifications in this work. A similar but opposite

effect influences the value found for thrombus. The Young’s modulus reported for
thrombus was ≈ 40 kPa, while the shear modulus reported in chapter 3 was even an

order of magnitude lower. The value reported in this work is likely to be influence by

surrounding tissue that was assigned the thrombus cluster.
Errors from several different sources influence the experimental results. Noise that

occurs in the MR images influences both the image correlation resolution, the mesh-
ing algorithm and determination of the morphology of the samples. Although only

points with a high correlation are selected from all the positions in the original image

that were searched in the loaded image, one cannot be sure that all image correlation
data are correct. The contrast distribution of the samples that are degenerated most

leads to better results than image correlation of well-structured vessel wall. In the

latter the structure does not change much in the direction of the applied force and
the uniqueness of contrast distribution in the selected windows becomes a problem.

An example of such a sample, which was an additional fifth sample in this study, is
given in figure 6.3. Three adjacent slices are very similar and the lack of contrast in

the direction of the applied force results in bad image correlation results (Fig. 6.4).

Hardly any displacement can be distinguished from the image correlation data in the
z direction, the direction of the applied force.

The resolution of the mesh should be chosen carefully. Some tissue types, like the cal-

cified deposits, only take up a small volume. To be able to determine the mechanical
properties the mesh resolution should be sufficiently high, but to reduce computa-

tional time in the iterative fitting procedure mesh resolution should be kept as low
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Figure 6.3: Three adjacent slices of a sample in which image correlation did not find
any displacement. As can be seen little contrast is present. The slices are 1 mm thick
and the three slices cover 3 mm together. The range of the displacement magnitude
is expected to be smaller than 3 mm.

Figure 6.4: The image correlation results for the sample in figure 6.3. Although the
force is applied in z direction no displacement in this direction can be distinguished
from the noise.
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a b

Figure 6.5: The displacement in sample 4 in z direction(a). The oundary conditions
are determined from this data. The displacements near the maximum z- positions
are enlarged in the right image (b). The sudden decrease in displacement at the
maximum z position leads to false boundary conditions. The solid lines indicate the
range of displacements at a certain position along the z-axis

as possible. The calcification in sample 3 was only 7.7% of the total volume and was
covered by 1320 nodes. The material properties were estimated successfully. The cal-

cification of sample 2 represented only 1.5% of the sample and 119 nodes. This may

be too few nodes to accurately describe the actual displacements of the calcification
volume. It is plausible that this may lead to errors in the estimation. The estimation

of the material properties of sample 2 did, for inexplicable reasons, not lead to unique

estimations, even when the calcification was merged with another tissue type.
The boundary conditions applied in the computational study are obtained from the

image correlation data. At the two boundary surfaces S1 and S2 (Fig. 6.2) the dis-
placements are described as a linear function of the image correlation data at that

position. The surfaces are, however, near the edges of the 3D MR images. The im-

age intensity is less at the edges and this may lead to decreased image correlation
performance. Figure 6.5 depicts such image correlation results. The displacements in

z-direction found by image correlation near S2 suddenly decrease as indicated by the

solid lines, that depict the range of displacements found. A decrease in displacement
physically means local shrinking of the sample, which is very unlikely. To overcome

this problem a new mesh was made for this sample in which the problematic area was
omitted and surface S2 was located at a position within the range of credible image

correlation results. For all samples the correctness of the boundary conditions was

verified in a similar way.
The tissue is assumed to be nearly incompressible and therefore, the Poisson ratio

was chosen to be 0.45. As was described in chapter 5, it is difficult to estimate the

Poisson ratio. When a Poisson ratio estimation is attempted for the AAA vessel wall
samples the parameter estimation algorithm does not converge. To determine the

error that is introduced by assuming a Poisson ratio of 0.45, the Young’s moduli of
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the components of sample 3 are also estimated with a Poisson ratio of 0.3 for the

calcified area. A value of 0.27 for calcified deposits was reported by Marra et al.
(2006) and was based on the value of cortical bone. The estimated Young’s modulus

of the calcification in sample 3 changes to 54.6 which is a difference smaller than 3%.

The changes in Young’s moduli of the other two components are less than 1%. The
error that is introduced by setting the Poisson ratio to 0.45 is negligible.

The samples were divided into several clusters that represent a tissue type based
on the T1w and T2w MR images. Table 6.1 indicated that MR appearance alone

is not sufficient to make a division into these clusters. Since the clusters are not

directly related to MR grey values it is not possible to relate the MR grey values to
the material properties found. For clinical implementation it is of great importance

to find this relationship. Local mechanical properties could then be assigned to the

vessel wall in the patient specific wall stress analyses based on the MR findings alone.
The image correlation data of 2 samples was for several reasons not suitable for es-

timation of the Young’s moduli. To apply the method unconditionally, the method
requires improvements in the field of the subjects, described in this discussion. It

can, however, be concluded that the mixed numerical experimental method as was

proposed in chapter 5 can successfully estimate local mechanical properties of inho-
mogeneous AAA vessel wall.

Figure 6.6 reflects the results obtained in this work. It should be noted, though, that

these results where obtained from three samples. Only one sample contained calcifi-
cations, and thrombus and cholesterol crystals were also present in only one sample.

The Young’s moduli of thrombus (T), media and adventitia (M/A), cholesterol (Ch)
and calcifications (Ca) are distibuted over four orders of magnitude. Since each of

these tissue types covers another order of magnitude it is plausible that detection of

0.01 0.1 1 10 100

T

M/A

Ch

Ca

Young’s modulus [MPa]

Figure 6.6: The resulting Young’s moduli plotted on a logarithmic scale for the
different tissue types. Ca=calcification, Ch=cholesterol, M=media, A=adventitia,
T=thrombus.
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these tissue types in a patient specific way is of great importance for the rupture risk

analysis. The implications of these findings on the patient specific wall stress analysis
will be studied in the next chapter.
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7.1 Introduction

AAA rupture risk prediction based on wall stress analysis requires a good description
of the mechanical properties of the vessel wall and the thrombus. Until now the

inhomogeneity of the vessel wall was disregarded, while it was shown that this might
have great influence on the resulting wall stress (Inzoli et al., 1993). The objective of

this study was to obtain the local mechanical properties of both AAA vessel wall and

thrombus.
In chapter 2 thrombus was divided into the luminal, medial and abluminal layers

based on their colour and structure. The linear viscoelastic properties of the lumi-

nal and medial layer were determined with a rotational rheometer using a parallel
plate geometry. The reproducible results confirmed the applicability of the method to

thrombus tissue.
In chapter 3 this method was extended to the non-linear strain regime. The changes in

mechanical properties throughout the thickness of the thrombus are different for each

thrombus and the variations within one thrombus are of the same order of magnitude
as the variations between patients. The variations could not be related to the structure

of the tissue which was studied by ESEM images. The shear modulus (1.7 ± 1.3

kPa) found is an order of magnitude lower than reported by others in literature.
The phenomena observed in the small and large strain experiments were successfully

described by a non-linear multi mode model.
Chapter 4 focused on the morphology of the vessel wall and the use of multi contrast

MRI to discriminate the components of the vessel wall. Multi contrast MR results were

compared to the golden standards, histology and µCT. Components like the media,
calcified deposits, areas containing cholesterol, thrombus and the adventitia contain-

ing fat cells and vasa vasorum could be recognised in the MR images. The results

obtained so far were not suitable for an automatic classification by an unsupervised
clustering algorithm.

To obtain the mechanical properties of the components present in the vessel wall a
mixed numerical experimental method was proposed in chapter 5. This method is

a robust way to determine the mechanical properties of the individual components

without having to isolate them.
In chapter 6 this method was applied to AAA vessel wall samples. The morphology

was obtained with multi contrast MR. The Young’s modulus of media, adventitia, cal-

cification, an area with cholesterol crystals and thrombus were determined. Although
the media is less stiff than the adventitia the moduli were in same the order of magni-

tude (≈ 1.0 MPa). The stiffness of thrombus was found to be an order of magnitude
lower (≈ 40 kPa). An area with a lot of cholesterol is stiffer than the rest of the wall

(≈ 7.5 MPa) and a calcified area is even stiffer (≈ 50 MPa).

These results were obtained from a limited number of samples and these were all ac-
quired from patients undergoing elective surgical AAA repair. Since the endovascular

repair techniques gain in popularity, the number of open repairs decreases. Patients

that do undergo such a surgical repair do not meet the requirements of the endovascu-
lar repair and are, in general, the more complex cases. Samples used in this research

may not be representative for all aneurysm tissue. Samples of smaller aneurysms
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were, however, not available. The material properties reported in this work range

from a shear modulus of thrombus of 1.7 kPa to a Young’s modulus for a calcified
area of 50 MPa. Implementation of these values might have a large influence on the

outcome of patient specific wall stress analyses.

7.2 Implication for wall stress analyses

The shear modulus of thrombus reported in this work is an order of magnitude lower

than values reported in literature before (chapter 3). To study the effect of thrombus

on wall stress analyses, finite element meshes were created with the hemodyn pack-
age (de Putter et al., 2005) based on the CT datasets of 2 patients. An average peak

systolic pressure of 16 kPa is applied. The wall is assumed to be linear elastic with
a shear modulus, Gwall of 1 MPa and the wall thickness is assumed to be uniform (2

mm). Since the viscous part of the thrombus behaviour is low compared to the elastic

behaviour, linear elastic material properties (shear modulus Gthrombus = 10 kPa) are
used in this preliminary study. Wall stress distribution for both patients are compared

with and without thrombus. An additional analyses was made with a shear modulus

of 100 kPa, a value that agrees with those reported in literature, referred to as ’stiff
thrombus’. The maximum principal stress distributions are not largely influenced by

the presence of thrombus (Fig. 7.1) .
The peak stress and the 99 and 95 percentiles (Table 7.1) are influenced for both

patients by the presence of thrombus. The effect of the thrombus with Gthrombus = 10
kPa, as reported in this work is much lower than the ’stiff thrombus’. These results

Figure 7.1: Wall stress distributions from patient 1, without thrombus, with thrombus
(Gthrombus=10 kPa and with ’stiff thrombus’ Gthrombus=100 kPa). A cross section of
(b) at the maximum diameter shows that the stresses in the thrombus are very low
(d).
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Patient 1 No thrombus thrombus stiff thrombus

kPa - 10 100

Peak stress 271 232 (-14%) 203 (-25%)

99 percentile 214 190 (-11%) 165 (-23%)
95 percentile 179 167 (-7%) 145 (-19%)

comp.time 3 hours 10 hours 10 hours

Patient 2 No thrombus thrombus stiff thrombus

kPa - 10 100

Peak stress 592 481 (-19%) 310 (-48%)
99 percentile 254 229 (-10%) 172 (-32%)

95 percentile 211 195 (-8%) 136 (-36%)

comp.time 3 hours 12 hours 11 hours

Table 7.1: Effect of thrombus on peak wall stress and 99 and 95 percentiles

show that the effect of thrombus in the wall stress is overestimated in literature.

Since the influence appears to be small it should be considered to neglect thrombus.

Computing the wall stresses without thrombus greatly decreases computational time
and simplifies mesh generation, which are important benefits when applied clinically.

The material properties of the vessel wall may be of greater importance for the peak
stress development than the presence of thrombus. In chapter 6 the mechanical prop-

erties of several components of the AAA vessel wall were determined. The adventitial

side of the thrombus was found to be slightly stiffer than the media, within the same
order of magnitude. The stiffness of an area with cholesterol crystals was one order

of magnitude higher than the medial and adventitial stiffness. The largest difference

with the media and adventitia was found for a calcified area. The high stiffness of
calcifications, that comprises only a small part of the vessel wall is expected to have

a large influence on the peak stresses in the vessel wall. Calcifications are therefore
likely to have larger influence on the wall stress distribution than the other vessel

wall tissue types. Furthermore calcifications can, in contrast to the other tissue types,

currently be detected in a patient specific way by CT imaging. The implication for the
wall stress analysis of the findings for calcification in literature and in this work will

be compared.

Marra et al. (2006) isolated the calcified deposits and determined a Young’s modulus
of 23 GPa with nano-indentation. In chapter 6 of this work the Young’s modulus was

found to be between 50 and 90 MPa, while the Young’s modulus for the media and
adventitia was approximately 1.5 MPa. High intensity regions in CT images possi-

bly exist of a complex configuration of multiple calcified deposits that can only be

detected by ultra high resolution imaging (de Putter, 2006; de Putter et al., 2006b).
This is caused by partial volume effects: per voxel the high CT signal of the calcifica-

tion overrule the low signal of the surrounding tissue in the same voxel. This results

in an overestimation of the volume of the calcification. The material properties that
hold for a high intensity region in CT is likely to be a combination of the calcified de-

posits and its direct surroundings. This would explain why the values in this work are
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Figure 7.2: Wall stress distributions without calcifications (b,f),with calcifications
(c,g) and with ’stiff calcifications’ (d,h). The inside (a,b,c,d) and ouside (e,f,g,h)
layer are depicted separately. The position of the calcification is dark grey in (a) and
(e).

lower than those reported by Marra et al. (2006). They used isolated calcifications,
while in this work an average value for a calcified area was determined.

To study the influence of calcifications, they are incorporated in the hemodyn model
of patient 1 (Fig. 7.1). The vessel wall in this model exists of 2 layers of elements.

Each element is assigned to the vessel wall or the calcification based on their bright-

ness in the CT scans. In figure 7.2a the calcifications of the inside layer is depicted;
in figure 7.2e the calcification in the outer layer are given. More calcifications are

found in the inside layer. This is in agreement with the findings in chapter 4; the

calcifications are situated between the media and the intima or thrombus. Wall stress
is calculated for a situation without calcification and for two different values for the

shear modulus of the calcification, Gcalc. The first value, Gcalc = 2.75 MPa is based on
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the averaged Young’s modulus for the media and calcification. As depicted in figure

6.1, the media and calcification take up the inner half of the sample, while the ad-
ventitia takes up the other half. The Young’s moduli were estimated for the adventitia

and the calcification merged with the media in chapter 6. The Young’s moduli are

0.98 MPa for the adventitial side and 1.69 for the medial/calcification side.
The second value implemented, Gcalc = 100 MPa, is based on the value for the calci-

fied area (chapter 6) and will referred to as ‘stiff calcification’. The shear modulus of
the vessel wall is Gwall = 1 MPa. The peak wall stress and 95 and 99% percentiles are

given in table 7.2. The wall stress distributions are given in figure 7.2 for the inner

wall layer (b, c and d) and for the outer wall layer (f, g and h). Near the locations of
the calcifications, the effect is very clear. When studying the peak stress and the 95

and 99 percentiles, it is clear that the effect of Gcalc = 2.75 MPa can be neglected,

while for the ’stiff calcification’ the peak stress increases enormously. Computational
times do not increase when implementing calcifications. When only two layers of

Patient 1 No calcification calcification stiff calcification

MPa - 2.75 100

Peak stress 271 317 2497
99 percentile 214 213 686

95 percentile 179 173 292
comp.time 3 hours 3 hours 3 hours

Table 7.2: Effect of calcification on peak wall stress and 99% and 95 % percentiles

element are used and the stiffness of the calcification is averaged with the media, the

effect on the peak stress and 95 and 99 percentiles are very small. When the situation

is studied on a local, more detailed scale and the Young’s moduli of the media and
calcification are not averaged, the stress distribution changes a lot. To study this, the

stress distribution in the calcified sample (sample 3 in chapter 6) is studied. The com-
putational experiment that was used in chapter 6 to estimate the material properties

is used to show the influence of the effect of calcifications on the stress distribution

on a local scale. Two different computational experiments are performed. In the
first situation, the 2 layers of the patient specific mesh are mimicked (Fig. 7.3a).

The calcifications are merged with the media and the Young’s moduli estimated for

that situation are assigned (media and calcification E = 1.7 MPa; adventitia E = 0.9
MPa). The maximum principal stress distribution does not show local effects (Fig.

7.3b). In the second situation 3 clusters (media, adventitia and calcification) are
used (Fig. 7.3c). The estimated Young’s moduli are assigned to these components.

The boundary conditions, as described in section 6.2, are applied. Peak stresses occur

near calcifications (Fig. 7.3d).
The presence of calcifications does influence the peak wall stress, but due to the

limited resolution of the patient specific meshes the stiffnesses are averaged and the

local peak stresses fade. To accomplish a more accurate stress distribution in the
vessel wall in case of calcifications the resolution of the mesh should be increased to

accurately describe the geometry of the calcification.
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Figure 7.3: The local effect of averaging the calcification with the media (a,b) or
incorporating calcification (c,d).

7.3 Limitations for clinical application

Currently, the patient specific models created with the hemodyn package, consist of
several thousands of elements (3000-20000, depending on the presence of throm-

bus). The wall thickness is covered by two elements. In the analysis described in
chapter 6 the wall thickness was covered by approximately ten elements. When this

kind of detail would be implemented for the entire patient specific model to be able

to include calcifications in detail, it would consist of 400 000 to 5 000 000 elements,
and computational times would rise immensely.

Resolution is not only a problem in the modelling but also in the imaging of the vessel

wall. Images used in this study were acquired with a 6.3 Tesla experimental scanner.
Although the available clinical MR techniques still improve, resolutions as used in this

study cannot be expected in a clinical setting in the near future. Additionally patient
imaging is accompanied by imaging artefacts caused by motion from breathing, heart

pulses or general movements.

Even when high resolution imaging would be possible it is clear from chapter 4 that
the relationship between MR grey values and tissue type is not clear yet. The results

of the clustering algorithm were not satisfying. In chapter 6 the distribution of the

tissue types was based on MR grey values but divided into clusters manually. In a
clinical setting and with large datasets of the entire aneurysm, manual correction is

not feasible.
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7.4 Future aspects

Tools have been developed for the determination of local mechanical properties of
both AAA thrombus and vessel wall. The results were obtained from a limited number

of samples. Especially for the vessel wall more samples should be studied before

statistically sound conclusions about the local mechanical properties can be drawn.
In this discussion it was shown that the local mechanical properties are important for

the wall stress distribution and that it is technically possible to implement them. It
was also shown that implementation in patient specific models is not yet realisable

because of limitations in the resolution of both imaging and computing modalities.

Besides the resolution problem in the imaging, the image analysis is another problem.
Automatic clustering is required for clinical implementation. In chapter 4 a supervised

clustering algorithm was suggested as a solution for this problem. A proper algorithm

should be chosen and training data should be obtained (Anderson et al., 2007).
The resolution problem in the wall stress computation might be expected to decrease

with the development of computational tools. It might be cheaper to implement the
local effects of calcifications in a multi level approach. The calcifications should first

be studied in detail. Development, morphology, size, position in the tissue and attach-

ment to the tissue are factors that are not understood yet. Possibly, these properties of
calcification occur according to predefined patterns. These patterns could be used in

a sort of multi-level computation, in which not the actual calcification is implemented

but only its effect on the wall stress.
Rupture occurs when wall stress exceeds the strength of the vessel wall. To our knowl-

edge the rupture behaviour of the aneurysm wall has not been described yet. Not only
the distribution of the wall stress, but also the strength of the sample is likely to be

related to the composition of the sample. In this work the material properties are

related to the sample’s morphology, but it is also likely that the material strength is
related to the morphology. An adapted version of the method proposed in this disser-

tation could be used in future research on the rupture mechanics of the tissue.

AAA patients do only benefit from this work when the rupture risk prediction based
on wall stress analysis improves their treatment and survival rates. Large clinical

studies will be needed to determine the relationship between the wall stress and the
aneurysm rupture and growth. The results of these studies will determine whether

wall stress analysis is a convincing tool for better AAA rupture risk prediction. The

contribution of this work consists not only of the reported morphologies and me-
chanical properties. The observations reported in this work also suggest that effort

should be put into development of clinical methods to include the morphology and

mechanical properties of the aneurysm into the rupture risk analysis.
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Samenvatting

Ruptuur van een abdominaal aorta aneurysma (AAA) brengt de patient in een le-
vensbedreigende situatie. Wanneer het aneurysma tijdig wordt gediagnosticeerd, kan

ruptuur voorkomen worden door middel van een endovasculaire of conventionele

ingreep. Beide methoden gaan gepaard met een hoog mortaliteitspercentage en de
ingreep zou dus alleen moeten worden uitgevoerd wanneer de risicos die verbon-

den zijn aan de ingreep kleiner zijn dan de kans op een ruptuur. Op dit moment

wordt de diameter van het aneurysma gebruikt als criterium om te opereren. Kleine
anaurysmata kunnen toch ruptureren, terwijl sommige grote aneurysmata nog niet

geruptureerd zijn. De diameter op zich is dus geen sluitend criterium. Ruptuur treedt

op als de spanningen in de wand groter worden dan de sterkte van het weefsel en
men vermoedt dat ruptuur daarom beter voorspeld kan worden aan de hand van de

verdeling van de spanning in de vaatwand.
Voor het berekenen van de wandspanning heeft men niet alleen de geometrie van

het aneurysma nodig maar ook de mechanische eigenschappen van de weefsels. Bij

studies naar de mechanische eigenschappen van de vaatwand is deze tot nu toe be-
handeld als een homogeen materiaal. Lokale inhomogeniteiten kunnen echter grote

gevolgen hebben voor de spanningsverdeling. In de AAA vaatwand kunnen zich in-

homogeniteiten als calcificaties en atherosclerotische plaques bevinden. Daarnaast
is in een groot deel van de aneurysmata een gedeelte van de aneurysmabuik ge-

vuld met trombus, een gelaagde fibrine structuur waarin verschillende degeneratie
niveaus kunnen worden aangewezen. In dit werk worden de locale mechanische

eigenschappen van zowel trombus als vaatwand bepaald met als doel de ruptuur

kans voorspelling op basis van de wandspanning te verbeteren.
Vaatwand en trombus monsters worden verkregen van patienten die een conven-

tionele ingreep ondergaan. Van de trombus worden de viscoelastische eigenschap-

pen bepaald met plaat-plaat reologie. Door het bestuderen van een serie monsters
genomen over de dikte van de trombus, kan het verloop van de mechanische eigen-

schappen over de dikte van de trombus worden bepaald. Voor kleine rekken zijn
de elastische en visceuze modulus bepaald (1.7 ± 1.3 kPa en 0.2 ± 0.1 kPa respec-

tievelijk). Trombus ondervindt in het lichaam echter grote rekken. De niet-lineaire

eigenschappen zijn bepaald met spannings relaxatie experimenten. Vervolgens is een
niet-lineair multi mode model gebruikt om het gedrag van de trombus te beschrijven.

Om de morfologie van de vaatwand te bepalen, is de mogelijkheid om met multi

contrast MRI de verschillende componenten te onderscheiden onderzocht. Multi con-
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trast resultaten zijn vergeleken met de gouden standaarden µCT en histologie. De

vaatwandmedia, calcificaties, gebieden met veel cholesterol en de adventitia konden
worden onderscheiden op de MR beelden. De resultaten zijn echter niet geschikt voor

automatische classificatie van de verschillende componenten.

Om de mechanische eigenschappen van deze componenten te gebruiken is een ge-
mengd numeriek experimentele methode ontwikkeld. Dit is een robuuste methode

om de mechanische eigenschappen van individuele componenten van een monster
te bepalen zonder deze te hoeven isoleren. Met deze methoden zijn de elasticiteits-

moduli van de verschillende componenten van AAA vaatwand bepaald. De media is

weliswaar iets minder stijf dan de adventitia, maar de stijfheden zijn van dezelfde
ordegrootte (≈ 1 MPa). De stijfheid van de trombus ligt een ordegrootte lager (≈ 40

kPa). Cholesterolrijke gebieden zijn stijver dan de media en adventitia (≈ 7.5 MPa)

en een gecalcificeerd gebied is zelfs nog stijver (≈ 50 MPa).
Implementatie van de gerapporteerde elastische moduli voor trombus in een pa-

tient specifiek model leidt tot de conclusie dat trombus weliswaar een invloed heeft
op de wandspanningsverdeling, maar dat het effect veel kleiner is dan tot nu toe

wordt gerapporteerd in literatuur. Wanneer er calcificaties aanwezig zijn in de vaat-

wand dan heeft dat een groot effect op de spanningsverdeling. De nauwkeurigheid
waarmee de geometrie van de calcificaties wordt beschreven heeft een grote invloed

op de spanningsverdeling die berekend wordt in de wand. In de huidige klinis-

che modellen is deze resolutie beperkt wat leidt tot een niet-realistische berekende
wandspanningsverdeling. Om de inhomogeniteiten van de vaatwand goed te kunnen

implementeren in de patient specifieke modellen dienen de resoluties van zowel de
afbeeldingstechnieken als de berekeningen toe te nemen.

Dit werk draagt op verschillende punten bij aan het aneurysma onderzoek. Niet alleen

worden de morfologie en mechanische eigenschappen van aneurysma wand en trom-
bus gepresenteerd, maar leidt dit werk ook tot de aanbeveling ter verbetering van

de klinische methoden zodat de morfologie en mechanische eigenschappen kunnen

worden gebruikt in de ruptuurvoorspelling van aneurysmata.
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