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Cardiovascular disease (CVD) is the leading cause of death in economically developed

countries. Annually, 17.5 million people decease worldwide because of CVD or CVD re-

lated health problems. CVD affects all socio-economic classes, and bothmen and women.

The number of deaths due to CVD is expected to rise in the coming years, notably asmore

and more children are threatened by the combined impacts of tobacco, alcohol, obesity

and physical inactivity (World heart federation, 2007). In Europe, CVD causes over 4

million deaths each year, which comprises almost half of all deaths in Europe (48%).

Stroke is an important cause of cardiovascular death and disability, and is defined as

loss of brain function because of a disruption in blood supply, mostly caused by clot for-

mation elsewhere (ischemic stroke), or intracranial bleeding (hemorrhagic stroke) (Fig.

1.1a). The leading cause of ischemic stroke, rupture of vulnerable atherosclerotic plaques,

is responsible for 15-20% of all cerebral infarctions (Chaturvedi et al., 2005). Patients suf-

fering from carotid atherosclerosis with suspected vulnerability of plaques are selected for

surgery, mainly based on a duplex ultrasound examination during which stenosis sever-

ity, i.e., percentage of occlusion, is determined. However, the vulnerability or stability of

the plaque may vary due to differences in plaque contents, mechanical properties and the

forces acting upon it.

Carotid endarterectomy (CEA) is the procedure of choice in patients with a 70-99%

stenosis. However, only one out of six patients benefits from this intervention (Rothwell

and Warlow, 1999). Furthermore, nine interventions need to be performed in the symp-

tomatic population and even nineteen asymptomatic patients need to be operated upon,

to prevent one stroke (ECST, 1998). Today, there is no solid solution to (non-invasively)

differentiate between patients who are at risk for recurrent stroke and who are not. There-

fore, understanding the mechanical behaviour of diseased vascular tissue and assessing

themorphology of plaques are key factors in the development of newmethods to improve

patient diagnosis and associated clinical decision making.

In this thesis, in vitro ultrasound-based methods to provide functional information

and characterise the healthy and diseased carotid arteries are described and applied to

biological tissue samples. These techniques are used to investigate vessels with different

morphology in vitro and vessels under different hemodynamic conditions in vivo. This

introductory chapter covers the basic features of the anatomy and morphology of the

healthy, aged, and diseased arteries. More specifically, the carotid arteries are investi-

gated. An overview on mechanical modelling of the vessel wall behaviour is given, as
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well as the background on (functional) ultrasound. Finally, the outline of this thesis is

given.

Anatomy and Pathophysiology

Healthy Vessels

The carotid arteries are found of either side of the neck. Both left and right common

carotid arteries originate from the aortic arch. The common carotid artery bifurcates into

the external and internal carotid artery, respectively supplying the face and brain with

oxygen and nutrients (Fig. 1.1b). The internal carotids are connected to the circle of

Willis, which should ensure blood supply to both hemispheres of the brain, even when

one carotid is (temporarily) occluded. The blood supply to the brain is assured by the

vertebral arteries situated in the neck as well. During endarterectomy the patient’s brain

activity is monitored, indirectly confirming the functionality of the circle of Willis during

occlusion of the artery.

The carotid artery is an elastic artery. The common carotid artery has a diameter of

about 6 mm and a wall thickness of approximately 1 mm. Its relative tissue makeup is

about 8% endothelium, 32% elastic tissues, 44% smooth muscle cells and 16% fibrous

tissues (Marieb, 2001). Furthermore, the arterial wall is composed of three distinct lay-

ers (see Fig. 1.1c). The innermost layer, the intima, consists of endothelial cells, which

line the lumen of all vessels. The media is mainly composed of almost circumferentially

oriented smooth muscle cells and elastin fibres (Clark and Glagov, 1985). The outer-

most layer, the adventitia, is composed largely of loosely woven collagen type I fibres that

protect and reinforce the blood vessel, and anchor it to surrounding structures. From

a cadaver study in 28-86 year old patients an average thickness of the intimal layer of

0.09 mm, 0.61 mm for the medial layer, and 0.35 mm for the adventitial layer were

found (Gamble et al., 1993). In larger vessels, a system of tiny blood vessels (vasa va-

sorum), nourish the more external tissue of the vessel wall (Marieb, 2001; Humphrey,

2002). The adventitia only comprises about 20% of the arterial wall in elastic arteries

(and 50% in muscular arteries). It is thought to be dominant in the limitation of acute

overdistension in all vessels (Humphrey, 2002).

From ageing to atherosclerotic vessels

Ageing has a dramatic effect on the composition of the vessel wall, especially in the struc-

ture of the large elastic arteries independently of changes attributed to atherosclerosis.

The principal changes with ageing are increased vessel wall thickness, increased lumen
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(a) (c)(b)(a)

Intima

Media

Adventitia

Figure 1.1: Illustrations of stroke (a); the anatomy of the carotid artery (b), and of the healthy

and atherosclerotic artery (c, all adopted from Blausen.com).

diameter, and increased stiffness (decreased distensibility). Structural changes causing

these principal changes are the increase in collagen and cross-linking of the collagen,

elastin fracture and calcification and reduction in the elastin content (Jani and Rajkumar,

2006).

Atherosclerosis is characterised by infiltration of the intima by fatty material which

accumulates in macrophages, accompanied by increased deposition of collagen. The trig-

ger of the onset of atherosclerosis is not exactly known, many believe that damage to the

endothelial cells is the underlying cause of the onset (Ross, 1986; Davignon and Ganz,

2004). Possible causes of damage are elevated levels of cholesterol, high blood pressure,

and smoking. Because of the damage of the smooth internal lining of endothelial cells,

circulating blood will be exposed to the underlying intimal collagen. This can trigger

coagulation of blood to form a blood clot, i.e., thrombus, which may block the vessel

completely, resulting in death of the tissue supplied by the vessel (Stevens and Lowe,

1997). In the late 60’s, Caro et al. (1969) already found that atherosclerotic lesions are

not randomly distributed, but are found with higher frequency in the vicinity of bends

and at vessel junctions. Plaque rupture is another critical step in the evolution of the

plaque, causing ischemic stroke. Therefore, it is of major importance to identify those

plaques that are prone to rupture, i.e., vulnerable plaques (Figure 1.1c). However, rupture

mechanisms are complex processes that are dependent on plaque morphology, composi-

tion, and mechanical characteristics (Leach et al., 2010a; Baldewsing et al., 2004a).

During the early stage in the development of atherosclerosis, the atheroma or plaque

often grows outward and preserves the caliber of the lumen (Saito et al., 2002). Such

compensatory enlargement or outward remodeling explains in part why angiography un-
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derestimates the degree of atherosclerosis (Nissen and Yock, 2001). Pathological studies

have demonstrated that the majority of coronary plaques that have ruptured and triggered

an acute myocardial infarction, contains a prominent lipid pool and numerous inflam-

matory cells, in particular macrophages (Davies et al., 1993; Falk, 1989; Moreno et al.,

1994). The activated inflammatory cells secrete mediators that thin and weaken the fi-

brous cap overlying the lipid-rich core of the lesion, by reducing synthesis and increasing

degradation of collagen (Libby and Aikawa, 2002). Furthermore, apoptosis of SMCs has

been associated with calcification, thrombosis, and inflammation (Littlewood and Ben-

nett, 2003). Postmortem studies have identified one type of vulnerable plaque, the thin

cap fibroatheroma, as the culprit lesion in approximately 80% of sudden cardiac deaths.

This type of plaque is typically a minimally occlusive plaque characterised histologically

by the following features: 1) a thin fibrous cap (<65 μm ), 2) a large lipid pool, and 3) ac-

tivated macrophages near the fibrous cap (Davies et al., 1993; Chau et al., 2004; Virmani

et al., 2006).

Several mechanical pathways have been described in literature which may also be

involved in plaque rupture, such as high principal stresses (Loree et al., 1992; Li et al.,

2008; Cheng et al., 1993), elevated or lower shear stresses (Gao et al., 2009; Vengrenyuk

et al., 2006; Kaazempur-Mofrad et al., 2004), and high arterial pressure (Thubrikar and

Robicsek, 1995) it is believed that shear stress has no direct mechanical effect on plaque

rupture, since the wall shear stress levels are at least four orders of magnitude lower than

principal stress levels (Kock et al., 2008). Elevated or lower shear stress levels may alter

biomechanical pathways, resulting in the alteration of the endothelial function (Nerem,

1993).

Mechanical Behaviour of the Arterial Wall

General behaviour of a healthy vessel wall

The healthy arterial wall exhibits passive and active mechanical properties. Arteries do

not exhibit linear elastic properties, but have a non-homogeneous, anisotropic and vis-

coelastic material behaviour, which is mainly due to the morphology of elastin and colla-

gen fibres. The elastin mainly resides in the medial layer, whereas the collagen is mostly

available in the adventitial layer. The wavy structure of both components causes an in-

creasing stiffness with increasing stretch. These passive mechanical properties (illus-

trated in Fig. 1.2) are mainly dependent on the medial and adventitial layer and are

described extensively (i.e. Roach and Burton (1957); Kamenskiy et al. (2011); Holzapfel

(2006)). In Chapter 6 of this thesis the passive mechanical properties of healthy porcine
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collagen 

dominated

elastin

dominated

Figure 1.2: Typical stress strain curve

for healthy arterial tissue: high strains

and low stress at the onset, i.e. stretch-

ing and uncurling of the collagen fibres,

i.e., the stress response is mainly domi-

nated by elastin. At a certain point, stiff-

ening occurs (high stress with low strain

gradient), due to the load bearing capac-

ity of the now aligned collagen fibres.

carotid arteries were assessed by combining in-

flation testing with ultrasound elastometry. A

comparison to the gold standard, i.e., biaxial ten-

sile testing, is made.

The intimal layer was always assumed not to

contribute significantly to the load-carrying capa-

bility of the arterial wall and was therefore ne-

glected in most models. Holzapfel et al. (2005)

found that, in aged coronary arteries, the inti-

mal layer had a remarkable thickness and load-

bearing capacity (uniaxial testing) in comparison

with the medial and adventitial layer.

To obtain a full mechanical characterization

of the arterial tissue, the reference state of the

unloaded artery needs to be known. To start,

in this thesis, all tests are performed from zero

pressure. However, at zero pressure in healthy

arteries, residual stress is present. This is quantified by the opening angle when a radial

cut is made in an arterial segment, and the ring opens up. Unfortunately, the unloaded

state can only be acquired in an in vitro environment, hence, residual stress is often not

taken into account in arterial modelling in vivo.

The mechanical behaviour of the vessel wall can also be changed by the activity of

smooth muscle cells (SMCs). The activity of the SMCs has been proven to alter the

mechanical behaviour of the arteries significantly (Hudetz et al., 1980; Bank et al., 1995;

Zulliger et al., 2004). The endothelial cells lining the lumen, play an important role in

the mechanotransduction of the SMC response. An increase in blood flow causes an

increase in shear stress, resulting in the release of several vasoactive substances, causing

either contraction or relaxation of the SMCs (vascular autoregulation).

Mechanical testing of healthy and diseased arteries

Knowledge of the mechanical properties of the arterial wall and plaque components is

essential to develop accurate engineering models to improve patient diagnosis. In vitro

studies of stresses and strains in atherosclerotic segments of human arteries compared

to healthy arteries are rather limited in number. Different ways of extracting mechanical

properties of plaque components were investigated by means of e.g., indentation (Barrett
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et al., 2009; Chai et al., 2013), static and/or dynamic uniaxial and biaxial testing (Péry

et al., 2009; Holzapfel et al., 2002; Sommer et al., 2010; García et al., 2011; Kural et al.,

2012) or inflation testing (de Korte et al., 2000a; Brusseau et al., 2001; Blondel et al.,

2003). In general, consistent values regarding mechanical properties are found within

studies for healthy carotid tissue. However, a larger spread is found between and within

the different studies regarding mechanical properties of plaque tissue and the different

plaque components. An extensive review on these methods is given in Chapter 4. As

concluded previously, inflation testing is the preferred in vitromethod to accurately assess

mechanical properties from the arterial wall. Therefore it will be extensively used and

discussed throughout this thesis. Considering the heterogeneity, complex geometry and

morphology of the plaque tissue, 3-D data are crucial. For this purpose an experimental

set-up was designed and build, as described in Chapters 2 to 4, enabling the assessment

of 3-D + t ultrasound data of endarterectomy samples pressurised in a mock loop.

Modeling the Arterial Wall

Constitutive relations

To estimate material properties, a model is required to describe themechanical behaviour

of the artery. Numerous models for description of the arterial wall have been proposed

in literature, most of them are based on models derived for rubber-like materials. The

arterial wall is mostly described as a linear or non-linear hyperelastic solid, implying that

the stress-strain relation is derived from a strain energy density function. The constitutive

material models advance from one parameter models, e.g., neo-Hookean, 1-term Ogden;

to two-parametermodels, e.g., Hooke’s law, Fung, Demiray, Mooney-Rivlin; to non-linear,

multi-parameter fibre-reinforced models, such as the ones described in Holzapfel and

Gasser (2000); Gasser et al. (2006); Driessen et al. (2005). Generally, the constitutive

law is described by a strain-energy density function, from which the stress-strain relation

can be derived (Table 1.1).

The neo-Hookeanmaterial model was proposed in 1948, and is used in bothChapters

6 and 7. Themodel is used for predicting stress strain behaviour of materials undergoing

large deformations in a linear elastic fashion. Typically, the shear modulus will be derived

when describing the material as a neo-Hookean solid. Hooke’s law is quite similar to the

neo-Hookean model; it describes a linear stress-strain relation via the Young’s modulus,

and Poisson ratio, and is only valid for small strains. Hence, relatively small stress or

strain increments need to be chosen, to estimate the incremental material property of a

hyperelastic material within a certain stress range. The 1-term Ogden model, is a one
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parameter polynomial model. The 2-term version simulates the stress strain behaviour

as well, where both parameters are directly related to the shear modulus, which is similar

in the Mooney-Rivlin model which was introduced for modeling rubber like materials.

An exponential strain-energy function was proposed by Fung et al. (1979), and many

modifications of this model have been introduced over the years that followed. A draw-

back of this model is that the original form requires 9 non-dimensional parameters to

capture experimental parameters, and often the material parameters do not have any

physical meaning. Another well known model (which is a simplification of the Fung

model) was proposed by Demiray (1972) for cardiac modeling; its application to vascular

tissue is known as the Delfino model. Both Fung and Demiray postulated exponential

models, which describe the typical stiffening effects in the high pressure domain and

thus capturing the non-linear behaviour.

A combination of the neo-Hookean solid and an exponential model was introduced

by Holzapfel and Gasser (2000). This model described the anisotropy of the arterial wall

by introducing the contribution of the collagen fibres (only in the fibre direction) to the

modeling of the mechanical behaviour of the arterial wall. Driessen et al. (2005) added

the angular fibre distribution to this model, assuming a change from circumferentially

oriented fibres in the inner layer to more axially oriented fibres in the outer layer. The

combination of the matrix contribution and the collagen fibre distribution makes this

model quite accurate, however, four different material parameters need to be estimated.

This section briefly introduced the most commonly used strain energy density functions

in arterial modelling. Several other strain energy density functions were proposed for this

purpose e.g., the ones by Raghavan and Vorp (2000); Takamizawa and Hayashi (1987);

Vaishnav et al. (1973) describe the passive mechanical behaviour of the artery wall, these

are not discussed here.

Other studies introduced the contribution of another important component of the

arterial wall, the smooth muscle cells (SMCs) (Zulliger et al., 2004; Murtada et al., 2010),

thus incorporating the active mechanical properties. Zulliger et al. (2004) introduced

a pseudo-strain energy density function, pseudo because it does not depend on purely

mechanical factors (strains and elastic constants)) but can be modified by the choice of

a parameter (fully relaxed, maximal contraction, or normal tone). Zulliger states that

the SMCs need a certain circumferential pre-stretch for the vascular SMCs to contract.

Both inflation testing, for the passive mechanical stress strain relation and ring testing,

to determine the contraction of the vessel with a certain amount of tone, needed to be



| 9

Table 1.1: Common strain-energy density functions used in the modeling of the arterial wall.

Name Definition Material

Parameters

Neo-Hookean Ψ = C
2 (I1 − 3) C

Mooney-Rivlin Ψ = (I1−3)+µ(I2−3)
2(1+µ) µ

1-term Ogden Ψ = 2
ν2 (λ

ν
1 + λ

ν
2 + λ

ν
3 − 3) ν

2-term Ogden Ψ = 2
ν2 (λ

ν
1 + λ

ν
2 + λ

ν
3 − 3) + 4.5(K

−
1
3 − 1)2 ν,K

Delfino Ψ = a
be

b
2
(I1−3) − 1 a, b

Fung Ψ = 1
2β [e

α(I1−3) − 1] β,α

Holzapfel Ψ = C
2 (I1 − 3) +

k1
2k2

∑

i=4,6 exp[k2(Ii − 1)
2]− 1 C, k1, k2

performed to obtain experimental evidence for this model. Depending on the muscle

tone, 5 to 10, material parameters need to be estimated, while both passive and active

components are taken into account.

One needs to consider how accurate the model should describe the mechanical be-

haviour of the material. A more accurate description requires more parameters to esti-

mate the behaviour. However, this also increases the uncertainty on the model param-

eters, since they could all be dependent on each other, reducing the specificity and sen-

sitivity of the model. Moreover, when estimating the parameters using a least-squares

optimization procedure, non-uniqueness problems can occur, due to the sensitivity of

the parameter(s) (estimates) to small changes in the experimental data (Fung, 1990;

Holzapfel and Gasser, 2000). All the aforementioned models can be applied to 1-D to

3-D (+t) problems, which will be described in the next section. Optimization procedures

can be applied to reduce the number of parameters to be estimated (van der Horst et al.,

2011; Stålhand, 2009), which is especially useful for complex models using clinical data

as input.
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(a) (b) (c) 

Figure 1.3: 2-D idealised geometry for finite element analysis (Akyildiz et al., 2011), 2-D carotid

atherosclerotic geometry based on histology (b) (reprinted from Speelman et al. (2011), with

permission from Elsevier), 3-D volume geometry based on MRI (Huang et al., 2010).

Finite Element Analysis

Plaque rupture occurs when the mechanical stress exceeds the material strength of the

fibrous cap. It has therefore been hypothesised that critical stress conditions in the

plaque may be related to plaque rupture. By combining the current (3-D) image-based

assessment techniques with computational modeling more accurate plaque evaluation

and vulnerability assessment can be achieved (Tang et al., 2005, 2009a). Because the

diseased vasculature has a complex geometry and heterogeneous morphology, simula-

tions of these critical stresses, or extraction of material properties, needs to be performed

using finite element analysis (FEA).

Richardson et al. (1989) have published one of the first FEA models on the arterial

wall including a plaque. This paper brought together analysis of stresses in computerised

models of atherosclerotic coronary arteries using simplified 2-D geometries (including

lipid pool and calcification), predicting where the highest tensile stresses would occur

in the caps of typical plaques due the arterial pressure, and making a comparison with

a significant cohort of comparable clinical cases to locations of plaque rupture. Non-

linear mechanical properties were assigned to each element. These values were based

on measurements from micro-mechanical testing of samples of intima and media from

fresh human cadaver coronary arteries. From the paper, it is not clear which constitutive

model was used for this problem. They found that eccentric pools of lipid concentrated

stress on the plaque cap, especially in the plaque shoulders. Moreover, the circumfer-

ential tensile stress across the intima was radically altered by atherosclerotic plaque, and

calcified plates seemed to stabilise the plaque. High stress concentrations were identified

in idealised geometries at fracture regions.

Other interesting insights using simplified 2-D geometries and material laws were

given by Loree et al. (1992); Li et al. (2008); Akyildiz et al. (2011) (Fig. 1.3a). They stud-
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ied plaque vulnerability by varying the fibrous cap thickness, lipid core size and lumen

curvature. They found that a thin fibrous cap leads to high stress concentrations; high

circumferential stress is often found in the plaque shoulder; lumen shape and curvature

are also important determinants in stress distribution in the plaque, and lipid core size

does not alter plaque stress when the fibrous cap is thick.

In vivo geometries (Fig. 1.3 b-c) were mostly obtained using MRI (Trivedi et al., 2007;

Kock et al., 2008; Sadat et al., 2010; Teng et al., 2010), CTA (Creane et al., 2010), intravas-

cular ultrasound (Imoto et al., 2005; Ohayon et al., 2001; Kural et al., 2012; Baldewsing

et al., 2004a), or histology (Cheng et al., 1993; Huang et al., 2001; Speelman et al., 2011;

Vengrenyuk et al., 2010). To assess the critical stresses in the plaque, both the consti-

tutive relations found in Table 1.1 were used, as was Hooke’s law. A high variation was

found within the assigned mechanical properties for all different plaque constituents as

displayed in Table 1.2. Hemorrhagic tissue is hypothesised to have similar material prop-

erties as lipid (Trivedi et al., 2007).

Two-dimensional numerical models derived from patient data were mainly based on

intravascular ultrasound (IVUS) and histology, whereas the 3-D numerical models were

mainly based on MRI. Trivedi et al. (2007) reported significantly higher peak principal

stress in the symptomatic patients compared to the asymptomatic ones in the carotid

artery. High peak stresses were found in the shoulder regions of the plaque, as was re-

ported by Baldewsing et al. (2004a) and Creane et al. (2010). Imoto et al. (2005), demon-

strated the assessment of the distribution of longitudinal stress in the coronary wall, and

found that the critical cap thickness is greatly dependent on the distribution of calcified

tissue. Teng et al. (2010) concluded that plaque stress values are more closely related to

atherosclerotic rupture than critical flow shear stresses. Cilla et al. (2012) concluded from

a 3-D analysis in an idealised geometry that plaque rupture concerns a combination of

both the occlusion size, the fibrous cap thickness and the lipid core dimensions. Hence,

geometry and morphology both play a key role in plaque stability prediction.

A nice approach in plaque rupture modeling was demonstrated by Ferrara and Pan-

dolfi (2008), who proposed a 3-D rupture model where cracks in the cap tissue were

introduced when the tensile strength of material was locally exceeded. They used the

fibre reinforced model of Holzapfel and Gasser (2000) to model the vascular wall and

incorporated a cohesive law for the crack propagation.

To perform accurate computations, the stress-free configuration should be known,
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Table 1.2: Material parameter overview used in the different finite element studies on plaque tissue. The parameters E, C1, C2, D1, D2,

µ, k1 are in kPa, k2 is dimensionless. The abbreviations r and c represent the radial and circumferential directions respectively (used in

Hooke’s law).

model author lipid calcification fibrous cap plaque wall

Hooke’s law Baldewsing et al. (2004b) E = 25 E = 1250-1500 E = 1000

Barrett et al. (2009) E = 33

Loree et al. (1994) E = 0.25 E = 376 E = 66 E = 22

Cheng et al. (1993)
Er = 10

Ec = 100

Er = 50

Ec = 1000
Kock et al. (2008) E = 100 E = 1000

de Korte et al. (2000a) E = 222 E = 493 E = 302

Lee et al. (1993) E = 1·106 E = 30·103 E = 15·103

Trivedi et al. (2007) E = 25-500 E = 50-5000 E = 8-35

Maher et al. (2009) E = 1 E = 1000
Er = 100

Ec = 200

Er = 80

Ec = 800

Ohayon et al. (2011) E = 1 E = 10·103
Er = 50

Ec = 1000

Er = 10

Ec = 100
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Media: µ = 15; k1 = 4; k2 = 2.3

Adventitia: µ = 1.75; k1 = 65.6

k2 = 61.8

Nieuwstadt et al. (2013) µ = 0.3

Intima: µ = 334

Media: µ = 2.2; k1 = 65.8; k2 = 76.9

Adventitia: µ = 5.9; k1 = 2069

k2 = 394
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(a) (b) (c)

Figure 1.4: B-mode images in both transverse (a) and longitudinal (b) direction and Duplex

image (c) of a healthy human carotid artery. Images reveal the anatomy of the carotid artery

(and blood flow) from the author.

which cannot be derived from in vivo images. Several methods were proposed, e.g.,

de Putter et al. (2007); Huang et al. (2009), to derive the zero-stress state, which enables

the calculation of the existing stresses in the vessel wall at diastolic pressure. The advan-

tage in the in vitro experiments carried out in this study is that all vessels are pressurised

from the load-free configuration. Moreover, high stress localization could occur when

a too coarse discretisation is used on sharp geometrical features, so mesh refinement

in these structures is necessary for accurate results. Therefore, 99th percentile tensile

stress may be a better predictor, because it is less sensitive to small geometric variations

(Speelman et al., 2008).

To better understand the dynamic behaviour of plaque, spatial and time resolved in-

put is necessary to extract material parameters. In this thesis, the testing methods of

choice, from which the dynamic behaviour can be extracted, are inflation testing com-

bined with functional ultrasound.

Ultrasound

Ultrasound imaging is applied clinically in a wide range of expertise, i.e., gynaecol-

ogy/obstetrics, oncology, muscular disease, abdominal disease, and the cardiovascular

field. Ultrasound imaging has the advantage over other imaging techniques, such as

MRI and CT, that it is relatively cheap, non-invasive, bed-side applicable, poses no radi-

ation hazard and it has high temporal and spatial resolution. Figure 1.4 shows a typical

example of a healthy human carotid artery, in transverse direction (Fig. 1.4a) and longi-

tudinal direction (Fig. 1.4b). The main drawbacks of ultrasound are the limited field of

view, relatively low image contrast and the user dependency.

During an ultrasound examination, radio frequent waves are transmitted from the

probe at a certain frequency. For clinical applications, this is typically in the range from 3
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to 20MHz, which is beyond the audible range of the human ear. If the wave encounters a

transition between two tissue types, and the two tissue types differ in acoustic impedance,

(a) (b) (c) (d)

Figure 1.5: Schematic representation of an ultrasound

beam (a), being either partially reflected (b), scattered

(c), or travels further down although attenuated (d).

sound will be reflected, scattered,

and partly travel further down,

possibly to be reflected at an-

other transition further from the

transducer (Fig. 1.5). The re-

flections at boundaries result in

bright edges, visible in the ultra-

sound image. When the differ-

ent tissues have a large mismatch

in acoustic impedance, like bone

vs. soft tissue, the ultrasound will

be reflected mostly, resulting in a

decrease in acoustic energy, and

in severe cases even a so-called

acoustic shadow below the tissue. This typically occurs in calcified plaques (Fig. 2.4).

Scattering of the ultrasound will cause speckle patterns, which is mainly caused by

small structures in tissue, i.e., blood cells and micro-vessels, which start to act as point

sources. Speckle is the result of interference of local waves, all with the same frequency,

but with different phase and amplitude. The resulting pattern is different for different

tissues due to local differences in impedance of the micro-structures and therefore adds

’texture’ to the ultrasound images between the bright edges. However, this texture does

not correspond fully to the underlying structure, since it is basically an interference field.

The ultrasound wave will attenuate while traveling away from the probe, because

of the reflections and scattering of the signal, but especially due to the dissipation of

acoustic energy into heat. Attenuation results in lower intensity scattering and reflections

in the deeper situated tissue areas and thus limits the penetration depth. Attenuation is

frequency dependent: for high frequencies, used to obtain higher resolution images, the

signal attenuates faster and the imaging depth is reduced.

The piezoelectric elements in the ultrasound probe both act as a transmitter and re-

ceiver of ultrasound. The elements start to vibrate at a desired frequency when they are

electrically excited, hereby transmitting an ultrasound wave. The ultrasound reflected

travels back to the elements, excites the elements and causes them to generate an elec-
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trical voltage, which can be converted into an ultrasound image. For each ultrasound

beam, a subgroup of piezo electric elements are activated (Fig. 1.6a). To improve res-

olution at the location of interest, a focus can be realised and its location within the

ultrasound beam can be directed. By posing different short transmittal delays to the in-

dividual elements, the beams converge to a focal point. The signals generated by the

piezo crystals are used to reconstruct a single raw radio frequency signal via beam form-

ing, with the resulting radio frequency (RF) line resembling one single ultrasound beam.

Line-by-line scanning is typically used to generate a two-dimensional (2-D) or even a

three-dimensional (3-D) image of the tissue.

Several ultrasound transducer types are available, all having their own clinical appli-

cation, ranging from one-dimensional (1-D) to 3-D time-resolved imaging. The spatial po-

sitioning of the piezoelectric elements, the probe geometry, and the excitation frequency

used make a certain transducer more suitable for its application. In the field of vascular

ultrasound the linear array, phased array, matrix array and curved array transducer are

most commonly used. Linear array transducers, originally developed for cardiac applica-

tions, are most commonly used for imaging of superficial arteries and veins (Fig. 1.4).

The curved array is used for abdominal applications (aorta, liver, gynaecology), whereas

the phased array, originally developed for vascular imaging, is now the probe of choice for

cardiac imaging. More and more matrix array transducers that enable 3-D (+t) ultrasound

imaging are being introduced into the market today.

The generation of the well-known grey-scale images we know, referred to as B-mode

images, requires the RF data to be processed, which is done in several steps: band-pass

filtering, gain compensation, amplitude demodulation, and log compression. The latter

is required to improve the visibility of the low amplitude scatter with respect to the large,

high amplitude reflections. The resulting amplitude data can then be visualised, either as

one image line (A-mode, Fig. 1.6b) or displaying one image A-line over time (M-mode,

Fig. 1.6c), where M-mode is mainly used for studying tissue motion, or as an entire

image at one time-point (B-mode, Fig. 1.6d) consisting of approximately 64 up to 256

A-mode signals.

As visualised in Figure 1.4a, the bright reflections are more pronounced in parallel

with the sound (x-direction, Fig. 1.6), while the contrast between 2-4 and 8-10 o’clock

positions is less clear. Obviously, the ultrasound will reflect back towards the transducer

when it encounters a structure perpendicular to the ultrasound beam. Structures parallel

to the ultrasound beam, will reflect the ultrasound in other directions, or not at all. More-
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Figure 1.6: Schematic representation of a linear array probe, used in this study, and the

coordinate system as applied in this thesis (a). Ultrasound data can be visualised in several

modes: A-mode (b), M-mode (c), and B-mode (d).

over, the axial sampling resolution, along the line of the sound, is about 10 times higher

compared to the lateral sampling resolution (z-direction, Fig. 1.6). Axial resolution de-

pends on the frequency and number of pulses used, whereas the lateral resolution also

depends on probe geometry, beam geometry and focus depth.

Functional Ultrasound

In the clinic, ultrasound imaging is not solely used as an imaging tool to make a general

diagnosis, but is often used for its functional measurement abilities, such as Doppler,

which is especially of interest for cardiovascular applications. The first functional ultra-

sound tool was duplex ultrasonography, where measurements of blood velocity based on
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(a) (b)

(c) (d)

Figure 1.7: Schematic representation of: 2-D cross-correlation of RF data for displacement

estimation (a), estimated displacements (b), resulting strains (c), vascular elastography (d),

estimating material properties of the different tissue types.

the Doppler effect are superimposed onto the standard B-mode image (Fig. 1.4). Duplex

ultrasound is clinically used as the primary diagnostic tool to determine the degree of

stenosis in atherosclerotic carotid arteries, although additional MR or CT angiography

may be performed for improved decision making when the Duplex examination is not

decisive because of signal loss due to a highly calcified plaque. An upcoming functional

ultrasound-based technique, is vascular strain imaging and elastography, i.e., the mea-

surement of displacements and strains, and the estimation of intrinsic material proper-

ties of the tissue components from the displacement information, respectively.

Displacements and strains in the tissue can both be estimated from raw RF data

(Ophir et al., 1991). This was also demonstrated in vitro and in vivo in arteries using

both RF data (de Korte et al., 2000a; Ribbers et al., 2007) and conventional video images

(Wan et al., 2001; Zakaria et al., 2010; Yuda et al., 2011). The latter is referred to as speckle

tracking. In this thesis, the focus will be on estimating displacements and strains from

raw RF data.

To estimate displacements in tissue, at least two images are required at different time-

points: the initial state or pre-deformation image and second the post-deformation state,

where the tissue is either compressed or elongated (Fig. 1.7a-b). Ophir et al. (1991) were

the first to describe strain imaging on raw RF data, where one-dimensional segments
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of RF data were correlated in time. The location of the peak of the cross-correlation

corresponds to the shift in the direction of the beam, i.e., the axial direction. Assum-

ing a similar speckle pattern during deformation, and that the deformation is perfectly

uni-directional, the shift measured can be translated into a local tissue displacement.

Displacements throughout the tissue can be acquired by cross-correlating data-windows

at several locations in the tissue, pre- and post deformation, acquiring the displacement

field in the axial direction (Fig. 1.7a-b). Lateral displacements are in the direction perpen-

dicular to the ultrasound beam, and can be found using 2-D cross-correlation windows

(Konofagou and Ophir, 1998; Lopata et al., 2009c).

After estimating the displacements, the two-dimensional displacement fields can be

converted into strain fields (or strain images) by taking the spatial derivative of the dis-

placements measured. However, this will lead to amplification of noise present on the

displacement data. Strains can also be estimated by the use of a least squares strain esti-

mator (LSQSE, Kallel and Ophir, 1997). A linear least squares fit can be applied to several

displacement values, where the slope equals the strain estimate in the central point (Fig.

1.7c). The technique to generate strain images was initially developed for tumor detection

(Ophir et al., 1991) and used quasi-static compression of the tissue using the probe. For

cardiovascular applications, the natural deformation of the vessel due to the pulsation of

the blood pressure can be assessed.

Strain imaging on arteries in a dynamic fashion using IVUS was first described by

de Korte et al. (1997a), and demonstrated in phantoms. In later studies, the feasibility

of IVUS based strain imaging in vivo in the larger arteries, both assessing strains and

material properties and distinguishing tissue components (de Korte et al., 2000a; Schaar

et al., 2003b; de Korte et al., 1998). Still, a non-invasive method, especially when moni-

toring the carotid artery, would be preferred. More recently, non-invasive strain imaging

on carotid arteries was shown by Hansen et al. (2009); Maurice et al. (2008); Ribbers

et al. (2007); and Schmitt et al. (2007). Strains can be determined in 2-D, but are mostly

determined in the direction of the ultrasound beam, i.e., axial strain. The radial strains in

arteries correspond to the directions perpendicular to the centreline of the artery (Fig. 1.7c

and 3.1). Therefore, a drawback in the non-invasive method is the lower lateral resolution

of the RF data, and the lack of phase information, which especially holds for the imag-

ing of transverse cross-sections of the artery. This could, however, be resolved partly by

using a compounding method (Hansen et al., 2009). Furthermore, as shown in several

studies and in this thesis, strain imaging can be applied to longitudinal cross-sections as
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well, where the radial deformation of the vessel wall corresponds to the axial direction of

the ultrasound beam if the centreline is perpendicular to the ultrasound lines. However,

both the transverse and longitudinal cross-sections do not give a complete assessment of

the 3-D geometry and strains.

In Chapters 3 and 4, echo-CT strain imaging is demonstrated in phantoms and bio-

logical tissue, which overcomes these issues, although it is not applicable in vivo.

Various ultrasound-based methods have been developed to assess material proper-

ties of the (diseased) arterial wall, and consequently determine the plaque composition,

although these techniques are mainly in a pre-clinical phase. Shear wave elasticity imag-

ing, acoustic radiation force imaging, sonoelasticity, pulse wave velocity in combination

with plane wave imaging, are all examples of ultrasound-based techniques. However, in

this thesis the focus will be on vascular elastography, which is based on displacement

and strain measurements. Vascular elastography is the method where the mechanical

properties of arterial tissue, typically Young’s moduli, are superimposed on the accom-

panying B-mode image. The material stiffness is typically estimated by combining the

strain data with a biomechanical model either using a direct method, by solving partial

differential equations (Emelianov et al., 2000; Sumi et al., 1995); or by making use of an

inverse finite element method (Richards and Doyley, 2013; Zhu et al., 2003; Baldewsing

et al., 2004a). Baldewsing et al. (2004a) nicely illustrated this method for in vivo data

in coronary plaque using IVUS. The radial strain image of the plaque is necessary to

reconstruct the plaque’s Young’s modulus distribution, which is accomplished by itera-

tively matching the radial strain output from the FEM to the radial strains from the IVUS

strain imaging.

Several studies describe the use of an echo-tracking system based on Doppler shift

measurements, to estimate material properties from in vivo data, as for example de-

scribed by Hoeks et al. (1990) and using the raw RF data (Benetos et al., 1993; Bussy

et al., 2000; Laurent et al., 1994; Boutouyrie et al., 1994). From the change in diameter

and the known pressure, either the incremental apparent Young’s modulus Einc , compli-

ance and/or distensibility can be determined. This more straightforward approach can be

referred to as elastometry. This terminology finds its original application in elastometry

of fibrotic liver of hepatitis C patients, where an external device was used to generate a

low frequency transient vibration. The velocity of this wave was assessed with traditional

ultrasound, consequently determining the stiffness from the velocity field. In vascular

elastometry, the material properties of the vessels are acquired. The strains and displace-
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ments and accompanying pressure obtained from an inflation experiment or from in vivo

data, are used as input for a constitutive model (Chaps. 6-7). From this model, one or

more material parameters can be estimated, depending on the model chosen.

Aim and Outline of this Thesis

The main aim of this thesis is to assess the mechanical properties of healthy and dis-

eased arteries in vitro and in vivo. An experimental in vitro framework is developed,

named echo-CT strain imaging, to investigate atherosclerotic plaque samples obtained

from carotid endarterectomy surgery, to image and quantify the geometry and deforma-

tions using ultrasound. These data may serve as input for 3-D mechanical models, but

also will eventually improve our understanding of plaque mechanics and rupture.

In Chapter 2, the design of the experimental echo-CT set-up is described, in which

3-D + t ultrasound data from several endarterectomy samples are acquired. In this chap-

ter, geometry assessment and validation has a central role. The technique is applied

to plaques, but also to vessels with simple, concentric geometries, all validated using

micro-computed tomography (micro-CT) imaging. In Chapter 3, the echo-CT method

is extended with strain imaging. In this chapter, strains are quantified and verified in

healthy vessels and phantoms, and the method is demonstrated in plaque tissue as well.

Validating material stiffness in more complex structures like plaque tissue using the elas-

tometry method is necessary. For this purpose a more realistic fatty plaque phantom is

designed, with known properties, and known geometry (Chapter 4). Finally, Chapter 5

shows the global relation of the 3-D echo-CT (strain) data with the morphological infor-

mation obtained from micro-CT for several endarterectomy samples.

In Chapter 6, a step towards mechanical characterization is achieved using a straight-

forward, elastomeric approach. The first step is to assess material parameters found in

the inflation experiments on healthy porcine carotid arteries and compare these to the

gold standard, that is, biaxial tensile testing. Finally, the elastometry approach is used for

the assessment of the material properties of common carotid arteries, in both normoten-

sive and hypertensive patients in vivo, in Chapter 7.

A general discussion on all topics is given in Chapter 8.
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Abstract

To improve diagnosis and understanding of the risk of rupture of atherosclerotic plaques,

new strategies to realistically determine mechanical properties of atherosclerotic plaques

need to be developed. In this study, an in vitro experimental method is proposed for accu-

rate three-dimensional assessment of (diseased) vessel geometry using ultrasound. The

method was applied to a vascular phantom, a healthy porcine carotid artery, and human

carotid endarterectomy specimens (n = 6). Vessel segments were pressure fixed, and

rotated in 10◦ steps. Longitudinal cross sections were imaged over 360◦. Findings were

validated using micro computed tomography (micro-CT). Results show good agreement

between the ultrasound and micro-CT-based geometries of the different segment types

(ISI phantom = 0.94; ISI healthy = 0.79; ISI diseased = 0.75 - 0.80). The method does

not suffer from acoustic shadowing effects present when imaging stenotic segments and

allows future dynamic measurements to determine mechanical properties of atheroscle-

rotic plaque in an in vitro setting.
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Introduction

In Europe, cardiovascular disease (CVD) causes more than 4 million deaths each year,

which is nearly half (48%) of all deaths in Europe (Allender et al., 2008). Atheroscle-

rosis is the primary etiology of CVD, and therefore, a main topic in CVD research. On

average, every week 100 articles are published on atherosclerosis only. Stroke is an im-

portant cause of cardiovascular death. In 15% - 20% of the cases, ischemic stroke is

caused by carotid artery disease (Chaturvedi et al., 2005). To prevent recurrent stroke,

carotid endarterectomy is the procedure of choice in patients with a recent symptomatic

70 - 99% stenosis. Currently, the selection of candidates eligible for carotid endarterec-

tomy is based on stenosis size only, which is assessed with duplex ultrasound. However,

carotid endarterectomy is only beneficial for patients with unstable (vulnerable) plaques,

who constitute only 16% of the aforementioned patient population (Rothwell and War-

low, 1999). Hence, identifying plaque stability at an early stage would permit timely

intervention, while substantially reducing over-treatment of stable plaques.

Vulnerable plaques are more susceptible to rupture, mostly because of the combina-

tion of mechanical effects, including shear stress (Groen et al., 2007; Tang et al., 2009b),

principal stresses (Leach et al., 2010b; Trivedi et al., 2007), biochemical processes (MMP

activity (Arroyo and Lee, 1999), neovascularization (Moreno et al., 2006; Staub et al.,

2010)), and plaque morphology (Virmani et al., 2006). In several studies the vulnera-

ble plaque morphology is considered to contain a large necrotic core, a thin fibrous cap,

the presence of inflammatory cells, intraplaque hemorrhage, and/or neovascularization

(vasa vasorum) (Staub et al., 2010; Fleiner et al., 2004; Falk et al., 1995; Naghavi et al.,

2003). Another common component of atherosclerotic plaque is calcified tissue. The role

of calcification in plaque rupture is largely unknown, but several studies indicate that cal-

cium deposits in the atherosclerotic carotid artery stabilise the plaque (Hunt et al., 2002;

Nandalur et al., 2005; Kilpatrick et al., 2001).

In the literature, very little is found on experimentally derived, non-linear mechanical

characterization of the atherosclerotic plaque and the vessel wall. The most common ex-

perimental method used, is uniaxial testing of atherosclerotic specimens or components,

with which the isotropic material properties of the tissue are determined. Material prop-

erties obtained from these uniaxial tension experiments are used as input for computer

models describing non patient-specific, symmetric, idealised 2-D geometries, to predict

the stress distribution in atherosclerotic vessels (Loree et al., 1992; Lee et al., 1993; Ver-

sluis et al., 2006; Imoto et al., 2005; Holzapfel et al., 2004; Baldewsing et al., 2005).
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Another method is indentation, in which plaque or separate plaque components are in-

dented using a spherical indenter, typically 1 mm in size (Barrett et al., 2009; Ebenstein

et al., 2002). With the indentation method, local mechanical properties of plaque com-

ponents can be obtained assuming homogeneity of the indented tissue. The accuracy of

these tests is highly sensitive to the skill of the experimentalist and the incidental compo-

sition of the sample, as (plaque) tissue can easily be damaged when the different arterial

layers and/or plaque components are dissected from each other. All the aforementioned

experimental methods do not take the anisotropic behavior of the arterial wall and plaque

components into account, nor do they assess 3-D geometry and morphology.

Due to the asymmetric nature of stenotic arteries, imaging of 3-D information, both

geometric and morphologic, is of importance when assessing mechanical properties of

the different plaque components. The plaque geometry and morphology in vivo are most

commonly imaged using magnetic resonance imaging (MRI), magnetic resonance an-

giography (MRA), computed tomography angiography (CTA) and ultrasound (US). The

first three modalities mentioned, have poor temporal resolution, require relatively long

imaging times, and are expensive. Ultrasonography has good resolution, both spatial

and temporal, and is relatively cheap. Invasive imaging of plaques in coronaries is usu-

ally performed using catheter-tip probes (1-D - 3-D), whereas linear array probes are used

for non-invasive, 1-D/2-D US imaging of plaques in superficial arteries. Several applica-

tions for US have been developed to investigate plaque stability and/or progression, such

as mean intima-media thickness (IMT) measurements (Pignoli et al., 1986) and strain

imaging and/or elastography (Baldewsing et al., 2004b; de Korte et al., 2000a). These

techniques are either 1-D/2-D modalities or invasive. Two-dimensional strain imaging

has also been applied non-invasively in vivo by Maurice et al. (2008), and in vitro by

means of beam-steering by Hansen et al. (2009). The aforementioned modalities are

1-D or 2-D only, and calcifications will cause problems in these types of methods.

To assess plaque geometry, automated segmentation of ultrasound data is necessary.

Manual segmentation is a cumbersome task, it requires highly skilled and trained oper-

ators, and even then still suffers from high intra- and inter-observer variability. Different

types of segmentation algorithms, either manual or (semi-)automatic, have been applied

to US data and described in the literature. Plaque volume was determined by manual

segmentation of 3-D in vivo US data by Fenster et al. (2006). In an in vitro study by

Lind et al. (2007), 2-D images from transverse cross sections were obtained over the

length of the carotid plaque by means of beam steering, after which a semi-automatic
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snake algorithm was applied for edge detection. Another approach by Destrempes et al.

(2011) used the grey-level statistics (Bayesian model) for plaque segmentation. Hough

transforms were used to perform segmentation of 2-D longitudinal and transverse cross-

sectional images of plaques (Golemati et al., 2007). The aforementioned segmentation

procedures were all based on video sequences of US images, or scan-converted B-mode

images. The sustain-attack filter, developed by Meinders et al. (2001), is a radiofrequency

(RF)-based segmentation filter, which is computationally fast, uses the high resolution

and phase information of the RF data and has proven to be insensitive to compression

and saturation.

It would be of great interest to obtain 3-D information at high temporal and spatial

resolution. Although 3-D ultrasound imaging techniques are on the rise, they are often

limited in both spatial (lateral) and temporal resolution. This might not necessarily be

an issue for geometry assessment, but surely limits the accuracy, precision or even fea-

sibility of strain imaging or elastography techniques. Consequently, in vivo assessment

of plaque morphology can still not routinely be performed. Therefore, one has to rely on

in vitro methods to obtain morphologic and mechanical properties for research purposes

or patient generic model input. Because we foresee a large advantage to high spatial and

temporal resolution, the long-term objective of this study is to develop a method that

obtains the geometry, mechanical properties, and morphology of atherosclerotic plaques

using 3-D dynamic ultrasound imaging in vitro with RF data. Eventually this in vitro

study must lead to knowledge about in vivo measurable plaque characteristics, such as

plaque motion, deformation and strain patterns, that are indicative of plaque vulnerabil-

ity and may improve individual treatment and clinical trial design. Both geometric and

dynamic information will eventually serve as input for an inverse numerical approach to

determine the mechanical properties of the plaque components.

As a first step in this long term objective, a 3-D rotational ultrasound platform was

designed and build and an automatic segmentation tool was developed to create 3-D ge-

ometries. The hypothesis, that the resulting geometries of the in vitro carotid specimens

are in good agreement with micro-scale X-ray computed tomography (micro-CT), was

tested and proven. The concept of 3-D ultrasound tomography in breast cancer imaging

has been reported byHansen et al. (2008). A phased array transducer was used to acquire

contrast enhanced RF data at 36 different angles. Compound images were generated to

obtain a full 360◦ view of the breast with both high resolution and contrast. In this study,

3-D ultrasound tomography was used to overcome problems caused by acoustic shadow-
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ing, resulting mainly from calcifications in the vessel wall. The outline of this article is

as follows: Under Methods, we describe the in vitro experimental set-up that enabled the

acquisition of 2-D longitudinal images of the vessel segments over 36 transverse angles.

Furthermore, we describe an automated geometry assessment tool using automatic seg-

mentation of the arterial wall. The resulting geometries were validated using micro-CT.

The Results section provides information on the quality of the segmentation, with respect

to the image registration of US data with micro-CT data. In the Discussion, we review

the findings in the context of data available in literature and make concluding remarks.

Materials and Methods

Sample preparation

A polyvinyl alcohol cryogel (PVA-C) phantom with an eccentric lumen was kindly pro-

vided by the Medical UltraSound Imaging Center (Radboud University Nijmegen Medi-

cal Center, Nijmegen, The Netherlands). The phantom was constructed by subjecting a

vessel phantommold, containing a 10% weight percent PVA-C solution, to 4 freeze/thaw

cycles (at -20 ◦C/room temperature (RT), Fig. 2.6a).

A healthy porcine carotid artery was obtained from a local slaughterhouse. The artery

was removed and subsequently frozen at -20 ◦C within 2 h of removal. Before in vitro

testing, the segment was thawed, surrounding tissue was removed, and both ends were

cannulated.

Endarterectomy specimens (n = 6) were obtained from a local hospital (Catharina

Hospital, Eindhoven, The Netherlands). Approval by the local ethics committee was ob-

tained for this study. After endarterectomy, the specimen was immersed in phosphate

buffered saline (PBS) at 4 ◦C and transported to the laboratory. The common and in-

ternal branches of the carotid artery were both cannulated and the external branch was

suture closed.

The healthy porcine carotid segment was stretched in the axial direction to its physi-

ologic length (axial stretch (λz ) of 1.6, based on a method described by Weizsäcker et al.

(1983)) and pressure-fixed in PBS containing 3.5 % formaldehyde at 0 mmHg luminal

pressure for 24 h. The endarterectomy segment was pressure-fixed at 0 mmHg as well;

minimum axial shrinkage was assumed after endarterectomy. Therefore, no additional

axial stretching was applied to the segment (Pan et al., 1995; Yuan et al., 1998).
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Figure 2.1: Schematic overview of the experimental set-up.

Experimental set-up

The in vitro system used in this study is based on the set-up described by van den Broek

et al. (2011). This set-up comprises an organ bath and two stainless steel tubes that are

connected to a pressure pump, thereby forming a closed circuit system (Fig. 2.1). Arterial

segments can be mounted between the two stainless steel tubes in the organ bath. A lin-

ear actuator (235.5 DG, Physik Instrumente, Karlsruhe, Germany) and a pressure sensor

(P10EZ, Becton, Dickinson, Franklin Lakes, NJ, USA) are connected to the stainless steel

tube at the distal end of the segment enabling controlled, axial stretching and pressure

recording. For the purpose of this study a mechanism was added to the set-up (see Fig.

2.1) that allows the vessel to be rotated in 10◦ steps. A total of 36 data sets were obtained

in 20 - 30 min. The rotation mechanism is incorporated in such a way that the linear

actuator and the pressure sensor remain undisturbed.

All segments (phantom, healthy or diseased) were mounted in the experimental set-

up, and immersed in PBS (at RT). Next, segments were rotated in steps of 10◦ around

its longitudinal axis (Fig. 2.2a). Ultrasound imaging was performed with a MyLab70

ultrasound system (Esaote Europe, Maastricht, The Netherlands) equipped with a linear

array probe (fc = 4 - 13 MHz) and RF interface, recording 38 lines/cm raw RF data at 62

frames/s in 2-D B-mode. Longitudinal cross sections were imaged, resulting in a total of

thirty-six 2-D data sets (RF), with a sampling resolution of 23 μm * 260 μm * 10◦ (axial *

longitudinal * circumferential). The RF data were used for further processing.
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Validation

To validate the post-processing software, the vascular segments were also imaged using

a micro-CT system (micro-CT80, Scanco Medical, Brüttisellen, Switzerland). The X-ray

source operates at 45 kVp and 177 μA, with a voxel size of 37 μm. Imaging times ranged

from 3 to 3.5 h, depending on specimen size. Between US and micro-CT imaging, seg-

ments were preserved in PBS at 4 ◦C. Before micro-CT imaging, PBS present in the

lumen was discarded. The segment was fixed and positioned horizontally in a cylindrical

container with a cross section of 7.5 cm. The vessel segment was positioned in the same

orientation as in the first measurement (0◦) of the US experiment. The segments were

positioned at a height of 3 cm from the bottom of the container. To keep the segment

dry but still hydrated during micro-CT imaging, 50 mL of water was added to the con-

tainer and the container was covered with a parafilm. The evaluation program, provided

by the manufacturer, was used to obtain the region of interest, by drawing contours in

several cross-sectional images along the volume. The resulting data were then exported

to a 16-bit format and, for segmentation, a global thresholding procedure was applied

(micro-CT[x,y,z] > 5% maximum pixel intensity).

Image processing

All RF-data were transformed to signal envelope data before further processing. Next, the

data were processed using an automated segmentation method that consists of several

steps. First, the rotation axis of the vessel was determined in the 0◦ longitudinal image.

The (fixed) cannulae were used as landmarks, as these were easily detected and consistent

for all rotation angles. It was assumed that there was no jitter on the cannula centre

and that gravitational effects on the vessel were negligible. Next, one RF line for every

rotation angle was selected (Fig. 2.2b). This was repeated for each available position in

the longitudinal direction, creating cross sections in cylindrical coordinates (Figs. 2.2c

and 2.3a).

The sustain-attack filter (SAF) (Meinders et al., 2001; Rossi et al., 2009), was used

to determine the delineation of both the inner and outer walls (Fig. 2.3b and c respec-

tively). RF-data are available for the entire longitudinal view and for each angle within the

cross-sectional view. Because the SAF uses the demodulated RF data, it profits from the

high resolution. In short, the SAF is based on the generation of a reference signal, which

tracks the signal envelope. It decays exponentially as a function of depth in a forward

and backward direction. From this reference signal, a dynamic threshold level is gen-

erated by multiplying the reference signal by a factor α (ranging between 0 and 1, here
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Figure 2.2: Schematic overview of the ultrasound acquisition (a). To obtain transverse sec-

tions, one line for one time frame per rotation was selected (b). The 36 lines were stacked

obtaining a cylindrical coordinate cross section (c). This was repeated for all radiofrequency

lines in the longitudinal direction. Data shown are for one endarterectomy segment.

it was set to 0.45 for all specimens examined). The lumen-wall border is found when

the dynamic threshold intersects with the signal envelope (Meinders et al., 2001). The

filter has an accuracy of 1.3% for diameter assessment and has a bias of 150 μm, which is

even below the axial resolution of the US-probe used (Rossi et al., 2010). In some cases

strong reflections occur in the near wall, caused mostly by calcifications. Although the far

wall would still be visible at low intensity, the dynamic threshold will not intersect with

the far wall signal envelope, because of the high intensity starting point of the reference

signal. To prevent this, the SAF was made signal intensity dependent, where parameter

α was automatically set to 0.1 if such a reflection was found in the near wall. For the

endarterectomy segments, acoustic shadowing effects occurred as expected. These shad-

owing effects, resulted in almost no signal in the far wall location, and as a consequence

the far wall could not be detected by the SAF. To compensate for this signal loss, the

near wall data were mirrored over the axis of rotation and shifted 180◦ from left to right,

resulting in a corresponding orientation with the far wall data. A linear cross-correlation

function was used to correlate a region of existing far wall data with its corresponding
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near wall data. The missing far wall data were then accurately replaced by the available

near wall data (Fig. 2.3c, III). When near wall and far wall both existed, the envelope data

were averaged, and the SAF was applied to determine the additional far wall coordinates.

The SAF-detected wall coordinates were filtered by fitting a second-order harmonic func-

tion (Fig. 2.3d) to remove outliers. A harmonic fit was chosen, not only to be able to

incorporate the periodicity of the data, but also to ensure it.

Far and near wall data were segmented according to the SAF wall detection after

harmonic fitting (Fig. 2.3d). The segmented cylindrical cross sections were circularly

transformed according to the rotation angle and the rotation axis of that specific RF line

(Fig. 2.3e), which resulted in a compounded image of near and far wall in the Cartesian

coordinate system. Next, a global thresholding procedure was performed on the grey-

scale values of the US data, based on a percentage of the maximum intensity. The global

thresholding procedure was performed in the range from 10% to 40% (in 2% steps) of

the maximum intensity value for all different data sets. For all data, a threshold per-

centage of 30% was found to result in the best correlation between US and micro-CT

data. Morphologic closing was performed, to merge small openings in the image. To

smooth the data an erosion and dilation algorithm was performed, using a disk-shaped

structuring element with a radius of 4 pixels (148 μm) for both the closing and opening

operations. The morphologic operation was applied to each cross section of the 3-D data

set.

The aforementioned image-processing steps were performed using MATLAB 7.10.0

(c) (Mathworks, Natick (MA), USA) on a HP-Z200 Intel Core i5 CPU 650 (3.2 GHz, 4 GB

of RAM) workstation, with a 64-bit, Windows 7 Enterprise operating system. Processing

of a single 3-D US data set took approximately 10 min.

Image registration

A linear interpolator was used, to resample both the micro-CT data and US data to the

same spatial resolution (37 μm * 37 μm * 260 μm). However, the resulting 3-D geome-

tries also have to be registered on comparison. A straightforward 3-D registration was

performed using the normalised 3-D cross correlation function (R, equation 2.1). By cal-

culating the lag of the maximum 3-D cross-correlation function with respect to its centre,

translations in the x-, y-, and z-directions can be estimated. This procedure was repeated

for a range of transverse rotation angles (-30◦ to 30◦) to estimate possible rotation along

the centre axis.
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Figure 2.3: Examples of the compounding method for the phantom (I), the porcine carotid

artery (II) and a human endarterectomy sample (III). To obtain a Cartesian cross section from

the cylindrical data (a), steps (a) to (e) were repeated for all radiofrequency lines. First the

lumen was delineated using SAF (b), and for the endarterectomy sample, missing data from

the far wall were located (in III(b)); The missing data were replaced with corresponding near

wall data (in III(c)); The outer-wall was delineated (in I, II (c), not shown for endarterectomy

sample) and both luminal and outer-wall delineations were fit with a 2nd order harmonic function

(d); The cylindrical cross sections were circularly transformed on a rectangular grid, resulting

in transverse cross sections in Cartesian coordinates (e).

R(u, v , w)α =
1

{
∑

x,y ,z [fα(x, y , z)− f u,v ,w ]
2}0.5

·

∑

x,y ,z [fα(x, y , z)− f u,v ,w ][g(x − u, y − v , z − w)− g]

{
∑

x,y ,z [g(x − u, y − v , z − w)− g]
2}0.5

(2.1)

In equation 2.1, g represents the US data and f the micro-CT data. fα is the micro-CT

image at a certain transverse rotation (α), g is the mean of the template and f u,v is the

mean of f (x, y) in the region under the template. By computing Rα(u, v) over the x, y

and z translation for every rotation (α), we estimated the translation of the US data by

locating the maximum value of Rα(u, v). These translations were then applied to the

US data set. To finally quantify the similarity between the US and the micro-CT data,

three different measures were calculated: 1) the similarity index (ISI, equation 2.2), 2) the

Hausdorff distance (HD, equation 2.3) and 3) the average distance (AD). The micro-CT
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data were regarded as the gold standard, that is Wolf et al. (2005), ISI is calculated with

the following equation:

ISI =
2 ∗ n{AUS ∩ AµCT }

n{AUS}+ n{AµCT }
(2.2)

In this expression, AUS and AµCT are the sets of pixels classified as arterial wall for US

and micro-CT, respectively, and n{A} is the number of elements in set A. ISI has a value

of 1 for perfect agreement and 0 when there is no overlap. The Hausdorff distance is

the longest distance of all distances calculated between a point from the US cross section

and its closest corresponding point in the micro-CT data set. The Hausdorff distance is

defined as:

dH(A,B) = max

{

sup
a∈A
inf
b∈B

d(a, b), sup
b∈B
inf
a∈A

d(a, b)

}

(2.3)

where A and B are the two subsets of the US and micro-CT data, and a and b repre-

sent the datapoints in the US and micro-CT data set.

All aforementioned image registration steps were performed using MATLAB (c) v

2010a, on an 8-core Intel Core i7 960 CPU (3.2 GHz, 24 GB of RAM) workstation,

with a 64-bit, Linux CentOS 5.8 operating system. The image registration for a single

threshold value took approximately 15 minutes.

Figure 2.4: An atherosclerotic carotid segment imaged with rotation enabled 2-D ultrasound.

Longitudinal cross sections are shown at 0◦ (a) and 180◦ (b). Because of acoustic shadowing,

the entire posterior wall is not visible in (a), whereas the same wall is clearly visible at the

anterior site in (b).
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Results

The experimental set-up designed in this study allowed detailed imaging of vascular seg-

ments. Furthermore, the post-processing enabled geometry assessment for all vascular

segments analysed.

Figure 2.5: Caption continues on the next page.
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Figure 2.5: Detailed overview of the image processing of the three vessel segment types:

polyvinyl alcohol cryogel phantom (top, pg. 33), healthy carotid artery (bottom, pg. 33) and

endarterectomy specimen (page 34). First column: longitudinal cross sections, the dotted

frames indicate the positions of the represented transverse cross sections. Detailed representa-

tions of three typical transverse cross sections are given for each vessel segment in cylindrical

(second column) and Cartesian (third column) coordinates. The fourth column shows the

corresponding micro-scale computed tomography cross sections. Note that both ultrasound

and micro-scale computed tomography data are shown in their original configuration, before

registration.

The effect of rotation on acoustic shadowing was illustrated for one endarterectomy

specimen. In Figure 2.4 are two longitudinal cross sections of the same segment at

0◦ and 180◦. Rotation of the atherosclerotic specimen enables detailed imaging of the

posterior wall, even when the anterior wall is calcified. In Figure 2.4a, an acoustic shadow

can be depicted, whereas the same outer-wall contour is clearly visible when rotating the

segment 180◦ (Fig. 2.4b).

In Figure 2.5, a more detailed overview of the image processing results is shown.

Reconstructed transverse cross sections (Fig. 2.5, second column) are shown for three

different positions in all specimens examined. The corresponding micro-CT slices are

also shown for comparison (Fig 2.5, right column). The similarities in shape between

different imaging modalities can be appreciated from this figure. The ultrasound reveals

a high level of detail, although the contrast is better in the micro-CT data.

Rotation of the atherosclerotic segments enabled detailed, high resolution 3-D imag-

ing of the entire vessel wall, with a voxel size of 23 μm ∗ 245 μm ∗ 10◦. Illustrative
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Figure 2.6: (a,d,g) Photographs of the vessel segments (first column), respectively polyvinyl

alcohol cryogel eccentric phantom (a), healthy porcine carotid artery (d) and stenotic artery

(g). (b,e,h) Three-dimensional reconstructions of the vessel segments obtained from the ul-

trasound data (second column) for the phantom (b), the healthy porcine carotid artery (e),

and the endarterectomy specimen (h). (c,f,i) Geometries obtained with micro-scale computed

tomography (third column), for the phantom (c), the healthy porcine carotid artery (f), and

the stenotic artery (i).

examples of the resulting vessel geometries from the phantom (Fig. 2.6a-c), the healthy

porcine carotid artery (Fig. 2.6d-f), and the endarterectomy specimen (Fig. 2.6g-i), after

post-processing of the US data, are provided (Fig. 2.6, middle column). The examples

reveal good similarity with the micro-CT-based geometries (Fig. 2.6, right column).

The accuracy of the post-processing method was quantified after registering the US

data to the micro-CT data. The similarity index (ISI) was determined for each 2-D cross

section and for the entire 3-D volume (see Fig. 2.7 and Table 1). For the eccentric phan-

tom, an ISI of 0.94 was found, whereas an ISI of 0.79 was found for the healthy porcine

carotid artery. Figure 2.7a reveals a relatively small variation in the ISI, the standard de-

viation (SD) was 0.01 and 0.04 for the phantom and porcine samples, respectively. The

atherosclerotic segments revealed an ISI of 0.77 ± 0.02 on average (Table 2.1), similar

to the healthy porcine segment. The standard deviations of the different cross sections

in one segment ranged from 0.07 to 0.08, which is slightly larger than for the healthy

samples. Small average distances were found for the image registration, 0.08 mm for
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Table 2.1: ISI values for both the whole volume as for the separate cross sections, and Hausdorff

(HD) and average distances (AD). The Symbols column is in accordance with Fig. 2.7.

ISI value

Segment whole volume cross section HD [mm] AD [mm] Symbols

phantom 0.94 0.93 ± 0.01 0.22 ± 0.02 0.08 ± 0.01 ◦

healthy 0.79 0.79 ± 0.04 0.20 ± 0.02 0.07 ± 0.01 �

plaque 0.76 0.77 ± 0.07 0.34 ± 0.07 0.12 ± 0.03 ◦

0.78 0.78 ± 0.08 0.34 ± 0.08 0.12 ± 0.04 �

0.75 0.75 ± 0.08 0.36 ± 0.04 0.12 ± 0.02 △

0.76 0.76 ± 0.07 0.39 ± 0.05 0.11 ± 0.02 ♦

0.76 0.76 ± 0.08 0.36 ± 0.06 0.12 ± 0.03 ×

0.8 0.79 ± 0.08 0.32 ± 0.05 0.10 ± 0.02 +

the phantom, 0.07 mm for the healthy carotid artery (AD, Table 2.1). For the plaque

average distances were obtained ranging from 0.11 to 0.12 mm, which corresponds to

3 pixels. The Hausdorff distance (HD, Table 2.1) was 0.22 mm in the eccentric phan-

tom and 0.20 mm for the healthy carotid artery. The atherosclerotic segments revealed

Hausdorff distances in the range from 0.34 - 0.38 mm (Table 2.1).

Discussion

In this article, a novel experimental method is introduced and evaluated, that enables

in vitro 3-D imaging of the entire arterial wall of vascular segments containing atheros-

clerotic plaque and calcifications. The resulting 3-D data are acquired at the highest US

resolutions possible, with cross-sectional data now consisting of axial information in the

radial direction with respect to the vessel axis. In addition, this method overcomes acous-

tic shadowing effects, generally visible in stenotic arteries. Furthermore, the data can be

processed automatically to obtain a 3-D geometry from the 2-D US data. This framework

is suitable for 3-D dynamic measurements on fresh tissue, and it can also be applied to

other vessels, such as coronary arteries and aortas. However, the latter would require

some re-scaling of the set-up.

The endarterectomy specimens obtained for this study were removed in a fashion

similar to that described byWijeyaratne et al. (2002). This procedure allows the specimen

to stay intact, that is, to maintain its tubular structure. Therefore, pressurization of these

segments is possible.

To validate the proposed post-processing method, static micro-CT and US data were

compared. Micro-CT is usually used for calcific tissues, such as bone. For the purpose
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Figure 2.7: a) The similarity index (ISI) was calculated for each cross section for all the different

vessel segments. (a) ISI for each cross section of the polyvinyl alcohol phantom and the healthy

porcine carotid artery. Segment lengths were 31.5 mm and 27.1 mm, respectively. (b) ISI for

the six endarterectomy specimens for each cross section. The specimens varied in length from

10 mm to 27 mm.

of segmentation of the micro-CT data, it is important that PBS is discarded from the

lumen, because the radiodensities of soft tissue (-300 to -100 HU) and water (0 HU)

are in the same range. Therefore, it is impossible to image the stenotic segments in

any solution, as only the calcifications would remain visible. However, it is necessary to

keep the sample hydrated during imaging. The settings used in this study for micro-CT

imaging led to acquisition times of 3 - 3.5 h, resulting in high radiation exposure of the

segments. Possible damage to the tissue after micro-CT imaging was not investigated.

However, significant damage should not be expected, because Langheinrich et al. (2004)

reported that imaging using a similar protocol produced no artefacts in the tissue.

The final voxel size of the ultrasound data is 23 μm * 245 μm * 10◦. Although the

cross-sectional data consist of high resolution axial data in the radial direction, circum-

ferential resolution depends on the location with respect to the vessel lumen. The diame-

ters of the different specimens ranged between 5 and 10 mm, and the wall thickness was

approximately 1 mm. Hence, the resulting resolution in the circumferential direction

was in the range from 0.5 to 1 mm, although the highest circumferential resolution is ob-

tained in the lumen-vessel border (where the fibrous cap can be found). MRI is often used

to determine carotid geometry (Gao et al., 2009; Groen et al., 2007; Kock et al., 2008;
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Kaazempur-Mofrad et al., 2004). The in-plane resolution ranges from 0.3 mm * 0.3 mm

to 0.6 mm * 0.6 mm. Typical MRI slice thickness (axial resolution) ranges between 1

and 3 mm, whereas the pitch of a typical US transducer is 125 - 350 μm. The method,

therefore, seems feasible for geometry assessment, but also for determining morphology,

with superior radial resolution and good circumferential and axial resolution compared

with MRI. However, the noisy, specular appearance of the ultrasound images will also

result in less contrast when compared with other modalities. The external carotid artery,

is imaged in-plane only when it is parallel to the transducer. As a result, only a section

of roughly 60◦ of axial information is available, which results in poor contrast in the

compounded image. For this purpose, and for a general increase in circumferential res-

olution, rotation steps of 5◦ would improve the 3-D volume data and the resulting 3-D

geometries.

The SAF-detected wall was fitted with a second-order harmonic function. The har-

monic fitting is sufficient, but when the outer-wall of the stenotic artery has a sharp and

narrow shape, the harmonic fit will underestimate the delineation curve. This may be

resolved by applying a higher order harmonic fit or a polynomial fit to the outer-wall

delineation.

Normalised cross-correlation was performed to register the 3-D volumes of both the

US and micro-CT data. The vessel segments were fixed in formalin for validation pur-

poses, resulting in a more rigid structure, therefore no deformation of the vessel seg-

ments was expected between US imaging and micro-CT imaging. The only limitation

is the possible influence of gravity which is present during micro-CT imaging, but not

during US imaging. Although no apparent motion artefacts were visible in the micro-CT

data, gravity could still have a negative influence on image registration quality, because

of its influence at the onset of micro-CT imaging. Corrections were made in 4 degrees of

freedom, being the x, y, and z directions and transverse rotation (x-y plane). For the x-z

and y-z planes no significant shifting between micro-CT and US data sets was expected,

with respect to the fixation method. A maximum shift of 20% of the data set size in x and

y directions was allowed, as was 10 - 60% in the z direction. Furthermore, a transverse

rotation of -30◦ to 30◦ was allowed. Results revealed that these assumptions were valid

because translations in the range of 1% to 10% in the x and y directions and 12% to 35%

in the z direction were found. The transverse rotation was in the range of 2◦ to 15◦.

The similarity indices of healthy porcine and plaque tissue were in the range 0.75

- 0.80, which is considerably lower than that for the phantom (0.94). Zijdenbos et al.
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(1994) stated that a similarity index equal to or larger than 0.70 implies good agreement

for registration. Hence, the quality of the registration for all vessel segments in this study

was sufficient, according to the aforementioned study, with respect to ISI. The Hausdorff

distance, which represents the highest point to point distance, resulted in values below

0.38mm (10 pixels), and the average distance resulted in values below 0.12 mm (3 pixels).

With respect to the size of the plaque data sets, ranging from 465 × 465 to 623 × 623

pixels, both the HD and the AD indicate good agreement between US and micro-CT

geometries. Similar studies either were in vivo or did not have a gold standard imaging

modality for validation purposes, so the AD or HD was calculated with respect to manual

segmentation data. Therefore it was not possible to compare HD and AD values obtained

in this study with those in other studies (i.e. Loizou et al. (2007)). Again, the results

might be improved further by imaging the vessel segments every 5◦.

In addition to the aforementioned study by Hansen et al. (2008), Hoskins et al.

(2006) reported that compounded cross-sectional images of a mouse can be acquired

in vitro using a linear array probe, imaging at 30 frames per second (155 frames over

360◦). No validation was performed using other imaging modalities. Shadowing caused

by the mouse skeleton was found minimal, because it is mostly composed of cartilage.

The ultimate goal is to identify the plaque at risk. A thin fibrous cap is one of the

important morphologic properties of this vulnerable plaque. The US resolution of stan-

dard equipment is not sufficient to assess cap thickness; therefore it is not possible to

detect a thin fibrous cap. Still, according to Lee et al. (1993) and de Korte et al. (2000b),

intravascular US strain imaging measured elevated levels of circumferential and radial

strain, respectively, in the shoulder regions of the plaque. Hence, for future studies,

strain imaging is intended for use in the determination of plaque morphology in addi-

tion to assessment of 3-D geometry.

This 3-D in vitro platformwill be used for dynamic imaging of vessel segments, where

a pulsatile pressure is applied to the vessel segment. Strain imaging techniques will be

applied tomeasure tissue deformation, which will be linked tomorphology and converted

into mechanical properties of the atherosclerotic plaque components. The system used

in this study meets the requirements for strain imaging, that is, an 8-MHz linear array

probe and a sufficient frame rate (>50 Hz). Moreover, the availability of high-resolution

RF-data will ensure strain assessment with the highest level of accuracy and precision

possible (Lopata et al., 2009b). Eventually 2-D and/or 3-D clinical data will be used to

compare in vivo data with the in vitro measurements. All aforementioned issues were
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tackled in this study, such as field-of-view, contrast, resolution and acoustic shadowing.

However, these will all be present in vivo. Hence, a proper comparison between the in

vitro findings and the data available in vivo in normal clinical practice will be of great in-

terest and will possibly reveal applicability and additional value of non-invasive ultrasonic

plaque characterization.

High resolution geometric information on stenotic arteries can be used to develop

patient-specific finite element models that could be predictive of plaque rupture. Com-

bined with functional data (e.g., strain and pressure), an inverse numerical approach

could be used to extract global and local mechanical properties from the different plaque

components. This can be realised by extending the models as proposed by Holzapfel and

Gasser (2000) and Driessen et al. (2005).

In conclusion, in this article, we described a novel in vitro experimental method that

allows automated 3-D geometry assessment of (stenotic) arteries at high spatial resolu-

tion using ultrasound. The method allows future dynamic measurements to determine

mechanical properties of atherosclerotic plaques in an in vitro setting.
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Abstract

To improve the understanding of the mechanical behaviour of human atherosclerotic

plaque tissue, fully 3-D geometrical, morphological and dynamical information is essen-

tial. For this purpose, four-dimensional (3-D+t) strain imaging using an ultrasound to-

mography approach (echo-computed tomography) is demonstrated in carotid arteries in

vitro. The method was applied to a carotid phantom (CPh), a porcine carotid artery (PC),

and human carotid atherosclerotic plaque samples (HC, n = 5). Each sample was sub-

jected to an intraluminal pressure, after which 2-D longitudinal ultrasound images were

obtained for 36 angles along the circumferential direction. Local deformations were es-

timated using a 2-D strain algorithm, and 3-D radial strain data were reconstructed. At

systole, median luminal strains of 15% (CPh) and 18% (PC) were found, which is in

agreement with the stiffness of the material and applied pressure pulse. The elasto-

graphic signal-to-noise ratio was consistent in all directions and ranged from 16 to 36

dB. Furthermore, realistic but more complex strain patterns were found for the HC, with

99th percentile systolic strain values ranging from 0.1% to 18%.
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Introduction

Atherosclerotic carotid plaque rupture is an important cause of ischemic stroke. Stroke

was reported to account for 1 in every 18 deaths in 2007 in the United States (Roger et al.,

2011). Pathological studies have demonstrated that the majority of ruptured atheromas

that trigger an acute myocardial or cerebral infarction, contain a prominent lipid pool and

numerous inflammatory cells, particularly macrophages (Davies et al., 1993; Falk, 1989;

Moreno et al., 1994). The activated inflammatory cells secrete mediators that thin and

weaken the fibrous cap overlying the lipid-rich core of the lesion by reducing synthesis

and increasing degradation of collagen (Libby and Aikawa, 2002). Furthermore, apopto-

sis of smooth muscle cells has been associated with calcification, thrombosis and inflam-

mation (Littlewood and Bennett, 2003). Post mortem studies have identified one type of

vulnerable plaque, the thin-cap fibroatheroma, as the culprit lesion in approximately 80%

of sudden cardiac deaths. This type of plaque is typically a minimally occlusive plaque

characterised histologically by the following features: (i) thin fibrous cap (<65 μm), (ii)

large lipid pool, and (iii) activated macrophages near the fibrous cap (Davies et al., 1993;

Chau et al., 2004; Virmani et al., 2006).

Plaques, either vulnerable or stable, are mostly located at bifurcation sites, for exam-

ple, in the carotid artery. Plaque rupture is one of the underlying pathologies for both

stroke and myocardial infarction. Currently, the selection of patients eligible for carotid

endarterectomy is based on stenosis size only, which is commonly diagnosed with duplex

ultrasound. Surprisingly, Rothwell and Warlow (1999) reported that about 80% of the

patients treated with carotid endarterectomy actually had a stable plaque. To improve di-

agnosis and reduce unnecessary operations, it is essential to be able to determine plaque

stability. For this purpose, the morphology of the plaque and the corresponding mechan-

ical properties should be characterised. However, dynamic and geometric information of

the plaque is necessary.

Different methods of extracting mechanical properties of plaque components have

been investigated in vitro. Mechanical testing has been performed on atherosclerotic

samples by means of 2-D indentation (Barrett et al., 2009) and static and/or dynamic

uni-axial or bi-axial testing (Holzapfel et al., 2002). From these studies, specific material

properties of plaque components were determined. For a more realistic assessment of

plaque mechanics, the vessel should be intact. Blondel et al. (2003) performed an infla-

tion test on cadaveric human plaque tissue, from which the change in outer diameter was

determined with an opto-electronic device, and the intraluminal pressure was recorded.
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As an alternative, ultrasound (US) strain imaging or elastography, first introduced

by Ophir et al. (1991), can be used to assess material behaviour and material proper-

ties (de Korte et al., 1998). Strain imaging estimates the deformation of the artery wall,

whereas elastography extracts the material properties from the measured deformation

field and the applied force, in this case the intraluminal pressure. Various methods have

been proposed for the assessment of radial strain in the vessel wall, with either intravas-

cular ultrasound (IVUS) or linear array imaging techniques, and using different methods

for estimating the deformation of the vessel wall (Yagi and Nakayama, 1988; Ophir et al.,

1991; Langeland et al., 2005; Chen et al., 2004). One-dimensional radiofrequency (RF)-

based strain imaging was performed ex vivo (de Korte et al., 2000a,b) by means of IVUS,

at multiple locations in the femoral or coronary vessel wall, to assess local plaque char-

acteristics. High radial strains were measured at the shoulder regions of the plaques.

Palpography, a simplification of IVUS elastography, assesses the radial strains only on

the luminal vessel wall surface and, thus, the surface of the plaque where rupture occurs

(Schaar et al., 2003a). Modulography produces a plaque’s modulogram (i.e., a Young’s

modulus image), by solving the inverse elasticity problem from the strain obtained from

IVUS elastography (Baldewsing et al., 2004a).

The aforementioned IVUS techniques are invasive, use 1-D signal processing and suf-

fer from motion perpendicular to the ultrasound beam. Two-dimensional methods, like

speckle tracking (Ryan and Foster, 1997a; Shapo et al., 1996; McCormick et al., 2012),

optical flow methods (Wan et al., 2001; Maurice et al., 2008) and non-rigid image regis-

tration (Liang et al., 2008), have been proposed to improve the 1-D methods mentioned

above using the B-mode data as input. However, to improve the accuracy and resolution

of displacement and strain estimates, RF-based algorithms are more favourable. Two-

dimensional RF-based strain imaging, using linear or phased array probes, allows the

accurate assessment of small displacements, especially in the axial beam direction non-

invasively. By cross-correlation of 1-D or 2-D pre-compression RF windows with 2-D

post-compression RF windows, displacements in the two directions can be estimated

(Konofagou and Ophir, 1998; Lopata et al., 2009c,b). The feasibility of estimating lat-

eral displacements that is, displacements perpendicular to the ultrasound beam, and

the subsequent improvement in axial displacements and strains (parallel to the ultra-

sound beam) were first reported in Konofagou and Ophir (1998). Such an RF-based

cross-correlation technique was applied to vascular phantoms and in vivo data by Rib-

bers et al. (2007), resulting in non-invasive, 2-D strain images of the vessel wall. Lopata
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quantified the improvement over 1-D strain imaging when using 2-D data segments, the

improvement of accuracy and precision for different window sizes and the differences

between single and multi-step data processing (Lopata et al., 2009b). It was concluded

that a multi-step algorithm with decreasing (axial) window sizes improves precision but

also enables the assessment of larger strains. A two-step (or ’hybrid’) approach previ-

ously reported by Chen et al. (2007) had revealed good improvement in strain image

quality for carotid strain imaging. The 2-D RF based method was adapted for vascular

strain imaging and combined with beam-steering by Hansen et al. (2009) for transverse

cross-section imaging. Because of the lack of phase information in the lateral direction,

estimation of displacements in the lateral direction is less accurate. This also prevents

2-D matrix arrays from being used for 3-D carotid strain imaging. Beam-steering over-

comes this issue by using only axial displacement estimates acquired at different angles,

but requires hardware modifications of the US system.

Biological soft tissue is anisotropic and non-linearly elastic, therefore it tends to de-

form non-uniformly in all three dimensions. Hence, an assessment of the complete 3-D

deformation for the entire geometry is necessary to estimate the material properties of

the plaque and to obtain a complete understanding of the mechanics playing a role in

rupture. Schaar et al. (2005) proposed a 3-D RF-based IVUS palpography method using

a catheter pullback. The method was applied in coronary arteries, again only estimat-

ing the deformation on the luminal border of the vessel wall (the innermost 600 μm),

both in phantoms and in vivo in rabbits and humans. They reported a high level of re-

producibility. Three-dimensional strain tensor estimation in vitro was reported by Liang

et al. (2010), where non-rigid image registration was used on IVUS data by means of a

catheter pullback. Most IVUS manual pullback techniques are less suited for calcified

plaques, and the manual pullback of the catheter causes the image reconstruction to be

erroneous.

Previously, it was reported that plaque geometry could be assessed in vitro by means

of an ultrasound tomography approach, referred to as echo-computed tomography (echo-

CT, Chapter 2). Echo-CT overcomes the problems of acoustic shadowing and provides

high axial-resolution RF data in vitro. This method cannot easily be translated into the

clinic. However, by revealing the 3-D geometry and deformation of plaques, it will lead

to the next step, which is an improved assessment and understanding of plaque me-

chanics and morphology. This may add significant value to the assessment of rupture

proneness and patient diagnosis in general. In this study, the feasibility of performing
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echo-CT strain imaging of carotid arteries was investigated in vitro. Two-dimensional

time-resolved ultrasound data were acquired over the plaque circumference resulting in

a four-dimensional (3-D+t) data set of the entire vessel. Here, the deformation of the

vessel wall is essentially parallel to the ultrasound beam, therefore radial strain could be

assessed at the highest US resolution (i.e. axial resolution) possible for the entire volume,

as with IVUS, but without the motion artefacts. The method was tested on three types of

vessels: a carotid phantom, a porcine carotid artery and human carotid endarterectomy

samples (n = 5). The resulting 3-D+t echo-CT strain data were assessed quantitatively

for the concentric vessels. Finally, the method was also applied to the human carotid

endarterectomy samples.

Materials and Methods

Sample preparation

Three types of vessel samples were studied, the first is a homogeneous carotid phan-

tom (CPh), which has a homogeneous speckle intensity distribution. Secondly, a porcine

carotid artery (PC) was chosen, which has a more inhomogeneous speckle intensity dis-

tribution, and is heterogeneous. Both samples will be referred to as concentric vessels,

because the geometry is cylindrical and the outer and inner diameters have the same cen-

tre. These samples were chosen to quantify the method proposed in this study, because

the strain patterns are known and homogeneous in both circumferential and longitudi-

nal direction. Furthermore, human carotid endarterectomy (HC) samples were used (n

= 5), to investigate the feasibility of the method described in this study.

The polyvinyl alcohol cryogel (PVA-C) CPh was constructed using a vessel phantom

mould, with an inner diameter of 4 mm and outer diameter of 6 mm, the resulting wall

thickness is 1 mm. The mould was filled with 15% by weight (wt%) PVA solution (Mowiol

28-99, Sigma-Aldrich, Zwijndrecht, The Netherlands) with 1 wt% ultrasound scatterers

(Orgasol, ELF Atochem, Paris, France), and was subjected to 4 freeze-thaw cycles, each

consisting of 16 h at -20 ◦C and 8 h at room temperature. After the freeze thaw cycles, the

phantom was submerged in a coagulation bath, containing 7.5 % KOH and 1M Na2SO4

solution (for 1 hour), to enhance the polymerization of the PVA and thus increase its

stiffness (Liu et al., 2009). It was necessary to increase the Young’s modulus of the

PVA-C, to better approximate the stiffness of a healthy carotid artery (see next section).

The PCwas obtained from a local slaughterhouse. The artery was removed and frozen

at -20 ◦C within 2 h. Before in vitro testing, the sample was thawed, surrounding tissue

was removed, and both ends were cannulated.
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Figure 3.1: Example of a pressure curve mea-

sured in the porcine carotid artery (PC). The differ-

ent time steps used for analysis are represented by

the light grey circles: end diastole (segmentation),

early systole and peak systole (the latter two are

both used for the strain analysis).

Five HC samples were obtained from

a local hospital (Catharina Hospital,

Eindhoven, The Netherlands). After

endarterectomy, the sample was im-

mersed in phosphate buffered saline

and transported to the laboratory. The

common and internal branches of the

carotid artery were both cannulated,

and the external branch was sutured

closed. For this study, approval by

the local ethics committee was ob-

tained. After the echo-CT experiment,

samples were imaged with a micro-

computed tomography (micro-CT) sys-

tem (micro-CT80, Scanco Medical,

Brüttisellen, Switzerland), pre- and

post-staining with osmium tetroxide (OsO4), to visualise calcified and lipid-rich regions,

respectively (Pai et al., 2012).

Data acquisition

The echo-CT approach for carotid arteries, as described in Chapter 2, was used in this

study. Each sample (CPh, PC and HC) was subjected to an intraluminal pressure pulse

with a shape similar to that depicted in Figure 3.1. The magnitude of the pulse pres-

sures for the CPh and PC were chosen specifically to result in similar strain levels, which

depend on the wall thickness and mechanical properties of the material. The wall thick-

ness was determined with US (CPh: 0.58 mm ± 0.07 mm, PC: 1.00 mm ± 0.01 mm).

The Young’s Modulus (E) was determined by performing standard uni-axial tensile tests

on three strips of phantom material and tissue, respectively. Data were analysed for the

stress range that corresponded to the pressure applied during the inflation experiments.

The tests revealed that ECPh = 400 ± 35 kPa and EPC = 599 ± 74 kPa. Because of the

difference in wall thicknesses and Young’s moduli, the pulse pressure applied to the CPh

was larger (0 - 125 mmHg, see also Table 3.1), compared with the more physiological

pressures in the PC (55 - 122 mmHg). For the pressures chosen and the Young’s moduli

estimated from the uni-axial tensile tests, an end-systolic strain of approximately 10% -

13% at the luminal side of the vessel wall is expected in both samples, decaying to roughly
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6% near the outside of the wall (see Statistical Analysis for the derivation). An overview

is given in Table 3.1, where ps is the peak systolic pressure, pd the end diastolic pres-

sure, and pdif f the pulse pressure. Furthermore, the CPh and PC were longitudinally

pre-stretched (λlong, Table 3.1). The zero length was determined by measuring the length

between the two fixation points on the cannulas. Afterwards, the sample was stretched

to its desired length in the water bath. A λlong of 1.6 was applied to the PC, which resem-

bles the in vivo situation. The physiological level of λlong was determined experimentally

as described in van den Broek et al. (2011). No longitudinal pre-stretch was applied to

the HC, because of the the relatively high stiffness of the samples and to avoid possible

damage to the tissue. Each sample was rotated in 10◦ steps over 360◦. For each 10◦ step,

longitudinal cross-sections were acquired over a full cardiac cycle, resulting in thirty-six

2-D+t data sets. Ultrasound imaging was performed with a MyLab70 ultrasound system

(Esaote Europe, Maastricht, The Netherlands) equipped with a linear array probe (LA-523,

fc = 4 - 13 MHz, fs = 50 MHz) and RF interface, recording 38 lines/cm raw RF data at 62

frames/s, in 2-D B-mode.

Table 3.1: End-diastolic pressure (pd ), peak-systolic pressure (ps), pressure difference (pdif f ,

and longitudinal pre-stretch (λlong) values for the carotid phantom, porcine carotid artery and

the plaque tissue.

Segment pd ps pdif f λlong

[mmHg] mmHg [mmHg] [-]

Carotid phantom 5.0 ± 0.7 125 ± 2.7 120 1.1

Porcine carotid artery 53.3 ± 1.6 110 ± 5.6 56.7 1.6

Plaque tissue I 1.6 ± 0.5 43.0 ± 3.3 41.4 1.0

II 0.5 ± 0.5 55.2 ± 3.2 54.7 1.0

III 2.9 ± 1.3 110 ± 3.0 107 1.0

IV -0.9 ± 0.5 101 ± 2.9 102 1.0

V -0.6 ± 1.4 114 ± 1.4 115 1.0

Segmentation

Segmentation of the dynamic data was performed in the end diastolic phase (t = 0),

using the automated segmentation method described in Chapter 2. In short, all RF data

at end diastole were combined into a single 3-D cylindrical data set (with a final sampling

resolution of 22 mm x 10◦ x 245 mm). The segmentation was performed on longitudinal
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Figure 3.2: Schematic representation of the pre- and post-compression geometries. The grey

dotted squares indicate the windows used for the displacement estimation algorithm. In the

pre-compression geometry panel, the coordinate system as used in this study is indicated, for

both the artery and the ultrasound (US) data analysis.

cross-sections using a sustain attack filter (SAF) (Meinders et al., 2001). The output of the

SAF was regularised using a second order harmonic, which ensures the periodicity of the

vessel wall in the transverse direction. Because only the common and internal branches

of the carotid artery were of interest, the external branch was manually excluded from the

segmentation. Moreover, all SAF-results were reviewed by a trained observer and were

adjusted manually if necessary, to correct for obvious, erroneous segmentation caused by

artefacts. The central axis of rotation was determined to perform 3-D reconstruction, by

using the cannulas as landmarks, which were clearly visible in the B-mode images. The

resulting segmentation served as input for tracking and strain estimation of the vessel

wall during the entire cardiac cycle.

Strain imaging

A 2-D strain imaging algorithm was applied to all RF data, that is, for all 36 angles of ro-

tation during one cardiac cycle. Local deformations were determined by cross-correlating

2-D windows of RF data from frame to frame (Lopata et al., 2009b). The displacements

were estimated using an iterative coarse-to-fine method, as described by Chen et al.

(2007); Lopata et al. (2009b). The displacements were estimated in two iterations. In
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the first iteration, using the signal envelope (demodulated RF data), a coarse displace-

ment was estimated, which was subsequently filtered using a 2-D median filter. Next, the

displacement estimates were refined in a second iteration using smaller 2-D windows of

RF data and the previous displacement estimates as an offset. This strategy allows the

robust measurement of large displacements of structures in the first step, and accurate,

high resolution estimation of local strains in the latter.

The pre-compression (Fig. 3.2, left) axial window size was set to 0.8 and 0.4 mm,

for the first and second iterations respectively, and the post-compression (Fig. 3.2, right)

window size was set to 1.4 and 1.0 mm. In the lateral directions, the pre- and post-

compression window sizes were set to 1.2 and 2.7 mm respectively, for both iterations.

The axial displacement estimates were smoothed using a median filter with fixed ker-

nel sizes of 2.0 x 2.7 mm for the first iteration and 0.7 x 0.7 mm for the second iteration.

Small displacements were expected in the lateral direction, and thus, significantly higher

variance was expected. Therefore, relatively large filter kernel sizes of 6.6 x 4.9 mm and

1.8 x 2.4 mm were chosen for the first and second iteration, respectively. The resulting

frame-to-frame displacements were used to track the vessel wall, after which the axial

frame-to-frame incremental strain was calculated. The axial strain was estimated with

a 2-D least-squares strain estimator (LSQSE) with a kernel size of 0.75 by 0.75 mm for

the concentric vessels, and a kernel size of 1.65 mm by 0.75 mm for the plaque tissue,

considering the larger wall thickness for these samples (Lopata et al., 2009c). The result-

ing 2-D incremental strain was accumulated for all time frames and projected onto the

corresponding cross-sections.

In the concentric vessels, the deformations estimated in the axial direction, that is, in

the direction of the ultrasound beam, align with the vessel’s radial direction (Fig. 3.2).

Compressive radial strains are displayed as positive (yellow), while tensile radial strains

will be displayed as negative (purple), to enhance the clarity of all graphs. Longitudinal

strains were not analysed as they were assumed to be negligible, because of the fixation

method.

For plaque tissue, the axial and radial strains will not necessarily align, because the

centre line of the plaque’s lumen will not always match the rotation axis. Therefore,

strains estimated in direction of the ultrasound beam were corrected for the possible

mismatch between centre line and rotational axis, resulting in the radial strains (de Korte

et al., 1999).

The segmentation algorithm, the strain imaging algorithm, and all further post-
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processing were performed with MATLAB 7.14.0 (c) (The Mathworks, Natick MA, USA)

on a HP-Z200 Intel Core i5 CPU 650 (3.2 GHz, 4 GB of RAM) workstation, with a 64-bit,

Windows 7 Enterprise operating system. The strain imaging algorithm for one rotation

angle took approximately 8 min per 62 frames or one complete cardiac cycle.

Statistical analysis

Data were analysed for two time steps, at early systole and at peak systole as indicated in

Figure 3.1, where the light-grey circles represent the two moments in time. Both concen-

tric vessels were analysed to illustrate the consistency of the data over all rotation angles

and different longitudinal positions. Early systole and peak systole were chosen for the

assessment of wall strains during maximum acceleration and at maximum displacement

(psys), respectively. Normality of the data was tested using the Shapiro-Wilk test.

A one-way analysis of variance (ANOVA) was performed on the strain data for the

concentric vessels to compare the means of both near (top) and far (lower) wall data. The

near wall data were compared with the corresponding far wall data (i.e., the near wall

at angle α corresponds to the far wall at α + 180◦), to ensure that there were no angle-

dependent differences. The means were compared at two time steps, over the length of

the vessel wall, for each rotation.

Furthermore, a one-way ANOVA was performed to determine the variation of the

strain values in the longitudinal and circumferential directions. The medians over the

circumference or vessel length at one time point, were compared with the strain data

from each separate rotation or line. The fraction of p values > 0.01 was calculated (Rp =
∑
p>0.01
n , with n the total number of lines or angles), where Rp indicates the percentage

of circumferential/longitudinal locations where no significant difference was found.

The elastographic signal-to-noise ratio (SNRe), which is commonly used as a quality

measure for strain imaging purposes (Varghese and Ophir, 1997), was calculated as:

SNRe =
µ

σ
(3.1)

where µ = mean strain and σ = standard deviation (SD) of the strain in the region of

interest. The SNRe was calculated as a function of the radius (r ) for all angles and over

the vessel length, assuming the radial strains to have the same value at equal distances

r . The SNRe was calculated for the first six sampling points only (Figs. 3.4-I and 3.5-

I), because of the expected low strain values at the outer wall, which would result in
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nonrepresentative SNRe values. To verify the deformation found for the given pressures,

both the concentric vessels were modelled as a thick walled cylinder assuming isotropy,

homogeneity and incompressibility of the material by:

εradial =
r 2i pdif f

E(r 2o − r
2
i )
((1 + ν)(1− 2ν)−

r 2o (1 + ν)

r 2
) (3.2)

where εradial = radial strain of the CPh or PC at peak systolic pressure; pdif f = difference

between peak systolic and end diastolic pressures (Pa); E = Young’s modulus (Pa), ri =

inner radius of the vessel (mm); ro = outer radius of the vessel (mm); and ν = Poisson’s

ratio. The Young’s modulus for each sample was estimated by fitting this model to the

median strain-radius data, that is, the strain decays as a function of the radius. This

model (equation 3.2) was used to predict the radial strain ranges (see Data Acquisition).

Considering the large differences in pulse pressures (41.4 - 115 mmHg) applied to

the five HC’s, strain values were normalised with respect to the pulse pressure to allow

comparison. The normalised strain is the estimated strain multiplied by the ratio of the

mean pdif f and the sample’s pdif f . In Figure 3.7, the estimated strains are illustrated

without normalisation.

Results

The one-way ANOVA indicated that there was no significant difference (p > 0.01) be-

tween strain values of corresponding positions, measured in near wall (angle α) and far

wall data (α + 180) in 90% of all cases for the CPh and in 93% of all strain data for

the PC. Additionally, far wall data were of inferior signal quality when imaging calcified

plaque tissue. Therefore, only the strains measured in the near wall are considered in

the remainder of this article and used for further analysis.

Radial strains were estimated for every rotation angle in two dimensions. The result-

ing strain images are illustrated for the CPh and PC samples at early systole (I-III) and

peak systole (IV-VI) for one rotation angle (0◦) in Figure 3.3. The radial strain is projected

on the corresponding longitudinal (I and IV) and transverse (II and V) cross-sections.

Furthermore, the full 3-D radial strain distribution was reconstructed using the echo-CT

approach, and projected on the corresponding geometries (III and VI). For the concentric

vessels only the compressive strains are illustrated, here indicated as positive (yellow).

Reproducibility and statistical analysis of the 3-D+t strain echo-CT data was performed
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Figure 3.3: Strain data for the PVA-C phantom (column a) and the porcine carotid artery (col-

umn b) for two time points during the cardiac cycle: early systole (rows I - III) and peak systole

(rows IV - VI). For each time point, examples are shown of: 1) a two-dimensional, longitudinal

image with radial strain (rows I and IV), 2) two transverse cross-sections reconstructed with

echo-CT (rows II and V), and 3) a complete 3-D volume rendering of the radial strain (rows

III and VI).
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for the concentric vessel samples (i.e. CPh and PC). A typical pressure curve (from PC

data) is illustrated in Figure 3.1. In Figure 3.4 and 3.5, strain data for respectively the

concentric PVA-C phantom and porcine carotid artery are illustrated. Data are presented

as medians and interquartile ranges (IQRs), because of the non-normality of the data as

determined with the Shapiro-Wilk test. Strain values are shown at three locations along

the vessel wall, as indicated in Figures 3.4-I and 3.5-I, for both time points (early systole

and peak systole). Theoretically, strain values for the concentric vessels should be the

same at equal distances of r . Results are illustrated either by presenting the strain values

for each rotation angle (rows 1 and 3) or by presenting the strain values over the vessel

length (rows 2 and 4). For the healthy porcine carotid artery it can be observed that the

strain varies over the circumference of the vessel, also indicated by the values of Rp.

Furthermore, Rp values indicate that strain values over the vessel length are consistent.

The data for the phantom are approximately constant over the circumference of the vessel

as well, with some deviations especially in the middle part of the vessel.

To analyse the strain data as a function of r , box and whisker plots for both concentric

vessels are provided in Figure 3.6, where the strain (column 1) and SNRe (column 2)

values are plotted as a function of the radius. Near the lumen boundary (inner wall)

at peak systole median strains of 15% with an IQR of 1.7% were obtained for the CPh

decaying to 6.7%with an IQR of 1.6% near the outer wall. For the healthy porcine carotid

artery the median strain at the inner wall was 18% with an IQR of 8.0%, which decayed

to 4.5% and 2.7% at the outer wall. The corresponding SNRe values at peak systole varied

between 16 and 36 dB with an IQR ranging from 8 to 13 dB for the CPh. For the healthy

porcine carotid artery, SNRe varied from 18 to 34 dB and with an IQR varying from 10 to

18 dB.

In both cases, the strains are in the predicted range, although luminal strains are

higher in both concentric vessels. For further validation, equation 3.2, that is, a thick

walled cylinder model, was fitted to the strain-radius data for the pressure difference

present (pdif f , see Table 3.1). An E of 440 kPa was estimated for the CPh, which is in the

same range as the tensile test data (E = 400 ± 35 kPa). For the PC, an E of 579 kPa was

estimated, which was again corroborated by the outcome of the tensile tests (E = 599 kPa

± 74 kPa) and the literature (50 - 600 kPa, see Vychytil et al. (2010)).

The resulting strain images for the five HC samples at peak systole are illustrated

in Figure 3.7. The radial strain is projected on the corresponding longitudinal and trans-

verse cross-sections (Fig. 3.7A), and the 3-D geometries (Fig. 3.7B). In general, low strains
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Figure 3.4: (I) Typical strain curve as a function of the radius measured in the concentric

carotid phantom. The grey circles represent the analysed locations, from the luminal border

(inner) to the outer wall (outer), corresponding to the figure columns. (II-V) Data for early

systole (II and III) and peak systole (IV and V) expressed as median values (black dots) and

interquartile ranges (error bars). Illustrated here are the strain data for each rotation angle (II

and IV) and each longitudinal position (III and V). Rp = Σp > 0.01/n (see Statistical Analysis).
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Figure 3.5: (I) Typical strain curve as a function of the radius measured in the porcine carotid

artery. The grey circles represent the analysed locations, from the luminal border (inner) to

the outer wall (outer), corresponding to the figure columns. (II-V) Data for early systole (II

and III) and peak systole (IV and V), expressed as median values (black dots) and interquartile

ranges (error bars). Illustrated here are the strain data for each rotation angle (II and IV) and

each longitudinal position (III and V). Rp = Σp > 0.01/n (see Statistical Analysis).
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Figure 3.6: Box and whisker plots represent the measured strain (a) and corresponding elas-

tographic signal-to-noise ratio (SNRe) (b) as a function of the radius r . Boxes represent 25th

and 75th percentile values, and whiskers represent 1st and 99th percentile values. Data at two

different time points for the phantom (CPh) (I and II) and porcine carotid artery (PC) (III and

IV) are illustrated.
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Figure 3.7: (A) Examples of 2-D longitudinal strain images of five human endarterectomy

samples (I - V) at peak systole (a). For each sample, five to six transverse cross sections,

as reconstructed with echo-computed tomography, are illustrated (b - g). Grey vertical lines

represent respective locations of the transverse cross sections in the longitudinal cross section.

(B) Cross-sectional 3-D view of the 3-D geometries at systolic pressure, including the projection

of the radial strain, for samples I - V.
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are measured in most plaques, with a median of 0.0 - 1.3% and 75th and 99th percentile

strains of 0.1 - 3.1% and 6.7 - 18%, respectively (normalised for pulse pressure). Hence, a

large range of strains were obtained, which can be due to the morphology of the plaque

tissue. For instance, low strains are found in the longitudinal cross-sections of sample V

(Fig. 3.7A-Va). A large acoustic shadow is found at the far wall location, whichmight indi-

cate a large calcified region in the near wall, which is confirmed bymicro-CT examination

of the plaque. It must be noted that the acoustic shadow in plaque I (see Fig. 3.7A-Ia)

was not representative of the entire plaque, opposed to plaque V, in which the far wall

was still visible in most longitudinal cross-sections. The strain distribution of plaques

I and III reveals relatively high compression in the shoulder regions of the plaque (Fig.

3.7A: Ib-c and IIId-e), and high strain regions in the thickened vessel wall (Fig. 3.7A: Ia,

IIb-c, IIId), possibly indicating a lipid core. Micro-CT confirmed the presence of a large

lipid pool, which explains the strains measured. However, tensile strains were observed

in samples II - V as well (Fig. 3.7B). This could be due to fixation, causing lateral (e.g.,

Fig. 3.7A: IIIg-f) or out-of-plane motion. Some tensile strain regions in plaques II and

IV were caused by erroneous segmentation (water), when discarding the external branch,

leading to tracking errors (Fig. 3.7A: IVc and IIc, Fig. 3.7B-II).

Discussion

To our knowledge, this is the first study illustrating the possibilities of 3-D+t echo-CT

strain imaging of arteries in vitro. Radial strains were assessed in three dimensions, as

were the full geometries, at the highest US resolution possible with the system used in

this study.

Radial strain results were validated in the concentric PVA-C carotid phantom (CPh)

and the porcine carotid artery (PC), and revealed a typical 1/r2 relation as expected (equa-

tion 3.2). Because of to the rotation and pulsation of the vessel, stitching artefacts could

occur when reconstructing the strain images. However, the resulting transverse cross-

sections revealed little stitching artefacts. Because of this lack of stitching and the ho-

mogeneity of the CPh, a high consistency was expected and indeed found for the strain

distribution for the different rotation angles and the different longitudinal positions.

However, for the healthy porcine carotid artery, a more non-axisymmetric deforma-

tion field was found, which is visualised in the rotation-dependent strain curve (see Fig.

3.3-IVb and Fig. 3.4 (rows 1 and 3)). The non-axisymmetric deformation could be ex-

plained by inhomogeneities in the tissue, either from tissue preparation or because of its

natural structure. No additional literature was found on in vitro strain imaging of carotid
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arteries for comparison of these findings.

In this study, both absolute strain and SNRe values were analysed. The SNRe for

the phantom is on average higher than that for the healthy porcine carotid artery, which

was expected because of better contrast and homogeneity of the material (Fig. 3.4). The

SNRe is higher at the luminal border than at the outer border, because of the higher

average strains and the constant level of SDs. The SNRe for the healthy porcine carotid

artery remains quite constant over the arterial wall, which can be explained by a larger

spread of the strain at the luminal border, than at to the outer wall. Because the SNRe is

dependent on the magnitude of the strain, and no studies were found with comparable

boundary conditions and material choice, a comparison with literature is not trivial. For

example, in a study byHansen et al. (2010), an SNRe of 6.9 dB wasmeasured in phantom

material. They applied an intraluminal pressure difference of 4 mmHg to a material with

a low Young’s Modulus, which is not comparable to the conditions described here.

The strain patterns observed in the endarterectomy samples in this study are quite

complex. From the micro-CT data, large calcified regions were depicted in samples IV

and V that correspond to the lower 99th percentile strain values found (7 - 11%). Further-

more, more lipid-rich regions were depicted in samples I-III, corresponding to regions

with relatively higher 99th percentile strain values (10 - 18%). Similar findings are de-

scribed in the literature (de Korte et al., 2000a).

The segmentation from the post-processing, as described earlier in Chapter 2, was

used as input for the strain imaging algorithm of the concentric samples. The lumen-

water interface was detected accurately, however, a limitation here was the mismatch in

impedance at these borders, which caused a strong reflection in the images of the con-

centric vessels. These strong reflections occur because the US beam is perpendicular to

the lumen-wall border in these concentric vessels. As a result, multiple sampling points

(of the estimated displacement fields) were located within this reflection. This resulted

in almost identical displacement estimates and thus an underestimation of the strain in

these regions. Therefore, four or five luminal sampling points were excluded from the

analysis, resulting in more accurate strain decay in the radial direction. Furthermore, the

segmentation of the plaque samples was manually corrected on visual inspection, which

did not always result in smooth cross-sections as obtained from the harmonic regular-

ization of the SAF results. Moreover, we found some tensile strain regions caused by an

erroneous segmentation of water, leading to tracking errors.

Limitations regarding the boundary conditions of these experiments are fourfold.
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First, to allow pressurization of these samples, the external branch should be present

to allow closing of the branch. The presence of the external branch on the other hand,

makes the segmentation of the data less straightforward, which was solved by manual

correction. Second, because of the cannulation of the tissue, deformation is more re-

stricted close to the cannulas. Therefore, the tissue length should preferably be > 4cm,

similar to samples IV and V. Third, additional surrounding tissue and the adventitial

layer are missing, probably resulting in larger deformations for physiological pressures

compared with the in vivo situation, especially for the healthy situation (Liu et al., 2007).

Finally, the applied pulse pressure differed for the different samples. For theHC samples,

the variation in both the pulse pressure (± 50 mmHg for I and II, and ± 105 mmHg for

III - V) and morphology, consequently plays a role in the degree of deformation. There-

fore, to allow comparison, the strains were normalised according to the applied pulse

pressure. Relatively low pulse pressures were initially applied to avoid rupture in sam-

ples I and II, as an intact sample was necessary for further processing. McCormick et al.

(2012) estimated in vivo strain in human atherosclerotic plaque. They obtained radial

strain values ranging from 2 - 20%, which is similar to the 99th percentile range found

in this study. As proof of concept, these pressure differences were not an issue. However,

for future experiments with different plaque samples, inflation within the same pressure

range would be preferred to allow mechanical characterization.

To determine the mechanical properties of the different plaque components, which

characterises the plaque independent of pressure, the data from these experiments, for

example, geometry, deformation, morphology, and the accompanying boundary condi-

tions, should be used as input for inverse numerical modelling. As additional deforma-

tion input, circumferential strains could be of interest, because of the tissue anisotropy,

however, these strains cannot be assessed using the echo-CT method. The circumfer-

ential strain could be estimated from the radial strains, but this would require simple

configurations and homogeneous material properties. For plaque tissue, this is not fea-

sible because of the geometry and heterogeneity of the tissue. Radial strain will be suffi-

cient as input to determine material properties of the different plaque components both

in magnitude and as a single direction, as was described by Baldewsing et al. (2004a).

This inverse method should first be tested on artificial plaque phantoms, which consist of

several constituents with known properties and, consequently, a more complex geometry.

In addition to the aforementioned future work, more plaque data need to be analysed,

and it would be of great interest to compare in vitro echo-CT with in vivo 2-D and/or 3-D
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strain imaging data. Furthermore, a more extensive comparison with histology should be

performed for a more detailed morphology assessment and comparison between strains

and plaque content.

Conclusion

Time-varying 3-D echo-computed tomography strain imaging was validated for simple

geometric structures. Furthermore, the method was found to be feasible in vitro for

plaque geometry and deformation assessment in three dimensions.

In future work, the measured wall motion, deformation and geometry will serve as

input for inverse numerical modelling to estimate mechanical properties of the plaque

components. Ultimately, this will lead to in vitro characterization of plaque vulnerability

and mechanics by means of ultrasound imaging techniques.



4
Design of a Fatty Plaque Phantom for

Validation of Strain Imaging

The contents of this chapter are based on:

Renate W. Boekhoven, Marcel C.M. Rutten, Frans N. van de Vosse, Richard G.P.

Lopata, Design of a Fatty Plaque Phantom for Validation of Strain Imaging, Proceedings

IEEE Ultrasonics Symposium Chicago, USA, 2014.
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Abstract

Prior to clinical application of novel techniques such as vascular elastography and photo

acoustic imaging, validation studies are of great importance. Gelatin, agar and polyvinyl-

alcohol (PVA) phantoms are commonly used. However, more realistic phantoms are

needed with complex geometry and different constituents with known properties. For

this purpose, a fatty plaque phantom (fPP) was designed.

A 15 weight percent (wt%) PVA solution was made, and 1 wt% of silica scatterers were

added (3 - 8 nm). The solution was poured into a custom made mold, acquiring the fPP

in four freeze/thaw cycles. B-mode data were acquired using a MyLab70 (Esaote, NL),

while the phantom was being pressurised from 0 - 80 mmHg. The phantom was imaged

using a 3D echo-CT strain imaging method (Chapters 2-3), to determine 3D geometry,

distension and radial strains.

In accordance with the distension data, higher radial strains were found at the lipid

inclusion location.

In future work, strain data will be compared to numerical models that match the

phantoms and experimental conditions to validate the strains measured. Additional stiff-

ening of the PVA using a coagulation bath will be explored, by doing so, increasing the

systolic pressure will be allowed.
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Introduction

The study of arterial wall motion, and consequently studying the mechanical properties

using ultrasound, is of great relevance in improving diagnosis of patients suffering from

arterial disease. Prior to clinical application of novel functional ultrasound techniques

such as elastography and photo acoustic imaging, validation studies are of great impor-

tance. Test objects that mimic the physical properties and geometries of tissues to be

diagnosed are required for validation of the techniques proposed.

For vascular applications, cylindrical phantoms are required and constructed that have

the same mechanical properties as real vascular tissue. This should result in realistic im-

age data. These vascular phantoms play a major role in the experimental validation of

various types of methods, for example three-dimensional reconstruction methods us-

ing either MRI, CT (Biglino et al., 2013; Renaudin et al., 1994), intravascular optical co-

herence tomography (Bisaillon and Lamouche, 2013) or ultrasound (US) (Fenster et al.,

2006; Græbe et al., 2014, Chapter 2). Stereolithography and rapid prototyping are two

techniques used for creating the more complex arterial phantoms. This technique even

allows the design of an arterial tree (Biglino et al., 2013; Renaudin et al., 1994).

Several types of materials were used to obtain tissue mimicking arteries. Gelatin

based phantoms were first introduced by Ryan and Foster (1997b) for the use in ultra-

sound imaging for the purpose of vascular elastography. Agar based phantoms were

designed by de Korte et al. (1997b). To mimic the natural tissue speckle, silicon carbide

(SiC) crystals (particle size 3 - 10 µm) were added to the agar-agar solution prior to solid-

ification. Gelatin based hydrogels are also commonly used. These phantoms are strong

but require high concentrations of gelatin (15 - 30 %) to obtain realistic material proper-

ties (Ryan et al., 1993). On the other hand, pure agar based hydrogels are firmer at lower

concentrations (1 - 3%)) but have the tendency to tear easily. Using a combination of both

materials, the stiffness of the material is dominated by the agar and the consistency is

caused by the gelatin (de Korte et al., 1997a). However, a major drawback of both agar

and gelatin based phantoms is the limited shelf life.

Poly-vinyl alcohol is another commonly used material for phantoms and scaffolds and

can be used for longer periods of time. The stiffness can be controlled by differing the

concentration of PVA, the freeze-thaw rate and the number of freeze-thaw cycles. PVA-

cryogels (PVA-C) were used to validate different types of elastography and strain imaging

methods (Hansen et al., 2010; Pazos et al., 2010).

Regarding the morphology of the phantom, softer inclusions were created by differ-
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Figure 4.1: (a) Vessel phantom mold, with (i) a stainless steel bar to create the lipid cavity

and the outer vessel wall layer, and (ii) a stainless steel bar to create the cap covering the lipid

pool, and the inner layer. (b) Schematic representation of the transverse cross-section of the

fatty plaque phantom.

ing the concentration of the phantom material (Ryan and Foster, 1997a; de Korte et al.,

1997b). A more realistic phantom was described by Pazos et al. (2010), they designed a

PVA-based phantom containing a softer outer layer and more stiff inner layer, and a lipid

inclusion (Pazos et al., 2010). However, most vascular phantoms used in previous stud-

ies did not reveal a realistic vessel geometry, were homogeneous, or the material strength

of the different layers in the phantom did not agree with the physiological situation.

In this study, a more realistic phantom was designed, for the purpose of strain imag-

ing and elastography validation. The fatty plaque phantom (fPP) designed in this study,

contains two different vessel wall layers, both PVA-C based, and a lipid inclusion, con-

sisting of lard. The latter was added to mimic an atherosclerotic plaque in the carotid

artery. The echo-CT method (Chapter 2) was used to image the fPP in 3D during the

cardiac cycle. Moreover, displacements and strains were estimated from these data.

Materials and Methods

Phantom preparation

A non axi-symmetric, stenotic phantom was fabricated, containing a fatty lipid inclusion

and two layers of PVA-C. The fPP was fabricated out of a solution consisting of 15 wt%

PVA (Mowiol 28-99, Sigma-Aldrich), and 1 wt% of SiC scatters (5 - 8 µm Orgasol 2001,

Elf Atochem, France) in demineralised water. The mixture was dissolved at 85 ◦C for

four hours under continuous stirring. After heating, the mixture was cooled at room

temperature (RT) for four hours.

Phantoms were constructed by subjecting the phantom mould, containing a PVA-C

solution, to a number of freeze/thaw (f/t) cycles (at -20 ◦C/room temperature (RT)). One

f/t cycle consisted of 16 hours of freezing and 8 hours of thawing. The phantom was



| 67

constructed from the outer layer to the inner layer, resulting in a stiff outer layer, and

a less stiff inner layer. The plaque phantom was created using a Perspex tube with an

inner diameter of 10 mm. To create a cavity for the lipid injection, a stainless steel bar

with a diameter of 6 mm and a protrusion of 0.5 mL was created. This layer underwent

2 f/t cycles (Fig. 4.1a, i). The stainless steel bar was removed, keeping the phantom’s

outer wall in place. Porcine lard was acquired at a local slaughterhouse. The lard was

melted and a 20G needle was used to inject 1mL of lard in the cavity. After injection,

the phantom was kept in the fridge at 4 ◦C for the lard to set. Finally, the PVA solution

was poured into the lumen, and another stainless steel bar was inserted (Fig. 4.1a, ii),

now with a diameter of 5 mm, and a cavity at the lipid site, allowing to create a transverse

cross-section as displayed in Figure 4.1b.

Inflation Testing

Ultrasound imaging was performed using the echo-CT method, as described in Chapter

2. In summary, the fPP was connected to two stainless steel tubes, and was mounted in a

waterbath. By connecting the tubes to a pressure pump, a closed loop systemwas created,

allowing the intraluminal pressurisation of the fPP from 0 - 80 mmHg. Longitudinal

cross-sections were imaged in steps of 10◦, over the full 360◦ of the segment.

Ultrasound imaging was performed with a MyLab70 ultrasound system (Esaote Eu-

rope, Maastricht, The Netherlands) equipped with a linear array probe (fc = 4 - 13 MHz,

fs = 50 MHz) and radio frequency (RF) interface, recording 38 lines/cm of raw RF data

at 62 frames/s, in 2D B-mode.

Local deformations in the vessel wall were determined by cross-correlating 2D win-

dows of RF-data from frame to frame (Lopata et al., 2009b). The displacements were

estimated using an iterative coarse-to-fine method (Lopata et al., 2009b, Chapter 3). The

displacements were estimated in two iterations, in the first iteration a coarse displace-

ment was estimated, using the signal envelope (demodulated RF-data). This coarse dis-

placement field was filtered using a 2Dmedian filter of 2.0mm by 2.7mm. Next, the dis-

placement estimation was refined in a second iteration using smaller 2D windows of RF-

data and the previous displacement estimates as an offset. The resulting displacement

fields, for both iterations, had a resolution of 0.3 mm by 0.7 mm. A detailed overview of

the parameters used is given in Chapter 3.
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Figure 4.2: (a) A longitudinal B-mode cross-section. The pink lines represent the regions i-iv,

corresponding to the circumferential stretches plotted in (b).

Results

B-mode data revealed the different layers and fat inclusion in the phantom (Fig. 4.2a),

moreover, good natural echogenicity of the lard was found. The circumferential stretch

in four different regions is displayed in Figure 4.2. The circumferential stretch in the

straight vessel regions, region i and iv, are similar. The circumferential stretch in the

fatty regions (ii and iii) is found to be higher, due to the soft lipid inclusion, as expected.

Projections of the radial strains at end-systole are shown in both longitudinal and

transverse (reconstructed) cross-sections, and in 3D (Fig. 4.3). In this chapter, com-

pression of the material are shown as positive strains. Radial strains reveal the typical

1/r 2 relation. Strains at the tip of the inclusion seem to be underestimated, due to high

speckle density.

Discussion

In this study, a fatty plaque phantom (fPP) is designed and fabricated consisting of two

vessel layers, and a lipid inclusion. Radial strains were assessed using strain imaging,

revealing a typical 1/r 2 relation in the healthy part. Moreover, realistic strain images were

found with elevated radial strains at the lipid inclusion, as well as elevated circumferential

stretch (Fig. 4.2 and 4.3).

Due to the compliant character of the phantom, a pulse pressure of 0 - 80 mmHg

was achieved. A circumferential stretch of 1.4 was reached for the healthy part of the

phantom. Previous studies showed a circumferential stretch of 1.5 - 1.6 in healthy porcine

carotid arteries, within the same pressure range. Therefore, to achieve similar stretches

as with arterial tissue, no additional stiffening of the material is necessary in the current
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Figure 4.3: Radial strain overlay on both the longitudinal (a) and reconstructed transverse

cross-sections (b), and a 3D radial strain rendering (c).

geometry.

Several improvements to the design still need to be made, regarding the high speckle

density at the tip of the cap, the fibrous cap strength and the geometry itself. In vivo

the fibrous cap has a higher stiffness compared to the intimal layer. Here, the vessel

wall layering itself is nicely mimicked, however, the cap covering the lipid pool should

actually be at least as stiff as the outer layer. This issue might be hard to tackle, regarding

the molding process. A solution could be, local stiffening of the cap using a coagulation

solution (Liu et al., 2009).

A first step towards a more realistic complex geometry was achieved here. However,

the vessel wall thickness of this phantom still needs to be reduced by a factor 2. This

might complicate phantom fabrication even further, for instance due to possible rupture

of the thin outer wall at the lipid inclusion location.

Furthermore, like in most moulding procedures, seams were present in the final

product. The lower strain values in the luminal area, which are clearly shown in the

3D radial strain rendering (Fig. 4.3c), were most probably caused by those seams.

In future work, strain data will be compared to numerical models of the phantom that

match the experimental conditions to validate the strains measured. The fPP molding

procedure needs to be improved, tackling the aforementioned issues, and obtaining an

even more realistic geometry.

Conclusion

A successful first attempt on making a phantom with a lipid inclusion and physiological

realistic layering of the phantom wall was achieved. Moreover, it was found to be suitable

for strain imaging and elastography purposes.





5
Towards Mechanical Characterization of

Intact Endarterectomy Samples of Carotid

Arteries during Inflation using Echo-CT

The contents of this chapter are based on:

Renate W. Boekhoven, Marcel C.M. Rutten, Marc R. van Sambeek, Frans N. van de

Vosse, Richard G.P. Lopata, Towards Mechanical Characterization of Intact Endarterec-

tomy Samples of Carotid Arteries during Inflation using Echo-CT, J Biomech,

2014a;47:805-14.
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Abstract

In this study, an experimental framework is described that allows pressurization of in-

tact, human atherosclerotic carotid samples (inflation testing), in combination with ul-

trasound imaging. Nine fresh human carotid endarterectomy samples were successfully

pressurised and tested. About 36 2-D (+t) ultrasound datasets were acquired by rotating

the vessel in 10◦ steps (Echo-CT), from which both 3-D geometry and 3-D strain data were

obtained. Both geometry and morphology were assessed with micro-CT imaging, identi-

fying calcified and lipid-rich regions. US-based and CT-based geometries were matched

for comparison and were found to show good agreement, with an average similarity in-

dex of 0.71. Realistic pressure-volume relations were found for 6 out of 9 samples. 3-D

strain datasets were reconstructed, revealing realistic strain patterns and magnitudes, al-

though the data did suffer from a relatively high variability. The percentage of fat and

calcifications (micro-CT) were compared with the median, 75th and 99th percentile strain

values (Echo-CT). A moderate trend was observed for 75th and 99th percentile strains,

higher strains were found for more lipid rich plaques, where lower strains were found for

highly calcified plaques. However, an inverse numerical modeling technique is necessary

for proper mechanical characterisation the of plaque components, using the geometry,

morphology and wall deformation as input.
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Introduction

New functional imaging methods and patient-specific numerical models are progres-

sively finding their way into the clinic to improve patient diagnosis and/or surgery out-

come. One of the areas of interest is cardiovascular disease, leading to 17 million deaths

worldwide each year. A main topic in cardiovascular disease is atherosclerosis. In this

study, we are specifically interested in atherosclerotic lesions in the carotid artery. Cur-

rently, patients suffering from carotid atherosclerosis are either discovered by accident

(symptomatic patients), have experienced a transient ischemic attack, or a cerebrovascu-

lar accident. The latter two form the symptomatic population. Carotid endarterectomy

(CEA) is the most frequently performed surgical procedure to prevent stroke in the USA

(Go et al., 2013). The current decision on performing surgical intervention is based on

stenosis severity, which is determined through peak velocity measurements with duplex

ultrasonography.

Duplex ultrasonography has been regarded as the standard imaging modality for as-

sessing carotid artery stenosis severity for the last 10 - 15 years. It is the combination

of grey-scale B-mode imaging and color-Doppler ultrasound, from which flow velocity

profiles can be obtained. The size of the occlusion can be calculated from several ra-

tios regarding peak velocities, but the most common is the ratio between internal carotid

artery (ICA) peak systolic velocity (PSV) and common carotid artery (CCA) end-diastolic

velocity, referred to as the St. Mary’s Ratio (Knox et al., 1982). When the vessel is occluded

for more than 70%, the patient qualifies for elective carotid endarterectomy. Endarterec-

tomy is only necessary in patients with an unstable plaque, comprising only 16% of the

symptomatic population (Rothwell and Warlow, 1999). As a consequence, occlusion size

does not necessarily mean that the lesion is vulnerable. Hence, an improvement of pa-

tient diagnosis, a reduction of overtreatment, and improved intervention planning are

necessary.

Plaque vulnerability cannot be assessed in vivo yet. The morphological features of

a vulnerable plaque are known and differ significantly from stable plaques. Vulnerable

plaques consist of a large necrotic core, covered by a thin fibrous cap. Often inflammatory

cells are present as well as intraplaque hemorrhage and/or neovascularization (Staub

et al., 2010; Fleiner et al., 2004; Falk et al., 1995; Naghavi et al., 2003). The plaque has to

bear remarkably increased mechanical stress at particular regions, e.g., at the shoulders

in the thin fibrous cap (Richardson et al., 1989; Cheng et al., 1993). From pathological

analysis it has been suggested that the stress distribution in the plaque is critical for its
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vulnerability (Richardson et al., 1989). Numerical 2-D analysis has demonstrated that

the stress distribution in plaques is a function of both the geometry and the mechanical

properties of plaque components (Loree et al., 1992; Versluis et al., 2006; Akyildiz et al.,

2011).

Hence, for a proper assessment of stresses in the cap, morphology of the plaque and

the corresponding mechanical properties should be characterised. Several procedures

have been reported in the literature for the testing of mechanical properties of plaque

tissue, such as uni-axial tensile testing and indentation testing. Uni-axial tensile testing

of atherosclerotic tissue is described more extensively in the literature, where mechani-

cal properties of the whole plaque tissue (Maher et al., 2009; Lawlor et al., 2011) or the

dissected plaque components were determined (Lendon et al., 1988; Born and Richard-

son, 1990; Lee et al., 1991; Loree et al., 1994; Holzapfel et al., 2004). Tensile testing is

a straightforward and widely available technique, but the variation in the data is large.

Properties are estimated in one or two directions (i.e. bi-axial testing), but are composite

material properties of a strip of tissue that is cut from the original vessel. Furthermore,

since the tissue is cut and thus damaged, an unpredictable alteration of the mechanical

properties may occur (Ferrara and Pandolfi, 2008). To accurately access plaque properties

it is important to keep the tubular structure (Humphrey and Na, 2002).

Regarding this aspect, inflation experiments of arteries are an accurate and more re-

alistic approach to assess mechanical behaviour of arteries. Inflation testing of vessels

was first described in the early sixties (Roach and Burton, 1957; Bergel, 1961b). Bergel

(1961b) designed a vertical chamber, keeping the (canine) artery hydrated. The artery

was stretched to its in vivo length and pressurised, while the external diameter was deter-

mined using a collimated light beam and a photomultiplier. Both static (Bergel, 1961b)

and dynamic (Bergel, 1961a) properties of the arterial wall were tested, revealing a large

difference in the ratio of the dynamic modulus and the static modulus. Bergel in 1961

also concluded that pre-conditioning of the arteries is essential in determining elastic

properties. The large differences in dynamic and static moduli were assigned to the

muscle content in the arteries, thereby referring to the carotid artery as being muscular.

Dobrin and Rovick (1969) performed a similar study, including the contraction of the

vascular smooth muscle cells, where full contraction resulted in a higher stiffness of the

artery, which partially corroborated the explanation given by Bergel.

Inflation experiments are mainly used to determine constitutive relations for the pas-

sive and/or active mechanical behaviour of the artery wall. A drawback of most infla-
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tion experiments, is the assessment of only the external diameter, either assessed by a

microscope-camera combination, a CCD micrometer, a laser micrometer, or a cantilever

diameter transducer (Vychytil et al., 2010; Bergel, 1961b; Dobrin and Rovick, 1969; Cox,

1974; Blondel et al., 2003; Lu et al., 2004; Agianniotis et al., 2012). Because larger de-

formation is expected at the luminal side, it is of great interest to measure the change in

luminal diameter, and local strains in the vessel wall (Beattie et al., 1998). Both could be

assessed, e.g. with ultrasound imaging (van den Broek et al., 2011; van der Horst et al.,

2011).

All previous described work, regarding inflation experiments of arteries, was per-

formed on healthy tissue. Information on inflation experiments of plaque tissue in vitro

is scarce and has either been performed for the purpose of balloon angioplasty (Auer

et al., 2008), where most deformation is induced by balloon inflation, or for testing

of ultrasound-based strain imaging and elastography techniques. Quasi-static inflation

experiments (using two consequent static pressure steps) were performed on human

femoral arteries, coronaries (de Korte et al., 1998, 2000a; Schaar et al., 2003a) and on

carotid arteries (Brusseau et al., 2001), all obtained from autopsy and imaged with in-

travascular ultrasound. Plaque morphology obtained from histology was related to typi-

cal strain regions in fibrous, fibro-fatty and fatty tissue and the normal vessel wall, find-

ing high significant differences between the different tissue groups and their respective

strains (de Korte et al., 2000a). Vulnerable plaque detection using intravascular elastog-

raphy had a sensitivity and specificity of 87% (Schaar et al., 2001). These studies were

all performed in 2-D, whereas Schaar et al. (2005) also demonstrated a 3-D palpography

technique. However, the pullback required for 3-D acquisition and reconstruction intro-

duces motion artefacts which makes reassembling of the volumetric data not straight-

forward. Considering the complex geometrical structure and mechanical properties of

plaques, 3-D data are of great importance, and prediction of plaque vulnerability cannot

be assessed from 2-D data alone.

In this study, we present an experimental method to image 3-D plaque geometry and

quantitatively assess plaque deformation of excised human endarterectomy samples dur-

ing inflation testing. For this purpose, an Echo-CT set-up was designed, obtaining high-

resolution geometrical and functional information (Chapter 2). The procedure from pa-

tient inclusion to experiment will be described including the post-processing steps for

ultrasound-based 3-D geometry and deformation assessment. The first preliminary re-

sults on nine samples will be shown and discussed.
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Materials & Methods

Obtaining Endarterectomy Samples

Human carotid endarterectomy samples were obtained from a local hospital (Catharina

Hospital, Eindhoven, The Netherlands). This study was approved by the local ethics com-

mittee. Both symptomatic and asymptomatic patients were included. Inclusion criteria

for this particular study were: age≥60 years, male, degree of stenosis ≥70% and≤95%.

The duplex criteria used are St. Mary’s Hospital ratio, (see Introduction) andMoneta ratio

(PSVICA/CCA), which are usually complementary. To achieve consistency of the samples,

only male patients were included in this study.

The endarterectomy is performed according to the protocol as described in Wije-

yaratne et al. (2002). This allows the plaque to be excised intact, ideally ensuring an intact

tubular structure of the inner layers of the vessel (Fig. 5.1a). A total of 18 patients were

included after informed consent. A total of 9 samples proved to be suitable for experi-

mental testing. Sample exclusions comprised large incisions disabling pressurization of

the specimen (n = 7), shunting because of asymmetric brain activity during clamping (n

= 1), and extreme anatomy (n = 1) not allowing the sample to be fixed in the setup. In-

cisions were mostly located at the bifurcation. After excision, samples were transported

to the laboratory in a physiological saline solution complemented with heparin (2500 IE

heparin in 500 cc 0.9% NaCl) within 15 minutes.

The samples were cannulated with a female luer lock to barb connector (Qosina,

Egdewood, New York, USA) on both the CCA and ICA side. The external carotid artery

(ECA) was suture closed. Small incisions, if present, were closed with super glue (Pattex,

Henkel, Düsseldorf, Germany). Samples were cannulated within 30 - 90 minutes after

surgery and inflation testing was performed within 4 hours after excision, which should

allow the best results on fresh tissue (Sachs, 1967). The samples were submerged in PBS

solution at room temperature for the duration of the experiment.

Echo-CT setup

The in vitro system used in this study for inflation testing is based on the setup described

by van den Broek et al. (2011), and adjusted for use in this study (Chapter 2). The setup

consists of a water bath, and two stainless steel tubes connected to a rotation and ex-

tension mechanism (Fig. 5.1b and c). The tubes are connected via silicone tubing to

a pressure pump. The pressure pump is driven with a proportional pneumatic valve

(Festo, Delft, The Netherlands) inducing a pulsatile pressure. The pressure pulse was

recorded using a pressure transducer proximal from the carotid sample (P10EZ, Becton-

Dickinson, Sint-Niklaas, Belgium), see Figure 5.1c.
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(a) (b) 

(c) 

Figure 5.1: a) Sample collection during endarterectomy procedure. The sample consists of

a part of the common carotid artery, the bifurcation and small segments of the internal and

external carotid artery); b) The sample, mounted and pressurised in the Echo-CT setup; c)

Schematic overview of the Echo-CT setup.

The waterbath was filled with PBS, and excess air was removed from the system.

Next, the samples were mounted (Fig. 5.1b). The peak pressure was slowly increased

from 0 mmHg to the final pressure depending on the rigidity of the sample (Table 5.1). A



78 | Echo-CT: A study on plaques

3-D manipulator was placed over the waterbath to fix the ultrasound transducer, enabling

the imaging of longitudinal cross sections, i.e. over the axial direction of the vessel. The

rotation mechanism can be operated manually in steps of 10◦, enabling rotation over the

longitudinal axis of the vessel, to obtain 3-D ultrasound data of the sample. A MyLab70

ultrasound system (Esaote Europe, Maastricht, The Netherlands) was used, equipped

with a linear array probe, (fc = 8 MHz) and radio frequency (RF) interface, recording 38

lines/cm of raw RF data at 62 frames/s.

US-based Geometry

To allow 3-D geometry assessment from the 2-D ultrasound datasets, the first step in

(mechanical) characterization of plaque, segmentation of the data is necessary. A sustain

attack filter (SAF, Meinders et al., 2001) is a dynamic thresholding filter that detects the

water-wall border in vitro (Chapter 2) and is able to delineate the vessel wall in superficial

vessels in vivo (Rossi et al., 2010). The SAF processes the original raw RF line data after

performing signal demodulation. It must be noted that these RF-data are not available

on all US-systems. For regularization of the SAF results, data were filtered in circum-

ferential direction using a 2nd order harmonic filter to ensure the periodicity of the data.

The best signal quality was obtained in the near wall, as expected. Hence, only the near

wall data were used for further analysis. Moreover, only the ICA and the CCA are of in-

terest, therefore, the external branch was discarded from the segmentation by adjusting

the segmentation results manually.

Motion and Strain Estimation

The next step is quantification of plaque tissue deformation. Ultrasound strain imaging

was used, a technique that enables the quantification of tissue motion and strain using

the RF-data (Ophir et al., 1991). Segments of RF data, selected in two consecutive frames,

are cross-correlated. The position of the peak of the cross-correlation function indicates

the displacement of the initial data segment from the current frame i (template window),

to the next frame i+1 (search window, see Fig. 5.2). 2-D parabolic interpolation was

applied to the resulting cross-correlation function for fast and accurate 2-D sub-sample

displacement estimation (Lopata et al., 2009b). In this study, the 2-D displacement fields

were estimated using a 2-D iterative coarse-to-fine method, as described by Chen et al.

(2007) and Lopata et al. (2009a). In the first step, large segments of RF-data are used

to estimate large displacements. The resulting displacement estimates are used as input

for a second step of displacement estimation, now at higher resolution (i.e. using smaller
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Figure 5.2: Schematic representation of the template window (frame i) and the search win-

dow (frame i+1) plaque configurations. For both template and search windows the RF-data

segments used for the displacement estimation are indicated by the grey dotted squares. The

coordinate systems as used in this study, for both the artery and the ultrasound data, are

indicated in the template window panel (left).

segments of RF-data), which also allows for accurate estimation of higher strains (Lopata

et al., 2009a).

Displacements were estimated in a region-of-interest that surrounded the segmented

wall. The region was large enough to ensure tracking throughout the entire cardiac cycle,

but did bring down computational cost by roughly 80-85%. RF-data segments of 0.8 mm

(axial) by 1.2 mm (lateral) were used of the template frame in the first pass, after which

segments of 0.4 mm by 1.2 mm were used in the second step. The size of the segments

in the search frame were chosen in such a way, that the estimated displacements allowed

were 0.3 mm by 0.7 mm in both passes. If necessary, bilinear interpolation was used

on the radial displacement data during tracking (Lopata et al., 2010). Displacement data

were filtered using a 0.7 mm by 0.7 mm median filter, after which incremental (i.e.

frame-to-frame) strains were estimated using a 1.1 mm by 0.5 mm, 2-D least-squares

strain estimator (Lopata et al., 2009a).

The centre line of the plaque’s lumen will not always match the rotation axis. There-

fore, strains estimated in the direction of the ultrasound beamwere corrected for themis-
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match between centre line and rotational axis, if present, resulting in the radial strains

(de Korte et al., 1999). However, in cylindrical parts of the vessels, the deformation in

the axial direction actually corresponds to the radial strain in the wall (see Fig. 5.2).

The coordinates of the vessel wall, as found by the segmentation method (see pre-

vious section), were tracked over time using the measured displacements. The luminal

volume-time curve was extracted from these data. The frame-to-frame strain values were

accumulated for each tracked pixel, yielding the total radial strain over the entire cardiac

cycle within the complete 3-D volume. The resulting 3-D strain data had a resolution

of 200 μm by 10◦ by 245 μm. Finally, to enable proper comparison between samples,

strains (ǫ) were normalised according to ǫnorm = 90/(psys - pdia)*ǫ. Here, 90 refers to 90

mmHg, which was the average pulse pressure.

CT-based Geometry & Morphology Assessment

For validation purposes and to assess plaque composition, the plaques were imaged using

micro-CT. All plaques were fixed in formaldehyde prior to micro-CT acquisitions. Sam-

ples were imaged with a micro-CT system (micro-CT80, Scanco Medical, Brüttisellen,

Switzerland). The X-ray source operates at 45 kVp and 177 μA, with a voxel size of 37 μm

* 37 μm * 37 μm. Imaging times ranged from 3 to 3.5 hours, depending on the specimen

size.

Plaques were imaged twice with micro-CT: 1) to assess the wall geometry (soft tissue)

and the calcified regions in the plaque; 2) to locate possible lipid content in the plaque.

The contrast between air and vascular tissue, and between soft tissue and calcifications

is high in both cases. Therefore, segmentation of the calcifications was straightforward

and was performed by global thresholding of the image intensity data (I) with respect

to the maximum intensity value, Imax (Ivesselwal l ≥ 0.05*Imax ; Icalci f ication ≥ 0.33*Imax ).

Prior to the second micro-CT scan, plaques were fixed in 1% OsO4 solution for 24 hours.

OsO4 binds to lipids, and it is mostly used for electron microscopy purposes, but is also

applicable for micro-CT of lipids (Pai et al., 2012). The plaques were rinsed with PBS

for another 24 hours to get rid of excess OsO4 prior to imaging. Resulting data were

segmented using thresholding (Il ipid ≥ 0.33*Imax ). The ratio of lipid and calcified regions

was calculated from the 3-D geometry data after applying the three thresholds. Note that

lipid and calcification content was only determined between the cannulae, i.e. the region

analysed with strain imaging.

Finally, the CT-based geometries were resampled to the US-based geometry, after

which 3-D normalised cross-correlation was performed, again to register the US and
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Table 5.1: The mean and standard deviations (SD) of the end-systolic pressure (psys) and the

diastolic pressure (pdia) for all 36 measurements (i.e. 36 rotation angles) for all samples.

sample nr. psys pdia
[mmHg] [mmHg]

I 43.0 ± 3.3 1.6 ± 0.5

II 55.2 ± 3.2 0.5 ± 0.5

III 110 ± 3.0 2.9 ± 1.3

IV 90.9 ± 5.0 10.4 ± 3.2

V 101 ± 2.9 -0.9 ± 0.5

VI 91.6 ± 1.5 -1.7 ± 0.7

VII 69.7 ± 0.9 1.4 ± 1.4

VIII 114 ± 1.4 -0.6 ± 1.4

IX 110 ± 3.2 -6.3 ± 1.1

CT-based geometries for comparison. Three measures were calculated to quantify the

similarity between the US-based and CT-based geometries: the similarity index (ISI), the

Hausdorff distance (HD), and the average distance (AD) (Chapter 2). Furthermore, for

additional comparison, lumen and wall volume were determined from themicro-CT data,

and compared to those obtained from the US data at end-diastole.

Statistical Analysis

The end-systolic strain values for each sample were grouped and analysed by calculating

the 50th (median), 75th and 99th percentile strain values. The strains were compared with

the CT-based lipid and calcification content of the corresponding samples.

Results

Although the adventitial and the surrounding tissue is missing, still a high level of pres-

sure could be applied tomost samples. The systolic pressure reached physiological values

in six out of nine samples. Peak-systolic and end-diastolic pressure values revealed little

variation for all samples (Table 5.1).

Visualisation of both the US-based geometries, as the CT-based geometries, is shown

in Figure 5.3. One can discern the correspondence between the US and CT segmentation,

especially for the CCA and ICA regions. The micro-CT based ECA segmentation was su-

perior to the US based ECA segmentation, but because the external branch was discarded

in the US segmentation, it was left out of the micro-CT data as well. The quantitative sim-

ilarity measures are listed in Table 5.2. Two samples reveal a similarity index ISI <0.7,
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Table 5.2: Quantitative results for comparison of Echo-CT and micro-CT based segmentation.

Similarity indices (ISI) for both the whole volume (v), as for the separate cross-sections (c) can

be found in columns 2 and 3 (mean ± standard deviation), the Hausdorff distance values (c,

in mm) are listed in column 4 and the average distance values (c, in mm) in column 5.

sample nr. ISI v ISI c HD [mm] AD [mm]

I 0.75 0.74 ± 0.11 0.31 ± 0.02 0.10 ± 0.02

II 0.71 0.73 ± 0.13 0.32 ± 0.06 0.10 ± 0.04

III 0.55 0.58 ± 0.19 0.44 ± 0.13 0.12 ± 0.06

IV 0.73 0.73 ± 0.09 0.37 ± 0.03 0.09 ± 0.01

V 0.75 0.75 ± 0.07 0.36 ± 0.06 0.09 ± 0.02

VI 0.80 0.80 ± 0.05 0.32 ± 0.05 0.11 ± 0.03

VII 0.72 0.70 ± 0.08 0.39 ± 0.06 0.11 ± 0.02

VIII 0.66 0.65 ± 0.05 0.41 ± 0.04 0.12 ± 0.03

IX 0.82 0.82 ± 0.06 0.32 ± 0.04 0.10 ± 0.02

which is lower than reported in Chapter 2 (ISI = 0.75 - 0.8). Lumen and wall volumes of

the plaque segments were determined for both US and CT data (Figure 5.4). Samples

III and IV show a quite large deviation between US and CT based volumes, while only

sample III has an ISI <0.7. Fluid resided in the lumen could cause the underestimation

in lumen volume from CT-data, clearly visible in Figure 5.3-IV.

Pressure-volume (PV) loops were extracted from the 3-D tracking data (Fig. 5.5). Most

PV loops are realistic in both shape and magnitude. However, the data of sample II,

VII and VIII show some anomalies: the volume-curve does not return to its initial value

for sample II, whereas the diastolic decrease in volume for sample VII is relatively slow

compared to the pressure curve.

Figure 5.3: 3-D reconstructions of both US-based geometries (top row) and the CT-based

geometries (bottom row) for all samples (I-IX).
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Figure 5.4: Regressive overview of ultrasound-

based versus micro-CT based lumen (black) and wall

(grey) volumes.

Furthermore, the initial volume of

sample I is fairly low. This can be

explained by the size of the analysed

segment, which is approximately two

times smaller compared to the other

samples. Overall, the PV-loops reveal a

typical, non-linear pressure-volume re-

lation for the plaque samples, with the

exception of samples II and VII, proba-

bly caused by the aforementioned rea-

sons.

A number of cross-sections and

views of the resulting strain data are

shown in Figure 5.6. Figure 5.6a

shows the radial strain projected onto

the B-mode (grey-scale) image of a sin-

gle longitudinal cross-section positioned at approximately 90◦ from the ECA. The radial

strains were also reconstructed in the circumferential direction (Fig. 5.6b-c). Further-

more, the full 3-D radial strain distribution was projected on the 3-D vessel geometry

(Fig. 5.6d). Higher compression of the vessel wall is found in the thinner regions of the

wall (i.e. Fig. 5.6-Vb). The reconstructed transverse cross-sections of samples I - III and

VIII reveal high compressive strain areas in the shoulders of the plaque (indicated by ar-

rows), consistent with previous studies (de Korte et al., 2000a; Baldewsing et al., 2004a).

However, a large variation in strain values is observed. When examining the entire 3-D

strain data, a number of regions with unexpected positive (tensile) strains were found as

well (Fig. 5.6-VIII b-c, arrows). This could be due to erroneous tracking of water, caused

by errors in the manual segmentation, or out of plane motion, mostly near the fixation

points.

In a first trial to quantitatively relate the radial strain values with the percentage

of lipid and calcifications, the x-percentile strains were calculated at end-systole for all

carotid samples. The 50th, 75th and 99th percentile strain values are shown in Figure

5.7, for increasing lipid content and calcifications. A moderate trend between 99th per-

centile strain and lipid can be discerned from Figure 5.7a, whereas no trend is observed

for 75th percentile strain. Sample V seems to be an ’outlier’, which can be explained by
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Figure 5.5: The pressure-volume loops acquired for all plaque samples (I - IX), based on the

systolic phase.

the relatively high amount of calcified tissue (Fig. 5.7b). The same holds for sample II,

which has a much lower calcification content compared to sample III. Sample I seems to

be an outlier in both relations. For the 99th percentile strain vs. calcified tissue a clear

trend can be observed, and a moderate trend for the 75th percentile strain as well. Still,

strains in sample VIII are higher than expected. No regression analysis was performed

on these data due to the relatively small sample size and non-uniform distribution of the

two ratios.

Discussion

In this study, the feasibility of mechanical testing of excised human carotid plaque tis-

sue by means of inflation testing has been shown. The experimental results obtained,

3-D geometry and deformation, are an important step towards the mechanical character-

ization and identification of plaque components in 3-D using ultrasound imaging. The

proposed setup allows the plaque to be tested in its original configuration, which is im-
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Figure 5.6: 2-D and 3-D strain images for all samples: a) shows longitudinal cross-sections from

all samples, the grey lines indicate the location of the corresponding transverse cross-sections

in column (b) and (c). The orientation of the transverse cross-sections is indicated in Ic, where

the longitudinal cross-section is set to 0◦; d) 3-D reconstructed strain data. The outer wall

is coloured blue, indicating that no strain values are projected. All data shown are end-systole

radial strains. High compressive strain regions are indicated by white arrows, whereas tensile

strain regions were indicated by grey arrows.
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Figure 5.7: 50th, 75th and 99th percentile strain values for all samples: a) 50th, 75th and 99th

percentile values of the radial strain ordered by percentage of fat. The sample numbers (I - IX)

are shown to identify the samples; b) 50th, 75th and 99th percentile values of the radial strain

ordered by the amount of calcified tissue.

possible with tensile testing and indentation testing (Loree et al., 1994; Holzapfel et al.,

2004; Chai et al., 2013). The samples are imaged under strictly controlled hemodynamic

conditions at the best ultrasound contrast and resolution possible. This is not the case

in vivo, where measurements and their reproducibility suffer from sub-optimal image

quality, and biological variability in blood pressure. Moreover, blood pressure-time data

are mostly unavailable and not easily obtained in a non-invasive manner.

In general, the inflation technique exhibits several advantages and disadvantages. Ob-

vious pros are a) the testing of an intact specimen; b) the application of a realistic pressure

pulse, and c) the possibility to perform high resolution ultrasound, including geometry

and deformation assessment and, finally, d) reconstruct the latter in 3-D. Moreover, sam-

ples are fixed in a similar orientation to the in vivo situation, and are tested fresh. As a

consequence, the tissue will not be substantially degraded, which could result in a signif-

icant change in mechanical properties. An accompanying drawback is the success rate

of obtaining intact samples. Another drawback, which is prohibitive, is the availability of

the external branch. On the one hand it is necessary to be able to clamp it, keep the sam-

ple intact, and pressurise it. On the other hand, it could contain calcifications, resulting

in signal loss at the near wall location. Furthermore, presence of the ECA hinders proper
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segmentation of the vessel with the use of SAF, which will result in a non-physiological

geometry, motion and strain patterns near the bifurcation. Clamping of the segment

inhibits parts close to the cannulae to move freely, which in the diseased case may be

different for each sample due to the heterogeneity of the sample.

The absence of the adventitial layer, which in the healthy case is the most rigid part

of the vessel wall, could be a disadvantage as well. During vessel ageing, the medial

layer becomes more stiff and the intimal layer thickens (O’Rourke and Nichols, 2005;

Avolio et al., 1983), reducing the compliance of the vessel. Therefore, the adventitial

layer will have a reduced functionality compared to the healthy situation, allowing the

pressurization of the sample as performed here. In the previous studies, inflation tests

on atherosclerotic arteries with all three layers present were mainly performed on tissue

from autopsy (de Korte et al., 2000a; Schaar et al., 2002). A possible solution would be

the acquisition of additional 4-D in vivo echo data prior to surgery, and compare volume

changes and vessel compliance with the in vitro US data.

To arrive at more accurate mechanical properties from experiments, vascular material

should be tested at its in vivo length. Weizsäcker et al. (1983), showed that at this stretch

the axial force in the vessel is independent of transmural pressure. Healthy carotid ar-

teries typically exhibit an axial pre-stretch of 140 - 170%. For pathological tissue such as

plaques, this axial pre-stretch is very low (Pan et al., 1995; Yuan et al., 1998), if present

at all. Hence, atherosclerotic samples were tested without any pre-stretching, which also

prohibits samples from rupturing.

The pressure pulse should be realistic in both shape and magnitude, which ensures

realistic diameter and strain patterns over time. Moreover, the pressure pulses should

be consistent between measurements to prevent stitching artefacts in the reconstructed

3-D volume data and ensure that the deformation measured will be the result of the

same pressure load for all individual datasets acquired at different rotation angles. The

peak-systolic and end-diastolic pressure values show no significant deviations between

acquisitions at different rotation angles (Table 5.1). End-diastolic pressure values were

found to be slightly negative for samples V, VI, VIII and IX (p =−6.3 -−0.6mmHg), but

had no significant influence on the deformation. Three samples were pressurised below

70 mmHg out of precaution, since it was suspected that the samples would rupture at

higher systolic pressures. Importantly, the experimental strain values should be realistic

compared to the in vivo situation. A study by McCormick et al. (2012) estimated in vivo

strain in the human carotid atherosclerotic plaque. They found radial strain values in
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the range from 2-20%, which is similar to the 99th percentile range found in this study.

The in vivo blood pressure of the patients are available, which on average was 170 over

78 mmHg. For this reason, we chose to pressurise the sample from approximately 0

mmHg, the stress-free configuration, to 90 mmHg (on average), which matched the in

vivo pulse pressure. Consequently, data were obtained that enable the quantification of

the (local) mechanical behaviour for a wide pressure range. Furthermore, the unloaded,

stress-free geometry is available, which will prevent the use of backward incremental

methods, when using these data as input for future numerical modeling studies (Speel-

man et al., 2011).

In most CEA samples, the actual plaque is mostly located at the bifurcation site. As

a consequence, the geometry of the sample is not just a concentric or eccentric tube,

but more complex. Prior to inflation experiments, the ECA is sutured shut, close to the

bifurcation, ensuring the pressure pulse to only travel through the CCA and into the

ICA, but with the ECA still attached to the tissue sample. The SAF is, however, only

capable of assessing luminal and outer borders of a single vessel. Therefore, the SAF

based segmentation was manually adjusted and where possible the external branch was

discarded from the analysis. A realistic geometry is necessary, to purely track the ves-

sel wall. To allow proper comparison with CT, the external branch was also discarded

in CT post-processing. For samples III and VIII, a wide bifurcation was found, which

may partly explain the lower ISI values of these samples (< 0.7) compared to our previ-

ous study (Chapter 2). In that particular study, the samples had a much smaller ECA

segment, which enabled the segmentation algorithm to work properly. However, cutting

the tissue near the bifurcation resulted in damage and leaks. Hence, a larger part of

the ECA was preserved in this study, leading to more usable samples, but less optimal

segmentation results. Another reason for the relatively low ISI values is the often small

segmented area in the lumen. Before micro-CT imaging the lumen of the sample is dried

by flushing air through it. Possibly some of the fluid was still present, mimicking tissue

in the CT images, making it impossible to distinguish the lumen from the vessel wall

e.g., sample IV, Fig. 5.3). It must be noted and can be read from Table 5.2, that the ISI

values differ when compared locally, i.e., different regions revealed excellent to moderate

correspondence. A more sophisticated segmentation algorithm might overcome these

issues. Snake algorithms and Bayesian grey level statistics models have been reported

in literature (Lind et al., 2007; Fenster et al., 2006). Another possibility would be to use

the cross-correlation data of the displacement estimation algorithm in combination with
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active contours (Nillesen et al., 2011).

The global dynamic behaviour of the plaques was captured in PV-loops (Fig. 5.5),

clearly showing the non-linear behaviour of the material. The volume changes, as deter-

mined from the tracking software, show overall high consistency (Fig. 5.5). End-diastolic

wall and lumen volumes were compared with CT-based volumes in Figure 5.4. Most

samples show high consistency, where CT-based volumes are on average larger (15%)

than the US-based volumes, which rules out shrinkage caused by the formaldehyde fixa-

tion. All PV curves returned to their initial volume, an indicator for accurate and robust

displacement estimation, with the exception of sample II. This drift is caused by error

propagation during tracking, which is a common source of error. The fact that this phe-

nomenon is absent in most samples is encouraging.

Elevated compressive radial strain regions were found in the plaque shoulders, in

agreement with Lee et al. (1993); de Korte et al. (2000b); Liang et al. (2009). As can

be discerned from Figure 5.6 (samples VII and VIII), regions with positive tensile radial

strain are also present. These non-physiological strains can be caused by the boundary

conditions applied to the sample, i.e., cannulation, clamping of the segment, the potential

damage to the tissue inflicted during excision, and the presence of the non-pressurised

ECA. Tensile strains could also be a result of the erroneous tracking of water due to the

manual segmentation and the missing adventitial layer. On the other hand, the lack of

the adventitial layer and other surrounding tissue could result in higher compressive

strains at physiological pulse pressures compared to the in vivo situation. Furthermore,

signal loss due to severe calcifications, underestimation of the luminal area during seg-

mentation, and out-of-plane motion are other likely sources of error.

The results of a first, straightforward attempt to quantitatively compare the radial

strain to the global morphology of the plaque tissue can be found in Figure 5.7. No

normal distribution was found for the strains at end-systole, therefore, the data are repre-

sented as median, 75th and 99th percentile strain values for the entire volume (Fig. 5.7).

The choice for these parameters was based on the fact that calcified arteries are expected

to deform less, i.e., lower ’average’ or median strain values, whereas fatty regions will

introduce much higher strains and more variation in strain. Moreover, 99th percentile

strain values will probably have a better reproducibility than the maximum values (Speel-

man et al., 2008). The expected relation of median strain with the amount of calcified

tissue was not found, but in both cases the 99th percentile data did reveal a reasonable

trend, whereas the 75th percentile data only showed a reasonable trend regarding the
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calcifications. No relation was found between the average wall thickness and the strain

values. A next obvious step would be to compare strains on a local scale, using the CT-

based morphology for guidance. However, strains are not directly linked to differences

in material properties, they are merely the response of the complex tissue structure and

its properties to an increasing pressure load. Therefore, a combination with numerical

models is necessary for proper mechanical characterization andmorphology assessment.

In future work, the plaque geometry, and dynamic data need to be used in an in-

verse numerical modeling approach to identify the plaque components present, similar

to Baldewsing et al. (2004a). The boundary conditions, e.g., the applied pressure pulse

and clamping of the segment, will be incorporated in the model. The latter has been con-

sidered as a source for non-physiological deformation in the previous section, but will

in fact simplify the numerical model. The resolution and sensitivity of such an inverse

modeling approach needs to be investigated as well as a possible translation into clinical

practice.

In the in vivo case, 3-D(+t) ultrasound data are acquired with significantly lower tem-

poral and spatial resolution, less contrast (especially in highly calcified plaques), and with

less controlled hemodynamic conditions. A solution would be to acquire several high

resolution 2-D ultrasound (RF) datasets and use these as input for a generic numerical

model, based on experimental work comparable to the work presented in this chapter.

In this study, we presented an inflation testing method for atherosclerotic arteries,

applied to intact CEA samples. Ultrasound imaging was applied to assess the 3-D geom-

etry as well as the 3-D deformation of the plaque under controlled circumstances. The

US-based findings were compared to micro-CT imaging, which is considered to be the

gold standard. Ultimately, these data will serve as input for numerical models to iden-

tify plaque components and their mechanical properties to identify the plaque at risk,

which might become an additional value for the improvement of patient diagnosis and

intervention planning in the future.
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Abstract

Knowledge of the intrinsic material properties of healthy and diseased arterial tissue com-

ponents is of great importance for diagnostics. This study describes an in vitro compari-

son of 13 porcine carotid arteries tested using inflation testing combined with functional

ultrasound and biaxial tensile testing. The measured tissue behaviour was described

using both a linear model (neo-Hookean) and a two-parameter non-linear model (Demi-

ray). The shear modulus estimated using the linear model resulted in good agreement

between the two methods, GUS = 25± 5.7 kPa and GTT 23± 5.4 kPa. However, no signif-

icant correspondence was found for the stiffness parameter using the non-linear model

(aUS = 1.0 ± 2.7 kPa vs. aTT = 17 ± 8.8 kPa, p ∼ 0), whereas the exponential parameters

were similar (bUS = 12 ± 4.2 vs. bTT = 10 ± 1.7, p > 0.05). Estimation of more com-

plex models in vivo is cumbersome considering the sensitivity of the model parameters

to small changes in measurement data and the absence of intraluminal pressure data,

endorsing the use of a simple, linear model in vivo.
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Introduction

Methods to non-invasively diagnose arterial dysfunction are of great clinical interest. The

current diagnostic methods in e.g., carotid atherosclerosis, are based on geometrical in-

formation which does not provide any functional information on the vessel at risk and

result in overtreatment of the patient population of around 80% (Rothwell and Warlow,

1999; ECST, 1998). Vascular strain imaging and elastography are non-invasive tech-

niques, allowing the assessment of strains and mechanical properties of the arterial wall

from ultrasound, respectively (de Korte et al., 1998; Baldewsing et al., 2004a; Fromageau

et al., 2008; Schmitt et al., 2007). This technique, however, has been validated experi-

mentally on simple phantoms with known properties (Ryan and Foster, 1997a; Ribbers

et al., 2007; Cinthio et al., 2010; Larsson et al., 2014; Widman et al., 2014), and on bio-

logical vascular tissue (van den Broek et al., 2011; Lopata et al., 2014; Keyes et al., 2013).

Studies that compare the results to another method are scarce.

Several experimental methods to acquire material properties of different vascular tis-

sue components have been described in literature. Tensile testing, either uniaxial or

biaxial, is most commonly applied. Both tests apply a stretch to the tissue, and the result-

ing force is measured. For vascular tissue, biaxial tensile testing is preferred over uniaxial

testing, because of the tissue’s anisotropy and the loading of the tissue in all directions

in vivo. Several studies reported on uni- and biaxial tensile testing of carotid arteries with

or without atherosclerotic plaque (Choserot et al., 2005; Lawlor et al., 2011; Maher et al.,

2009; Kural et al., 2012), but also for coronary arteries (Karimi et al., 2013; Lally et al.,

2004), and healthy or aneurysmal aortic tissue (Holzapfel and Ogden, 2006; Duprey

et al., 2010; Nicosia et al., 2002; Okamoto et al., 2002). Inflation testing is a method

that tests and characterises the arterial tissue under more physiological circumstances in

vitro, that is, less destructive, and was previously employed on several types of arteries

(Vychytil et al., 2010; Agianniotis et al., 2012; Schulze-Bauer et al., 2003; Lopata et al.,

2014; Beattie et al., 1998, and Chapter 3 of this thesis).

For mechanical characterization of tissue, the change in both luminal diameter and

wall thickness needs to be assessed. Moreover, the local radial displacements and strains

in the wall can be of interest to understand the mechanical behaviour of the tissue. Both

can be measured with ultrasound (strain) imaging techniques, either in vivo or using

the in vitro inflation method. From the raw ultrasound data, local deformation fields are

estimated and displayed as colour overlay over the regular B-mode images, i.e., strain

imaging (Ophir et al., 1991). The combination of inflation testing and ultrasound strain
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imaging was demonstrated in healthy and atherosclerotic tissue (Ribbers et al., 2007,

and Chapter 2), and in other types of arteries, mostly in a quasi-static fashion (de Korte

et al., 1998; Schaar et al., 2003b; Brusseau et al., 2001; Lopata et al., 2014).

One step beyond strain imaging, is so-called elastography or elastometry. Vascular

elastography aims to identify the local mechanical properties of vessels in vivo, using

invasive or non-invasive ultrasound imaging (Baldewsing et al., 2004a; Maurice et al.,

2008). Elastometry is defined as the estimation of a global parameter set from ultra-

sound data (Bensamoun et al., 2008; Saito et al., 2004). The validation of vascular strain

imaging and vascular elastographic related techniques, is mainly based on simulation

and phantom studies. The main advantage of simulation data is the known ground truth

of the motion and deformation, however, the contrast of the images and speckle patterns

are unrealistic. The same disadvantages are valid in the phantom studies, which have the

advantage of known material properties and geometry. To validate results from vascular

elastometry, biaxial tensile testing has proven to be a good candidate. The direction and

magnitude of the forces acting on the vessel sample can be matched between both meth-

ods. Lopata et al. (2014) have shown good agreement between the two methods, when

modelling the porcine aortic arterial wall as a neo-Hookean solid.

By choosing an appropriate material model, the intrinsic material properties of the

tissue can be estimated, which requires not only information on deformation of the tis-

sue, but also the force causing it. Numerous material models are found in literature. The

arterial wall is mostly described as a linear or non-linear hyperelastic solid material, im-

plying that the stress-strain relation is derived from a strain energy density function. The

constitutive material models advance from one parameter models, e.g., neo-Hookean; to

two-parameter models, e.g., 2-term Ogden, Fung, Demiray, Mooney-Rivlin; to non-linear,

fibre-reinforced models, such as the ones described in Holzapfel and Gasser (2000);

Gasser et al. (2006); Driessen et al. (2005). For translational purposes simple models are

required, because the number of parameters to be obtained from clinical data is small.

Moreover, the stress-strain relation of vascular tissue in the physiological range is quite

linear, hence the use of more simple models is preferred.

In this study, the focus will be on the validation of vascular elastometry with actual

biological tissue, i.e., the carotid artery. Moreover, in contrast to Lopata et al. (2014), the

inflation experiments will be carried out dynamically, in physiological saline solution,

and at body temperature. Thirteen porcine carotid arteries were examined using vascular

elastometry while subjected to inflation testing under physiological circumstances, and
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results were compared to the results from biaxial tensile testing on the same arteries.

The comparison was established by modeling the stress-strain data using two relatively

simple models, a linear 1-parameter model and a non-linear 2-parameter model. The

models were chosen to have a minimal number of parameters, and to allow accurate

estimation of the material parameters from this type of experimental data.

Materials and Methods

Inflation testing

Sample preparation and data acquisition

Porcine carotid arteries were obtained from a local slaughterhouse (n=13). The pigs were

between 5 and 6 months of age, and had a body weight in the range of 100-120 kg. The

arterial segments were excised from the aortic arch to the bifurcation (common carotid

artery), at the left side. The arteries were frozen at -20 ◦C within two hours after excision.

For inflation testing, the carotid arteries were thawed, excess material was removed from

the total length of the segments, and tested for any leaks. The extracted samples had

a stress-free length of about 30 mm, and were selected to have a similar diameter (3.4

mm ± 0.5 mm). Cannulas were inserted and suture-fixed on both the proximal and

distal end of the artery. The artery was fixed in a mock circulation set-up, described in

van den Broek et al. (2011, Chap. 2) (Fig. 6.1a). Next, the artery was both axially and

circumferentially pre-conditioned, by stretching the artery 5 times from l0 to its in vivo

length, λz = 1.6, while being pressurised. The pre-stretch was determined from non-

published data, where axial force and pressure measurements were performed during

inflation testing. The arteries were perfused and surrounded with phosphate buffered

saline, at a temperature of 38.5 ◦C. Each sample was continuously pressurised with a

dynamic pulse, using a pump driven by a proportional pneumatic valve, with pressures

ranging from 0 to 120 mmHg. This pressure range was chosen, because the load-free

situation is required for the model parameters. To verify the results obtained with the

dynamic setup, three out of thirteen arteries were also subjected to a static inflation test.

A water column was used to pressurise the samples from 0-120 mmHg in steps of 10

mmHg (∼1 min. for each pressure step), similar to the study by Lopata et al. (2014).

The intraluminal pressure was recorded with a pressure wire (St. Jude Medical, St.

Paul, Minn., USA). The geometry and distension of the arteries was assessed using a

MyLab70 ultrasound system (Esaote, Maastricht, The Netherlands), equipped with a 2-

D linear array transducer (LA-523), with a centre frequency of 8 MHz, acquiring 38 RF

lines/cm, including raw radio-frequency (RF) output. A longitudinal cross-section of 34

mm was imaged for each artery during six cardiac cycles.
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p

y (=circumferential)

z (= longitudinal)

Inflation Biaxial tensile test

(b)(a)

Figure 6.1: Schematic representation of both experimental methods used, inflation testing and

biaxial tensile testing. The coordinate systems used in this study are indicated in the graph.

Cylindrical coordinates were used for the inflation test, and the tensile test was described in

Cartesian coordinates.

Data processing

The wall of the carotid artery was automatically segmented using the sustain attack filter,

applied to the envelope of the RF data (Meinders et al., 2001, and Chap. 2). The resulting

segmentation was corrected when necessary. Next, the original RF data were processed

using a 2D coarse-to-fine displacement estimation algorithm (Lopata et al., 2009b). A

two-step approach was used, for which the parameter settings are described in Chapter

3 of this thesis, resulting in displacement fields with a resolution of 0.3 mm by 0.7 mm.

Next, the displacements were used to track the material points in the wall, as found by the

sustain attack filter. From this, diameter, d(t), and wall thickness, h(t), were assessed

over time, serving as input for the constitutive material models. All data analyses were

based on the central 40 RF lines of the data, equal to the centre part (1 cm) of the artery,

ensuring the lack of boundary effects. Furthermore, the analyses were carried out in the
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systolic phase, from minimum (0 mmHg) up to the maximum pressure (120 mmHg).

Tensile testing

Sample preparation and data acquisition

After inflation testing, the porcine carotid arteries were cut in square samples of approxi-

mately 10 by 10 mm. Tensile tests were performed in duplicate for each artery using two

different samples (= 26 samples in total). The samples were marked with graphite par-

ticles, enabling deformation assessment via image analysis. Each sample was mounted

into a biaxial tensile testing device (CellScale, Waterloo, Canada). Four rakes, each con-

sisting of five hooks, were attached to the sample, leading to a square testing area of 6.4

by 6.4 mm. The sample was excised from the carotid, ensuring that the two directions

of tensile testing, i.e., the directions on which the forces act on the tissue via the hooks,

correspond to the circumferential and longitudinal direction of the vessel (Fig. 6.1b).

The samples were pre-conditioned by applying ten cycles of 1.1 stretch ratio in both

directions. After pre-conditioning, a longitudinal pre-stretch of 1.6 was applied, corre-

sponding to the pre-stretch in the inflation experiment. This stretch was kept constant

during the stretching in circumferential (y) direction. The stretch in y-direction, was in-

creased from 1.0 to 1.4 in steps of 0.05 at a stretch rate of 0.02 s−1. Between each cycle,

the tissue sample was unloaded for 5 s. This allowed the tissue and fibres to relax and

return to their initial configuration. Images were taken by a digital photo camera at a

frequency of 1 Hz. All tensile tests were performed at 38.5 ◦C, matching the inflation

experiments and body temperature.

Data processing

The images acquired during the tensile tests were analysed using image registration soft-

ware (LabJoy c© by CellScale, Waterloo, Canada). A square grid of 9 by 9 cells was placed

in the centre of the first image prior to circumferential stretching, corresponding to a grid

of approximately 2 mm by 2 mm. Each grid point was tracked during the entire stretch

cycle. The deformation fields were computed from these data as described in Geers et al.

(1996).

Mechanical characterization and validation

Neo-Hookean model

Two models were chosen to characterise the material properties of the vascular tissue.

First, the neo-Hookean material model was used, thereby assuming linear, isotropic ma-

terial behaviour and incompressibility of the tissue. The neo-Hookean model is valid for
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large strains, whereas Hooke’s law is not. The model was fitted to both the inflation and

tensile test data. The resulting material property, in this case the shear modulus (G), was

compared between the two different experimental methods. The stress-strain relation for

a neo-Hookean material is given by:

σσσ = −p0III + G(BBB − III) (6.1)

with B = FFT , the Finger deformation tensor, with F the deformation gradient tensor,

G the shear modulus and p0 the undetermined hydrostatic stress. The diagonal compo-

nents of the deformation tensor are given in cylindrical coordinates for the inflation test

(the off-diagonal components are zero):

λr =
R

rkλz
, λθ =

rk

R
, λz =

l

l0
. (6.2)

Parameters, r and R, describe the radius in the deformed and stress-free configuration,

respectively (as illustrated in van der Horst et al. 2011). The residual stress is taken

into account by means of k , which is dependent of the opening angle α, where k =

2π/(2π − α). From equations 6.1 and 6.2 the following stress-stretch relationship can

be derived for the inflation test:

σθθ − σr r = GUS(λ
2
θ − λ

2
r ) (6.3)

with σθθ and σr r the circumferential and radial Cauchy stress, respectively. From the

conservation of momentum, and assuming axi-symmetry and neglecting edge effects,

the following equation holds:

δσr r
δr
+
σr r − σθθ
r

= 0 (6.4)

The classic solution to this differential equation by Lamé was employed (e.g. El-Kurdi et

al. 2008) using the boundary conditions, σr r (r = ro) = 0 and σr r (r = ri) = −p to derive

the Lamé stress components in radial and circumferential direction:
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σr r =
r 2i p

r 2o − r
2
i

(1−
r 2o
r 2i
), and σθθ =

r 2i p

r 2o − r
2
i

(1 +
r 2o
r 2i
) (6.5)

with ri and ro the inner and outer radius respectively, and p the intraluminal pressure.

The mean wall stress difference can be calculated using integration, yielding:

σθθ − σr r =
4 · p · r 2o · r

2
i · log(ro/ri)

(r 2o − r
2
i )
2

(6.6)

Similarly, for the biaxial tensile test, the following equation can be derived in Carte-

sian coordinates (see Lopata et al. (2014)):

σyy =
frakes
A
= GTT (λ

2
y −

1

λ2yλ
2
z

) (6.7)

with the stress now calculated from the force measured, frakes , which is the force exerted

during biaxial testing in the circumferential direction, and A the updated surface on

which the force was exerted. λy is the stretch in circumferential direction, applied during

the tensile testing experiment. The shear modulus, obtained by tensile testing, is referred

to as GTT , and λz was set to 1 as discussed in Lopata et al. (2014). Finally, the shear

moduli GUS and GTT were estimated from the experimental data using a least squares

estimation procedure implemented in Matlab c© (Mathworks, Natick, MA, USA). The

allowed parameter range for G was set to 1 kPa - 10 MPa for both inflation and tensile test

data and the initial guess was set to G = 20 kPa. To allow comparison of both methods,

the analyses were performed in the same stress range.

Demiray model

The Demiray (or Delfino) material model was chosen as an example for a 2-parameter

model which has been used to describe the material behaviour of cardiac tissue and

carotids (Demiray, 1972; Delfino, 1996; Leach et al., 2010a). Furthermore, this model

exhibits stable behaviour under dead-loading conditions (Ogden, 2003). The strain en-

ergy density function is:

W =
a

b
[exp(

b

2
(I1 − 3))− 1] (6.8)
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Experimental data 

US: p,d,h, z 

TT: F,A, y, z 

neo-Hookean Demiray 

Full  

pressure range 

Incremental 

pressure range 

Figure 6.2: Flowchart describing the experimental and numerical work in this study.

now with a the stiffness parameter, and b a dimensionless, non-linear parameter, and I1

the first invariant of B. Similar to neo-Hookean, the stress difference for the inflation test

is:

σθθ − σr r =
a

2
(λ2θ − λ

2
r ))e

b
2
(λ2r+λ

2
θ+λ

2
z−3) (6.9)

and for the tensile test this is:

σyy − σxx =
a

2
(λ2y −

1

λ2yλ
2
z

)e
b
2
( 1

λ2y λ
2
z
+λ2y+λ

2
z−3)

(6.10)

The two parameters, a and b, were both estimated using the same parameter fitting

algorithm, again using the Lamé stress derivative as described in equation 6.6. Based

on a previous study (Delfino, 1996), the allowed parameter ranges were set to: a ∈ [0

1 · 105 kPa], and b ∈ [0 50], and the initial guesses for a and b were 2.5 kPa and 3,

respectively. Different starting parameters resulted in the same global minimum of the

fitting procedure.

Data Analysis

Data were analysed for all experiments according to the flowchart in Figure 6.2. The

material parameters were estimated for the full pressure range of 0 - 120 mmHg for the

dynamic inflation test (n = 13) and for the subgroup that were subjected to the static in-
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(a) (b)

Figure 6.3: a) Pressure diameter curves. The reproducibility is shown for four different vessels

(nrs. 5 - 8) showing the pressure-diameter curves for two different pressure cycles. b) the

pressure-diameter curves, for the static and dynamic inflation experiment.

flation test (n = 3) for comparison. The incremental shear modulus was estimated for the

dynamic inflation data as well, which was estimated within the 80 - 120 mmHg range.

A small phase difference existed between p(t) and d(t) for the dynamic data, which was

corrected for by matching the maximum pressure p, with the maximum diameter, d ,

and accompanying wall thickness, h. For comparison, the material parameters were esti-

mated from the tensile testing data for matching stress ranges, where σr r was assumed

to be −p/2. Residual stress was incorporated, where α was set to 74◦ (Vychytil et al.,

2010).

Histology

Small rings with a thickness of approximately 1 mm were cut from the centre of the ves-

sels prior to tensile testing for histological purposes. Vessel rings were fixated in 4%

formaldehyde for 24 hours, and were routinely processed for paraffin embedding using

conventional techniques. To distinguish and quantify arterial structure, i.e., the intima,

media and adventitia, a standard hematoxylin eosin staining was performed. The histo-

logical samples were visualised using the Zeiss Axio Observer Z1 inverted microscope

outfitted with a Plan-Neofluar 5x/0.13 objective (Carl Zeiss, Oberkochen, Germany).

Results

Static vs. dynamic

Pressure-diameter curves from four randomly chosen samples are shown in Figure 6.3a.

In this figure, results from two subsequent pressure cycles are visualised, indicating the
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(a) (b)

(c)

(a (b)(a)

(c)

Figure 6.4: Stress-strain curves of the inflation experiment (black) and the tensile test (grey).

The shaded areas represent the variance within one standard deviation. a) shows the variance

seen in the Finger strain, and b) indicates the variance in the Cauchy stress for all thirteen

carotid arteries. c) The mean stress strain curve is displayed, with the fit for the neo-Hookean

model, both over the full stress range, as over the physiological stress range, and the Demiray

model for the inflation testing (US, solid lines) and the tensile testing (TT, dashed lines).
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Figure 6.5: Bland-Altman plot comparing the shear

moduli estimated from the inflation experiments

and tensile test.

reproducibility of the pressure-diame-

ter data. Three samples underwent

both static and dynamic pressuriza-

tion (Fig. 6.3b). In general, the

pressure-diameter curve based on the

static data reveal a slightly different

shape compared to the dynamic data.

The diameters show an acceptable

deviation between both experiments

at start and end point (< 257 µm

∼ one wavelength of the ultrasound

data acquired), which confirms that

the starting point, i.e., segmentation,

and tracking were similar to those

of the dynamic pressurization experi-

ment. Moreover, G obtained from the

dynamic data had a mean of 34 kPa (± 10 kPa), whereas for the static data a shear mod-

ulus of 21 kPa (± 5.1 kPa) was found (n=3). The Demiray model was also fitted to these

data. For the dynamic data a range for a was found from 0.04 kPa to 3.8 kPa, and for b

from 5.8 to 13. For the static data higher consistency was found, in a range of 0.4 kPa to

0.8 kPa for a and 7.4 to 8.8 for b.

Inflation testing vs. Tensile testing

Stress-strain curves are shown in Figure 6.4, where the shaded areas indicate the vari-

ance in (one standard deviation, SD) in both Cauchy stress (Fig. 6.4a) and Finger strain

(Fig. 6.4b) for all 13 carotid arteries, revealing the variation in responses of the different

carotids. The stress-strain curves have a similar shape, however, because of the resid-

ual stress incorporated in the inflation experiment, the onset of the strain is negative.

This effect is not found in the tensile data since the circumferential stretch (λz ) was kept

at 1. The Finger strain, at maximum Cauchy stress (52 ± 8.9 kPa), was 54% ± 8.2%

for the inflation experiment and 61% ± 8.2% for the tensile test (referring to mean ±

SD, remainder of this chapter). Furthermore, the mean stress-strain curves were fitted

with both material models, the incremental shear moduli were estimated as well (Fig.

6.4c), showing that the Demiray model can describe the non-linear stress-strain relation

properly. Mean parameter values are listed in Table 6.1.
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Figure 6.6: Box and whisker plot representation of

the Demiray parameter estimates (a and b) in the

full pressure range, for inflation testing (US) and

tensile testing (TT). The red circles indicate the

parameter estimates from the mean stress-strain

curve.

The shear modulus (G) was deter-

mined, using the neo-Hookean mate-

rial model, for each artery for both

experiments, GUS = 25 ± 5.7 kPa

and GTT = 23 ± 5.4 kPa (Table 6.1).

The Bland-Altman analysis revealed

a small bias (GUS-GTT = 2.4 ± 5.1

kPa. Moreover, all samples were found

within the limits of agreement (Fig.

6.5). A paired t-test confirmed the

finding of a fixed bias with p < 0.05.

Incremental shear moduli were

calculated for all arteries from a point

where the Cauchy stress was equal

to 25 kPa, which on average corre-

sponded to 80 mmHg in this study.

The incremental shear modulus was found to be 153 kPa ± 71 kPa for the US data and

121 kPa ± 25 kPa for the TT data.

No correspondence was found between the estimated stiffness parameters a from the

non-linear 2-parametermodel when comparing inflation and tensile testing, however, the

non-linearity parameters b were in agreement. Parameter estimates were acquired at the

local minimum of the cost function, resulting in good fits (mean r 2 of 0.99). However,

the parameter estimates showed a large spread (Fig. 6.6) with aUS = 35 Pa ± 39 Pa

and bUS = 12 ± 2.5 (median ± IQR). For the tensile testing aTT = 13 kPa ± 15 kPa and

bUS = 10 ± 2.2 were found (see Table 6.1 for the mean values). No significant difference

was found for the non-linear parameter b, for p < 0.05. The Demiray parameters were

determined for themean stress-strain curves as well, indicated as the red circles in Figure

6.6. For inflation testing, aUS = 0.3 kPa and bUS = 8.7 were found, while for the tensile

testing data aTT = 16 kPa and bTT = 9.4. Additionally, histology revealed no abnormalities

in the structure of the carotid arteries.

Discussion

In this study, porcine carotid arteries were mechanically characterised by means of infla-

tion testing and biaxial tensile testing using both a linear and non-linear material model.

While comparing inflation experiments with tensile testing, little bias was found between



| 105

Table 6.1: Material parameter estimates for both the neo-Hookean as the Demiray strain

energy density function for the inflation experiment (US) and the biaxial tensile test (TT).

Estimates are displayed as mean ± the standard deviation. Parameters estimated from the

mean stress-strain curve are displayed between the round brackets.

neo-Hookean Demiray

G [kPa] Ginc [kPa] a [kPa] b [-]

US0−120 25 ± 5.7 (34) 153 ± 71 (157) 1.0 ± 2.7 (0.3) 12 ± 4.2 (8.7)

TT 23 ± 5.4 (36) 121 ± 26 (129) 17 ± 8.8 (16) 10 ± 1.7 (9.4)

the parameter estimates when describing the material as a neo-Hookean solid. All data

showed similar material behaviour, resulting in comparable material properties, with a

shear modulus around 24 kPa (approximately agreement with Vychytil et al. (2010)), over

the full pressure range at λz = 1.6. The stress-strain curves showed a different behaviour

at the onset of inflation, caused by the residual strain, which resulted in compression at

the onset of the inflation.

Neo-Hookean model

As already mentioned, a similar study was previously performed on porcine aortas (Lo-

pata et al., 2014). However, some methodological differences can be indicated in the

current study. The carotid artery has a smaller diameter and smaller wall thickness com-

pared to the aorta. Hence, a high resolution is needed and relatively small displacements

need to be measured, approaching the physical limits of the US system. Moreover, a

dynamic pulse was applied to the artery. Although the pressure pulse had the same

magnitude as the pressure applied in the static experiment, the pulsatile behaviour may

lead to different results due to the visco-elastic behaviour, which was actually observed

in this study. The static experiment has the advantage of little out-of-plane motion and a

very controlled, more accurate pressurization. However, the small levels of visco-elastic

behaviour can be more dominant due to the longer time between subsequent pressure

steps in the static approach. Finally, the carotid arteries were tested in phosphate buffered

saline and at body temperature, which was not the case in the study on aortas.

Considering the geometry of carotids, the arteries were modelled as thick-walled

cylinders and residual stresses were taken into account, gaining a more reliable solu-

tion for the parameter estimation. The opening angle was determined for several carotid

rings, however, the opening angle measured ranged from 0◦ to 90◦. Experimentally ob-

taining the opening angle is easily prone to a large error which was already discussed
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previously (Rachev and Greenwald, 2003). The open-sector geometries do not resemble

a perfect circle with a uniform wall thickness and. Van der Horst et al. (2011) reported

the use of an optimization method to determine the opening angle of the coronary artery.

The axial force, necessary for this optimization procedure is missing in this study, hence

the value was set to 74◦ as reported in Vychytil et al. (2010).

The magnitudes of the stress-strain levels found in this study are in correspondence

with those reported in Cox (1975) and Silver et al. (2003). However, studies on the com-

parison of inflation testing and biaxial tensile testing are rather scarce. In a study by Keyes

et al. (2013) a significant difference between both in vitro inflation testing and biaxial ten-

sile testing on porcine coronary arteries was found, when estimating the circumferential

mean tangential modulus. They determined the outer diameter change optically. Diame-

ter changes were also determined in the coronaries using ultrasound while the artery was

still embedded in the heart. From these data a good correspondence was shown with the

biaxial tensile test. Other similar studies mainly determined the Young’s modulus and

found good agreement between inflation experiments and bi-axial tensile testing (Dutta

et al., 2013; Kim et al., 2008). Although the Young’s modulus is also a linear elastic pa-

rameter, it is only valid for small strains, whereas the neo-Hookean model can also be

applied to describe linear elastic behaviour for larger strains such as the ones found in

this study.

Some spread was found within the different testing methods. The shear modulus

revealed a standard deviation of approximately 6 kPa for both experimental methods.

This could be explained by differences inmorphology, measurement errors and biological

variability. Results from histology showed that the intima-media complex was still intact

and that the adventitial layer was still present, indicating that the mechanical behaviour

of the complete vessel wall was tested here. Moreover, some loose connective tissue was

not completely removed for all vessels. This tissue was assumed to have no significant

role in the mechanical behaviour of the vessel wall.

Segmentation of the vessel wall was carried out automatically, with the exception of

some manual adjustments in case of obvious errors, possibly caused by reflections of

said loose connective tissue. The resulting overestimation of the vessel wall thickness

will result in underestimation of the shear modulus, which possibly was the case in one

sample (nr. 10). Another source of error could be the longitudinal positioning of the

arterial segment within the pig. The porcine common carotid changes from a muscular

artery at the distal end to an elastic vessel near the aortic arch. Despite the strict protocol,
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differences in anatomy between pigs could have resulted from the fact that samples were

taken at different locations along the length of the artery. However, from histology no

clear relation was found between the amount of media and the shear modulus.

With regard to the differences between the static and dynamic inflation testing of

the arteries a stiffer response (higher G) for the dynamic condition was found, which

was confirmed in a study by Lichtenstein et al. (1998). The different response of the

diameter change to the applied pressure, either static or dynamic, is due to the visco-

elastic behaviour of the arterial wall. The mechanical response of a visco-elastic material

depends both on the force applied (elastic) and on the time it acts (viscous). We found a

small bias between pulsatile pressurization and the biaxial test, while the bias would be

even larger for the static inflation, which is not in agreement with Lopata et al. (2014).

This inconsistency between the studies could be attributed to stretching the inner layer

by flattening the tissue at the onset of the biaxial tensile test, in the current study, which

was less relevant for the relatively thin-walled aorta.

Demiray

Regarding the more complex, non-linear, 2-parameter model by Demiray, a larger spread

was found within the parameter estimates, and no clear agreement was found between

the two experimental methods for the stiffness parameter a. The mean stiffness param-

eter a was found to be approximately 17 times higher for the tensile testing data. The

negative onset of inflation testing caused by pre-stretching explains the difference in a.

The exponential coefficient b revealed better similarity between both experiments, which

is in correspondence with the shapes of both stress-strain curves (Fig. 6.4). The large

spread in parameter estimation could be caused by non-uniqueness problems that can

occur when using a least-squares optimization procedure, which is due to the associ-

ated sensitivity to small changes in the data (Holzapfel and Gasser, 2000; Fung, 1990).

Furthermore, this large spread in the parameter estimates is a result of relatively small

deviations in the raw data. In clinical studies the spread in data is expected to be larger,

therefore, translation to clinical studies using this model would not be straightforward.

Moreover, during inflation testing, stress is not equally distributed over the vessel

wall layers, while for tensile testing this is approximately the case. This can result in less

contribution of the adventitia, and more of the intimal layer. Delfino (1996) performed

inflation experiments on aged (30 - 42 yrs) human carotid arteries from autopsy, using

a thick-wall approach. Parameters were estimated to be 44 kPa for a and 16 for b. The

lower stiffness parameter found in this study can be explained by the use of porcine ma-
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terial obtained from young animals. This is corroborated by the fact that at 120 mmHg,

Delfino (1996) found a circumferential stretch of 1.2, whereas in this study an average

circumferential stretch of 1.6 was found. Since both parameters are mutually dependent,

this will also influence b. However, it must be noted that Delfino (1996) applied an axial

pre-stretch of 1.1 (obtained from in situ measurements).

In a study of Keyes et al. (2013), a model by Fung was fitted to similar data obtained

in coronary arteries. No match in the stiffness parameter was found when comparing

inflation and biaxial testing, similar to this study. The lower stiffness found in the bi-

axial testing data in that study was also attributed to the uncrimping of collagen fibres

when flattening the tissue, which was observed in micro-structural analysis. Another

commonly used model to describe the arterial wall, is the model by Holzapfel and Gasser

(2000), which also takes the anisotropy of the vessel wall into account. Two stiffness

parameters, linear and non-linear, a dimensionless parameter and a fibre angle need to

be estimated, increasing the model complexity vastly. This model has been applied to

coronary data as described by van der Horst et al. (2011) and was also considered for this

study. However, a limitation in the current in vitro study is the lack of axial force mea-

surements, which were used to enhance the accuracy of the non-linear model fit, while

reducing the spread in the parameter estimates. However, it would never be possible to

obtain the axial force data in vivo.

Future work, recommendations

Future work would include the translation towards the clinic, by characterizing the vessel

using dynamic data obtained in the 80 - 120 mmHg regime only. Important issues here

are the accurate segmentation of both the lumen and the wall thickness. Most appropri-

ate would be to assume the wall thickness to be equal to the intima-media thickness,

which can already be determined in clinic automatically using ultrasound (Bianchini

et al., 2010; Beaussier et al., 2008). However, in vivo conditions are less controlled, in-

cluding the pressure and resulting levels of strain, and the amount of out-of-planemotion

present. Furthermore, the acquisition of pressure-time data, required for the modeling

equations, is not trivial in vivo. Besides, regarding the non-linear model, the situation

at zero pressure needs to be known, which will likely introduce a huge uncertainty in

the model parameter estimates. Hence, the estimation of an incremental modulus is

probably more feasible, especially when considering the extent to which data that can be

obtained in vivo.



| 109

Conclusion

In this study, vascular elastometry method was demonstrated in porcine carotid arteries

and compared to tensile testing. For the non-linear model, little agreement was found

between the two methods, due to the difference boundary conditions between the ex-

periments. The linear model, however, was not sensitive to this difference, and showed

good agreement between the moduli obtained from both experimental methods. Hence,

validation of elastometry on biological tissue was achieved.
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Abstract

Carotid arterial hypertrophy is found in patients suffering from hypertension, which

mostly effects the medial layer. When comparing age and sex matched patients, the

mechanical properties of the total wall do not differ. However, the different layers could

exceed different properties, compared to the normotensive group (NT), in hypertensive

patients (HT). The aim of the present study was to examine whether hypertension differ-

entially affects the inner, median and outer layer of the arterial wall, and whether this can

be assessed in vivo in humans using ultrasound strain imaging.

Motion and strain imaging were performed on the radio-frequency (RF) data of the

common carotid artery from 19 NT and 19 HT patients. In addition, applanation tonom-

etry was used to acquire each patient’s carotid pressure curve. The radial strain, distensi-

bility, and incremental shear modulus were estimated. Patients were paired by matching

age and sex and results were compared.

Lower end-systolic radial strains were found in the HT group for all three tunics,

with ǫNTrr = 7.9% ± 3.6%; ǫHTrr = 7.5% ± 3.7%, whereas the distensibility was found to

be slightly higher, DNT = 19 ± 11 ·10−3 kPa−1; DHT = 20 ± 13 ·10−3 kPa−1. The shear

modulus was found to be GNT = 176 kPa ± 52 kPa; GHT = 163 kPa ± 62 kPa. One-way

ANOVA indicated no significant difference in parameters between the groups. These

results confirm the findings that the mechanical properties do not significantly differ

between NT and HT subjects. Additionally, no significant differences were found when

comparing the average radial strains in the different vessel wall layers.
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Introduction

Arterial stiffness is now established as a major indicator of target organ damage (Mancia

et al., 2013) since it is associated with increased cardiovascular risk and helps reclassify

patients at higher or lower risk (Ben-Shlomo and Smith, 1991). Cross-sectional stud-

ies (Reference Values for Arterial Stiffness Collaboration, 2010) and longitudinal studies

(Benetos et al., 2003; Lakatta and Levy, 2003), have shown that arterial stiffness increase

is faster in the presence of cardiovascular risk factors, among them hypertension. Since

the passive loading of the arterial wall recruits progressively stiff collagen fibres, it is

mandatory to interpret stiffness as a function of stress.

Blood pressure is converted into circumferential wall stress in the thick arterial wall.

Because the artery hypertrophies in response to hypertension, circumferential wall stress

is not increased as much as expected, and the tissue accumulating during the hypertro-

phy process does not have the same properties as the native tissue. Therefore, although

hypertension is accompanied by increased stiffness at operating pressure, when inter-

preted at a given pressure (or wall stress), the stiffness of the arterial tissue is not in-

creased (Laurent et al., 1994; Bussy et al., 2000).

Still, some questions remain. The distribution of circumferential wall stress within

the wall thickness is unknown and subject to interpretations (Mohand-Kaci et al., 2012;

Zidi and Cheref, 2003). The dominant view is that among the three tunics of the arteries,

the intima withstands the least circumferential wall stress. The media is bearing most of

it at near physiological pressures, whereas the adventitia plays a more dominant role at

supraphysiological pressures. However, this has never been assessed in human, although

in vitro experiments have been performed and confirmed this (Sommer et al., 2010).

Strains can be measured in the arterial wall using the strain imaging algorithm as

described by Lopata et al. (2009b) and in Chapter 3 of this thesis. Briefly, we are able

to measure the strain of the three different layers within the arterial wall. The inner

layer encompassing the intima and inner media, the median layer encompassing mostly

the media and the outer layer encompassing the adventitia. We hypothesised that the

three layers within the arterial wall thickness exhibits different mechanical behaviour

between normotensive and hypertensive patients. Additionally, the elastometry method

as validated in Chapter 6, was utilised to determine and confirm previous findings, that

the global arterial stiffness is similar in both groups. Thus, the aim of the present study

was to investigate whether that hypertension differentially affects the inner, median and

outer layer of the arterial wall, using ultrasound strain imaging in vivo in human.



114 | Vascular Elastometry: First In Vivo Experience

Materials and Methods

Nineteen normotensive subjects (aged 34 - 69 years) and nineteen essential hypertensive

subjects (aged 35 - 71 years) were included in this study. A subject was indicated as

normotensive, when the blood pressure (BP) values were below 140/90 mmHg after 5

minutes in the supine position. Subjects included were non-smokers, had a BMI between

18 and 30 kg/m2, and had a normal biological check-up and ECG.

Essential hypertension patients, stage I-III, were included in the study, all with a

BP over 140/90 mmHg, again after remaining in the supine position for five minutes.

The HT patients matched the age and sex of the NT subjects (± 1.6 years). The hyper-

tensive subject group was either untreated (no anti-hypertensive medication) or insuffi-

ciently well-balanced under stable treatment for over 6 months. Furthermore, no carotid

pathologies, secondary hypertension, type I diabetes, or other cardiovascular pathologies

were present.

Two-dimensional B-mode ultrasound images were acquired using a Mylab70 system

(ESAOTE, Maastricht, The Netherlands). The system is equipped with a 2-D linear array

probe, recording 38 lines/cm, at a frame rate of 62 frames/s. Both the left and right

carotid artery were imaged, when the patient was in the supine position. Data for one

cardiac cycle of either the left or right common carotid artery were analysed for each

patient. The dataset selection was based on: (1) little to no movement, (2) a clear lumen-

blood transition, (3) and a consistent diameter course over time in M-mode. Systolic

(ps ), diastolic (pd ) and mean arterial pressure (pm) values were recorded right after image

acquisition using a brachial cuff. Applanation tonometry (Sphygmocor, AtCor Medical,

West Ryde, Australia) was performed to acquire the carotid pressure waveform.

Displacement Estimation

To estimate the mechanical properties of, and strains in, the carotid, RF processing was

applied to the raw US data. First, the lumen-wall interface was segmented using the sus-

tain attack filter (Meinders et al., 2001), and was manually adjusted if necessary. Vessel

wall motion and deformation was quantified using 2-D ultrasound strain imaging pro-

cedure. This technique quantifies 2-D tissue motion and strain using the raw RF-data

(Ophir et al., 1991) by performing cross-correlation analysis on two consecutive frames,

as described in Chapter 3. In this study, the 2-D displacement fields were estimated us-

ing a 2-D iterative coarse-to-fine method as proposed by Chen et al. (Chen et al., 2007)

and further evaluated by Lopata et al. (Lopata et al., 2009a). In the first step, large seg-

ments of RF-data (0.8 mm by 1.2 mm) were used to estimate large displacements. 2-D
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(b)(a) Figure 7.1: (a) Typical

B-mode image of a pa-

tient’s common carotid

artery during systole. (b)

Same B-mode image,

with radial strain overlay

at systole, the vertical

lines indicate the region

of interest.

parabolic interpolation was applied to the resulting cross-correlation function for fast and

accurate 2-D sub-sample displacement estimation (Lopata et al., 2009b). Displacements

were estimated in a region-of-interest that surrounded the segmented wall (of 7 mm by 35

mm in the radial and longitudinal directions, respectively). The resulting displacement

estimates are used as input for a second step of displacement estimation, now at higher

resolution, i.e., using smaller segments of RF-data (0.4 mm by 2.7 mm), which also

allows for accurate estimation of higher strains. The displacements of data segments

allowed by the algorithm were set to 0.3 mm by 0.7 mm in both runs. Displacement

data were filtered using a 0.7 mm by 0.7 mm median filter, after which incremental (i.e.

frame-to-frame) strains were estimated using a 0.75 mm by 0.75 mm, 2-D least-squares

strain estimator (Lopata et al., 2009a).

Radial Strain Analysis

The segmented carotid wall was tracked using the displacements estimated. Next, the

frame-to-frame strains were accumulated using the updated coordinates of the wall to

get the total strains in the region tracked. A smaller region, of on average 40 RF lines,

was chosen to be analysed to increase the accuracy of the radial strain analysis, thereby

avoiding regions where: (1) tracking errors were found, due to noise in the vessel lumen,

and; (2) the vessel wall was significantly tilted, that is, not perpendicular to the ultrasound

probe. Strains in all vessels were analysed between diastolic and systolic pressure in

the lower vessel wall (Fig. 7.1). Strains will be reported as mean ± standard deviation

(SD) in the remainder of this manuscript. NT and HT values were compared for both

populations and for the two different sexes.
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Mechanical Properties

Mechanical parameters were estimated for the inflation phase, i.e., from end-diastole

to end-systole. From the displacement data, the distensibility (D) of the patients was

calculated using:

D =
ds − dd
dd

2

∆P
(7.1)

with ds and dd the diameter at respectively systolic and diastolic pressure, and with ∆P

the pulse pressure.

The carotid pressure curve p(t) was available from the tonometry measurements.

The intima-media thickness (IMT) was used as the initial wall thickness (h0, at pd ).

Changes in wall thickness due to pressure pulsatility were computed using the radial

strains estimated in the vessel wall:

hp = h0 · λr (7.2)

with λr the radial stretch obtained from the radial strain (ǫr r ).

Next to the distensibility, the incremental shear modulus (Ginc ) was estimated for a

given pressure range as follows:

σθθ − σr r =
Ginc

λz
(λ2r r − λ

2
θθ) (7.3)

with σr r and σθθ the radial and circumferential Cauchy stress, respectively (Lopata et

al. 2014, and Chapter 6 in this thesis), where λθ equals d(t)/dd . Parameter λz is the

longitudinal stretch, which is set to 1.1 (Delfino, 1996). The following expression for the

average stress difference in a thick-walled cylinder was introduced in Chapter 6 was used:

σθθ − σr r =
4 · p · r 2o · r

2
i · log(ro/ri)

(r 2o − r
2
i )
2

(7.4)

with ri and ro the inner and outer radius, respectively, for the derivation see Chapter 6.

By calculating the stress at the inner wall, we may assume that σr r = −p (equation 7.4).

With the stress differences known, the material parameter Ginc could be estimated by
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means of a least squares method, for all patients.

Data analysis

To allow comparison between the two groups, the strains needed to be normalised accord-

ing to the pulse pressure: ǫnormj =
∆P
∆Pj
· ǫj , with ∆P and ∆Pj being the average ∆P from

all patients and the patient-specific (j) pulse pressure, respectively. The radial strains re-

ported in this chapter are compressive and are displayed in absolute values throughout

the chapter.

Additionally the normalised radial strains found in the vessel wall, were grouped over

the different tunics. The intima (i) was assumed to be 100 μm, the media (m) thickness

was set to be the patient-specific IMT - 100 μm, and the adventitia (a) thickness was

assumed to be 30% of the IMT complex as shown in (Gamble et al., 1993).

Patient couples with matching age and sex were paired for further data analyses.

The two patients within each couple had their own patient-specific blood pressures. To

compare these patients properly, the parameters should be estimated in the same stress

range, or pressure in this case. For example: patient 1 had a BP of 130/80 mmHg and pa-

tient 2 of 140/90 mmHg, hence, the resulting pressure range for which the parameters

will be estimated is 130/90 mmHg, the diameter and wall thickness data were acquired

accordingly, using interpolation. On average, the pulse pressure for parameter estima-

tion was 34 mmHg± 20 mmHg, with pd = 80mmHg± 9.1 mmHg and ps = 111 mmHg

± 19 mmHg. Two patient couples were excluded from the analysis, because their match-

ing pulse pressure was below 10 mmHg.

In general, a one-way ANOVA was used to test significance of differences between

the calculated parameters of the two groups, at a confidence interval of 95%. A Wilcoxon

rank test was used to evaluate the differences of the paired observations.

Results

Radial strains were analysed within the IMT region of the vessel wall over the full pres-

sure range. On average, lower radial strains at systole were found in the HT population,

with ǫNTrr = 7.9% ± 3.6%; ǫHTrr = 7.5% ± 3.7%. However, no significant differences were

found according to the one-way ANOVA analysis. The differences within the female pop-

ulation between NT and HT patients were more pronounced, and significant (p=0.03),

when compared to the male population: ǫNTFr r = 6.8% ± 3.5%; ǫHTFr r = 5.7% ± 3.0%; ǫNTMr r

= 8.6% ± 3.6%; ǫHTMr r = 8.8% ± 3.7% (Fig. 7.2).

From the diameter-time curves, the circumferential strains were determined at sys-
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tolic pressure as well (Fig. 7.2). Again lower strains were found in the circumferential

direction in the HT population, although no significant differences were found (ǫNTθθ =

8.3% ± 3.0%; ǫHTθθ = 7.6% ± 3.6%; ǫNTFθθ = 7.5% ± 2.6%; ǫHTFθθ = 7.1% ± 3.5%; ǫNTMθθ =

8.8% ± 3.3%; ǫHTMθθ = 8.0% ± 3.8%).

Finally, the strains in the different tunics were assessed, see Figure 7.3. Strains were

lower for hypertensives than for normotensives for each tunic: for the intima 10.2% ±

6.0% vs. 8.3% ± 3.6%; for the media = 8.0% ± 4.0% vs. 6.4% ± 2.8%; and for the

adventitia 3.9% ± 2.8% vs. 3.6% ± 2.7%, where the main changes were visible in the

intima and the adventitia, although no significant differences were found. Additionally,

radial strains were analysed for each patient pair as well, which is displayed in Figure 7.4.

The similarity plots in this figure, show the mean radial strain for the patient pairs, and

the standard deviation in strain over the tunic, at the patient’s pair specific peak pressure.

Reasonable agreement between both populations was found, although a considerable

spread in the data on both sides of the similarity line is evident.

Distensibility was calculated for both the full patient-specific pressure range (Fig. 7.5)

as for the pressure range for each patient couple. Regarding the full pressure range, no

clear relation was found with themean arterial pressure (shown in black, r 2 = 0.2). Lower

distensibility, although not significant, was found for the HT population, with DNT = 25

± 9.9 ·10−3 kPa−1 and DHT = 20 ± 9.6 ·10−3 kPa−1. When comparing distensibility,

verbeterde radiele rek 
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Figure 7.2: Box and whisker plot represen-

tation of the systolic strains in radial (black

box) and circumferential (grey box) direction.

Strains are compared between the normoten-

sive (NT) and hypertensive (HT) groups. A

comparison is made by distinguishing gender

as well, subscript F indicates female and sub-

script M indicates male.

Figure 7.3: Box and whisker plot representa-

tion of the radial strains in the different tunics

for both the normotensive (NT) and hyper-

tensive (HT) patients. With i = intima, m =

media, and a = adventitia.
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Figure 7.4: Similarity plot of the radial strain measured in the three tunics intima, media, and

adventitia, for each normotensive (NT) - hypertensive (HT) patient pair (o). Errorbars indicate

the variance of the radial strain within one standard deviation in the tunic.

Figure 7.5: Distensibility is calculated for the patient-specific pulse pressure, and is shown for

the normotensive population (o) and the hypertensive population (x), related to mean arterial

pressure.
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(a) (b) 

Figure 7.6: Stress strain curves were calculated for both the normotensive patients (black) and

the hypertensive patients (grey). The areas indicate the variance within one standard deviation

for either the strain (a) or the stress (b). The Finger strain is here defined as 1
2λz
(λ2y − λ

2
x).

calculated for matching pressure ranges per couple, the distensibility was found to be

slightly higher in HT patients, with, DNT = 20 ± 11 ·10−3 kPa−1; DHT = 20 ± 13 ·10−3

kPa−1, but no significant difference was found. Both findings were in agreement with

previous studies (Laurent et al., 1994; Beaussier et al., 2008).

Figure 7.6 shows the stress strain curves for all patients, where the shaded area indi-

cates the variance within one standard deviation of the Finger strain (Fig. 7.6a) and the

Cauchy stress (Fig. 7.6b) for all patients, respectively. This figure already clearly illus-

trates that the mean stress strain curves for the NT and HT population have the similar

linear slope, indicating a similar Ginc . The large spread in the data is most likely caused

by the spread in age and the different pressure ranges investigated for each patient cou-

ple. At systole the Cauchy stress was found to be 68 kPa± 31 kPa in NT, and 64 kPa± 29

kPa in HT, whereas the Finger strain was 7.4 % ± 4.8 %, and 7.7%± 5.2 %, respectively.

Figure 7.7a illustrates the agreement, or lack of differences in incremental shear mod-

ulus, between the patient couples. As a visual aid, the Bland-Altman plot shows that all

shear moduli were found within the limits of agreement for both groups, except for 1

patient couple (Fig. 7.7b). A difference Gdif f = 13 kPa ± 76 kPa was found, with GNTinc =

172 kPa± 49 kPa and GHTinc = 158 kPa± 57 kPa. AWilcoxon rank test was used to evaluate

the differences of the patient pairs, finding no significant differences at a confidence in-
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(a) (b) (c)  

Figure 7.7: (a) Bland-Altman plot comparing the shear moduli estimated from the normotensive

(NT) and hypertensive (HT) data. (b) Similarity plot of shear moduli for NT and HT patients.

The line of equality is only shown as a visual aid. (c) Shear moduli for all patients, distinguished

by NT or HT and by male (M) and female (F).

terval of 95%. These results indicate that Ginc , as an index for arterial stiffness, is similar

between both the NT and HT population, within the same stress range. Furthermore,

one-way ANOVA indicates that shear moduli found for the NT and HT patients were not

significantly different at a confidence interval of 95%. When comparing shear moduli

between gender in both the NT and HT population, again no significant difference was

found with the paired Wilcoxon rank test. The patient with Ginc ∼ 500 kPa (Fig. 7.7c),

had a carotid BP of 85/67 mmHg, indicating very low distensibility of the carotid. Moni-

toring of this patient during multiple visits, gave similar results for the carotid pressure.

Discussion

As stated in the 2013 ESH/ESC guidelines, the reduction of blood pressure unloads the

stiff components of the arterial wall. This is indeed the case, however, some studies

interpret that patients with hypertension have an increased arterial stiffness. However,

this and other studies (Bussy et al., 2000; Laurent et al., 1994) have shown that the in-

cremental shear modulus or Young’s modulus actually is similar in hypertensive and

normotensive patients matched for pressure. In this study, functional ultrasound imag-

ing was used to assess the displacements in the vessel wall, subsequently estimating the

accompanying radial strains, from in vivo data in both normotensive and hypertensive

subjects, matched by age and gender. As expected, strains over the full pressure range

were found to be lower in the hypertensive patient group compared to the normotensive



122 | Vascular Elastometry: First In Vivo Experience
s
tr

e
s
s
 [
k
P

a
]

strain [%]

NT
HT

Figure 7.8: Stress strain curve, il-

lustrating the non-linear behaviour of

the vessel wall. Normotensive stress

strain region is indicated with the

light grey circles, whereas the hyper-

tensive region is indicated with the

dark grey circles.

group, although no statistical significance was

found. Moreover, strains were assessed in the differ-

ent tunics as well, again finding lower strain values

for the HT population, although not significant.

The intimal layer was assumed to have the same

thickness in both patient groups, assuming that

mostly the medial layer thickens with hypertrophy

(Gamble et al., 1993; Liu et al., 1988). Lower nor-

malised radial strains were found in the three tunics

for the hypertensive population. These results could

indicate different behaviour within the tunics in pa-

tients with hypertension, while the overall wall stiff-

ness is similar. However, to estimate the incremen-

tal shear modulus for the different tunics, a more sophisticated approach is necessary,

that is, finite element analysis, where the three tunics can be modelled separately. With

the known deformations from the strain imaging data, personalised stress distributions

in the vessel wall and the wall-specific material properties could be assessed. However,

this is beyond the scope of this chapter, and should be investigated in future studies.

The patient-specific pressure range and mean arterial pressure are determinants for

the calculation of vessel wall properties. Figure 7.8 illustrates a stress strain curve, where

2 regions are indicated with the same stress difference. However, because of the non-

linearity, higher stiffness will be found in the higher stress regime. The same holds for

the distensibility. For proper comparison, it is crucial to compare patients within the

same pressure range.

Consequently, the shear modulus was estimated for a pressure range unique to that

patient pair, finding no significant differences between the paired samples. Despite this

promising result, the dispersion of the data was quite large, which could be caused by a

number of reasons. First, this study involves in vivo patient ultrasound data. To achieve

the most accurate result, the ultrasound plane should transect the vessel wall exactly

in the centre at maximum diameter. Although the vessel wall tracking was performed

accurately, a bias can be introduced when the image plane was not at the centre. Sec-

ondly, patients were matched to age and sex, however, inter patient variability will always

be present in this type of cohort due to biological variability. Similar arterial stiffness

between the pairs was found, and between the total NT and HT population. It would
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therefore be interesting to test whether this scatter might be explained by covariates such

as age, dyslipidemia, etc. A different arterial stiffness index is the incremental Young’s

modulus, which needs to be calculated in a very narrow stress range, opposed to the in-

cremental shear modulus. Literature reports a wide range of this value. Depending on

the wall stress, the moduli were calculated in the range between 400 kPa and 1900 kPa

(Bussy et al., 2000; Bortolotto et al., 1999; Blacher et al., 1999). The incremental shear

modulus approximates the incremental Young’s modulus divided by 3, indicating that

the values reported in this study were in the same order of magnitude.

Distensibility is a commonly assessed material property in clinical studies, because

the parameters required are easily assessed. Distensibility was found to decrease both

with age and with hypertension (Boutouyrie et al., 1992; Laurent et al., 1994). As ex-

pected, significant differences in distensibility at mean arterial pressure were found be-

tween both normotensive and hypertensive patients. However, when assessing the same

property at the same pressure level for both patient groups, similar distensibility was

found (Van Merode et al., 1996; Bussy et al., 2000; Laurent et al., 1994; Beaussier et al.,

2008) which was corroborated in this study.

Some limitations in this study can be found in the assumptions and measurements

performed. First, the axial pre-stretch (λz ) of the artery was set to 1.1. This value was

obtained from literature (Delfino, 1996; Guinea et al., 2005), where λz was assessed in

human cadavers ranging from 30-89 years old. Furthermore, during tracking of the ves-

sel wall, errors will accumulate over time, which could result in either an over- or under-

estimation of the diameter. The IMT was assessed using the Art.LAB software (ESAOTE,

Maastricht, The Netherlands) on the US system, which has an average uncertainty of 50

µm (Rossi et al., 2010). It would therefore be interesting to perform an error analysis to

determine the influence of all these uncertainties in the model, which was beyond the

scope of the present study.

A limitation in this study cohort is the relatively small group of patients, with 8 female

and 11 male subject pairs. Consequently, it is necessary to obtain statistical evidence in a

larger patient population. Another interesting next step could be to perform a follow-up

study on the same patients, and compare the material properties within the same patient

to find changes in onset hypertension and more advanced hypertension, still comparing

them to the age and sex matched normotensives.

In conclusion, this patient study does not dismiss the hypothesis that the mechan-

ical properties in HT patients are comparable to that of NT patients as based on the
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ultrasound strain imaging and elastometry results. Furthermore, we found no differ-

ence in strains in the tunics with regard to the radial strain. Combining strain data with

a three-layer mechanical model will provide better insight in differences in mechanical

properties. Moreover, a large scale, multi-centre, patient population study is required to

provide more extensive statistical evidence.



8
General Discussion
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Motivation, aim and methodology

The carotid artery, and especially the carotid bifurcation is found to be most prone to

plaque development with age. Rupture of vulnerable atherosclerotic plaques is the lead-

ing cause of stroke, and is responsible for 15-20% of all cerebral infarctions (Chaturvedi

et al., 2005). Since it currently is impossible to differentiate between patients with an un-

stable plaque, who are at risk for recurrent stroke, and patients with a stable plaque, who

are not at risk, patients undergoing surgery are now selected based on the severity of the

occlusion rather than plaque vulnerability. Therefore, an improved diagnostic method

is necessary to enable this early identification. We hypothesise that the stability of the

plaque can only be determined by knowing the geometry and morphology of the plaque,

the mechanical properties of the different constituents and the force acting on it.

To contribute to the knowledge necessary for improving the diagnosis of patients

suffering from carotid atherosclerosis, the main objective of this study was the in vitro

mechanical characterization of the human carotid atherosclerotic wall in healthy and dis-

eased state. For this purpose a mock circulation loop was designed and build, enabling

3-D ultrasound acquisition of (human) arterial samples. This platform was used to assess

plaque geometry, morphology and dynamic behaviour in 3-D, necessary for the mechan-

ical characterization of irregularly-shaped plaque tissue. For the purpose of validating

the echo-CT method in a more complex and heterogeneous structure similar to an actual

plaque, a fatty plaque phantom was made. To acquire mechanical properties in vitro, vas-

cular elastometry was utilised and the outcome was compared with biaxial tensile testing.

This validation study ensured a first step to in vivo assessment of arterial stiffness, in a

patient study on non-atherosclerotic normotensive and hypertensive subjects.

Echo-CT

Summary and main findings

An in vitro laboratory set-up has been designed and build to apply all relevant mechanical

loads to vessels harvested from endarterectomy procedures in a physiologically realistic

circulation loop. The set-up has been made accessible for ultrasound imaging, enabling

acquisition of high resolution images in both the spatial and temporal domain. Longi-

tudinal cross-sections of the total vessel circumference have been acquired while rotat-

ing the sample, thereby reconstructing 3-D datasets in time. The method proposed was

named echo-CT. Obvious pros of an in vitro inflation method combined with functional

ultrasound imaging, as compared to, e.g., uni- or bi-axial tensile testing and indentation

testing, are a) the possibility to test an intact specimen; b) the possibility to obtain the
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total geometric and dynamic information in a complete plaque sample subjected to phys-

iological loads; and c) the possibility to work around the acoustic shadowing artefacts due

to calcifications in the vessel wall.

In addition to the design of the echo-CT set-up, a semi-automatic segmentation pro-

cedure was developed (Chapter 2). This procedure to assess the plaque geometry is based

on the sustain attack filter (Meinders et al., 2001). All plaques were imaged using micro-

CT as well, which may be considered the gold standard method. The echo-CT based

geometries were registered on the micro-CT based geometries, finding good agreement

between the two imaging modalities when calculating the similarity index for the quality

of registration. Hence, geometry assessment of the plaque using echo-CT was proven to

be possible and of good quality.

Because of the high temporal and spatial resolution of ultrasound imaging, dynamic

behaviour of the plaque can be assessed with high precision and accuracy. To investi-

gate the feasibility of the combination of echo-CT with strain imaging, a healthy porcine

carotid, and a PVA-C based concentric phantom were analysed (Chapter 3). Little stitch-

ing artefacts were found when reconstructing the strains in 3-D. The estimated strains

were in agreement with the modelled strains determined from the known material prop-

erties.

As a first step towards applying the method to real plaque samples for assessment of

material properties of the different constituents, a novel fatty plaque phantom was made

for testing purposes. Strains were assessed in 3-D using the echo-CT approach. A first

attempt in making a realistic plaque geometry succeeded, however, the wall-thickness

still needs to be reduced.

Next, echo-CT strain imaging was applied to endarterectomy samples obtained from

nine patients. This allows the plaque to be tested in its original configuration, which is

impossible with tensile testing and indentation testing (Loree et al., 1994;Holzapfel et al.,

2004; Chai et al., 2013). In all plaques, radial strains were assessed in 3-D. Moreover, all

plaques were imaged with micro-CT to assess geometry and morphology, distinguishing

calcifications, lipid accumulation and tissue (Chapter 5). The 99th percentile strain values

showed a reasonable relation with the global amount of lipid and calcification in the

tissue. Pressure-volume loops were assessed, showing the non-linear behaviour of the

material. Moreover, good consistency in the tracking algorithm was shown, and echo-CT

based lumen volumes compared very well to the micro-CT based volumes. The final step,

comparing echo-CT data with finite element analysis, is necessary to validate the results
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and inversely estimate the mechanical properties of the plaque constituents (see Future

Work).

Limitations

An objective in this thesis was to develop an experimental platform, that allows the as-

sessment of mechanical properties of vascular tissue obtained from endarterectomy. The

use of real endarterectomy samples has proven to be quite a challenge. In retrospect, the

success rate in obtaining intact samples suitable for inflation testing was about 20%. The

reasons were: a too short external branch, leakage at the bifurcation, or a too wide angle

between internal and common branch.

The sustain attack filter (SAF) was used for automated segmentation of the echo-CT

data. This 1-D operation was originally developed for a straight vessel, that is, without

a stenosis present. However, in this thesis, it was applied to plaque data. The SAF

operation is sensitive for the signal’s amplitude. High amplitude signals are found in

the calcified regions, therefore an adjustment was made to the original filter to reduce

this sensitivity. A different segmentation procedure might be considered, for instance

the combination of cross-correlation data of the displacement estimation algorithm in

combination with active contours (Nillesen et al., 2011), or the use of Hough transform

as proposed by Golemati et al. (2007), although both have not been applied to plaque

tissue yet.

The experimental protocol was similar for both plaque tissue (Chap. 2 - 5) and healthy

tissue (Chap. 6). The main difference was the testing temperature. The healthy porcine

carotids were tested at 38.5 ◦C, which is the body temperature of the pig. The endarterec-

tomy samples were tested at room temperature, which was about 25 ◦C. Guinea et al.

(2005) reported the influence of temperature on the pressure-diameter relation in hu-

man carotid arteries (from cadavers). They found a slight, non-significant, difference in

this relation when testing the same artery at different temperatures (17 or 27 ◦C vs. 37
◦C). Nevertheless, this was tested for healthy arteries only, whereas plaque tissue may re-

act differently, especially when lipid is involved. Numerous studies tested atherosclerotic

samples at room temperature, either using inflation testing, tensile testing or indenta-

tion testing (de Korte et al., 2000a; Holzapfel and Gasser, 2000; Schaar et al., 2003b;

Sommer et al., 2010; Akyildiz, 2013). Schaar et al. (2002) confirmed the validity of this

experimental choice, since no differences in IVUS strain imaging in atherosclerotic sam-

ples tested at both room temperature and 37◦C were found.

For both healthy and diseased samples, there is a lack of surrounding tissue, which
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acts as a radial constraint. There are studies that reported the casting of samples in a

block of gelatin or agar, mimicking the surrounding tissue (Dineley et al., 2006; Poep-

ping et al., 2004). Liu et al. (2007) reported in situ inflation testing of both the femoral

and carotid artery, when the surrounding tissue was still intact and when surrounding

tissue (untethered) was removed in pigs. They found that for carotid arteries at pressure

of 100 mmHg, the circumferential wall stretch ratio in the intact state was 20% lower

than in the untethered state and the average circumferential stress was reduced by 70%.

The question remains whether the influence of surrounding tissue in (highly) calcified

tissue is of any additional influence on the dynamics of the plaque. Another boundary

condition of the inflation experiments of the plaques, which did not resemble the in vivo

situation, was the axial pre-stretch of the plaque, which was set to 1 because it was found

to be negligible (Pan et al., 1995; Yuan et al., 1998). Moreover, the excised plaque tissue

only exists of intima and most of the media, but no adventitia. Consequently, the systolic

pressure was applied to a point which was likely to be the maximum attainable value for

that sample, resulting in different systolic pressures for the different plaque samples.

Perspectives

Two questions arose while performing the research presented in this thesis: (1) is this

method applicable in vivo and (2) can it predict the vulnerability of plaques? Regarding

the first question, this research was aimed at developing an experimental in vitro platform

to investigate the material properties of the plaque in a controlled environment. Unfortu-

nately, material properties of the plaques examined have not been assessed yet, and is still

work in progress. Deformations in radial direction in the entire 3-D geometry are mea-

sured, morphology was acquired from CT, and the boundary conditions applied during

the inflation experiment were known. However, to assess the material properties, several

additional steps are required. The geometry and accompanying morphology need to be

discretised for finite element analysis (FEA). Subsequently, inverse FEA can be applied.

This method estimates the material parameters of the different plaque components, by

varying the model parameters until the displacement computed with the FEA equal the

ones observed in the echo-CT data. A similar approach was described by Baldewsing

et al. (2004a); van Disseldorp et al. (2014).

Another approach is to establish a (local) relation between strains andmorphology. In

the study presented in Chapter 5, only global strains were compared. This relation was

investigated more thoroughly in coronary plaques using IVUS (de Korte et al., 2002).

In addition to micro-CT, another possibility would be to perform histology on the OsO4
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stained specimens, for validation of the micro-CTbased morphology assessment, which

is not trivial due to the black appearance of the entire vessel post-staining.

The echo-CT set-up is designed to hold different types of medium sized vessels, like

the femoral, coronary and radial artery for example, both healthy and diseased. It would

be very interesting to study plaque formation in straight vessels lacking a bifurcation. An

atherosclerotic pig model developed by Koopmans et al. (2011), appeared to form plaque

but not necessarily in the bifurcation region. Akyildiz (2013) studied intimal material

properties in iliac arteries from that model.

The echo-CT set-up can hold different types of ultrasound probes as well. Photoa-

coustic imaging is a novel imaging tool which could be used in the echo-CT set-up. In

this technique, laser pulses are emitted into the tissue, causing it to expand and implode

locally, resulting in emission of ultrasound. Depending on the wavelength of the laser

emitted and the morphological features imaged, the total morphology of the plaque tis-

sue could be distinguished. This technique has high temporal resolution as well, hence

both dynamics and morphology can be assessed. Another imaging possibility, would be

the use of the high frequency Vevor2100 ultrasound system (FUJIFILM VisualSonics,

Inc., Toronto, Canada), combined with echo-CT. The system has a high frequency linear

transducer (32-56MHz), acquiring high resolution, which allows us to gain more insight

in the microstructure of the plaque using ultrasound, and enhances the strain estimation

precision compared to the ultrasound system used in this work.

The geometries were compared with CT, however, it would be interesting to perform

the inflation test in MRI as well, to compare both geometry and the dynamic behaviour

of the tissue in the two imaging modalities. A pilot study was attempted for this purpose.

An inflation experiment was performed, using a similar set-up as described in Chapter 6,

but compatible for MRI. A 7 Tesla animal MRI scanner was used to image the inflation

testing of arterial samples. Unfortunately very little movement was shown, and ghosting

artefacts were present. Moreover, some practical problems arose (1) the pressure sensor

did not work because of the magnetic field, (2) visual inspection of the sample during

imaging and inflation was impossible. As a consequence, little control of the inflation

experiment in MRI was possible, compared to the echo-CT experiment. Hence, the MRI

inflation experiment still needs some work before it can be used for validation of US-

based tissue deformation measurements.

A total number of 37 patients were included in the study described in Chapters 2-5.

All patients were subjected to 3-D ultrasonography in the OR prior to surgery, which has
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not been addressed in this thesis. From these patients, 3-D + t in vivo grey-scale data are

available, using the Philips iE33 equipped with a matrix array X7-2 probe. A stand-off

was used to ensure that the patient’s carotid artery was not located in the near field of the

probe. Four subvolumes were acquired and stitched using electrocardiogram gating to

create a full volume of the patient’s plaque over time at a volume rate of approximately

25 Hz. Not all datasets had the quality necessary for accurate geometry assessment and

motion tracking. For n = 13 datasets the lumen could be tracked over time and plaque

volumewas assessed. Preliminary results suggest that motion and strain estimation from

the in vivo data could be compared to the echo-CT data from the same patient. In addition,

a first step could be taken towards patient screening using 3-D ultrasound, compared to

the conventional 2-D method, to improve patient diagnosis. The comparison with the in

vitro 3-D data is not trivial, taking into account the differences in pressure range applied

(or in vivo : present), and the surrounding tissue.

Elastometry

Summary and main findings

In vascular elastography a Young’s moduli map, often an inverted strain image, is pro-

jected on the B-mode image. Elastometry estimates one or multiple material parameters,

depending on the model used. In this thesis, vascular elastometry was applied to healthy

porcine carotid arteries, which were tested in vitro using the experimental device as de-

scribed in Chapters 2 - 6. The arteries were tested using biaxial tensile testing, which was

regarded as the gold standard mechanical testing method in Chapter 6. The mechanical

behaviour of the artery was modelled as either a neo-Hookean solid, or was described

using an exponential 2-parameter model proposed by Demiray (1972). When modelling

the arteries as a neo-Hookean solid, good agreement between the two experimental meth-

ods was found. A similar outcome was reported by Vychytil et al. (2010). Regarding the

non-linear model, which described the stress-strain behaviour of the artery more accu-

rately, the estimated stiffness parameter showed very poor agreement between the two

methods, and moreover, a high variance.

Deformation of in vivo data was assessed as well using elastometry. Radio frequency

data from the common carotid artery of both hypertensive and normotensive patients

were acquired. Hypertensive patients are generally assumed to have higher arterial stiff-

ness (Payne et al., 2010; Greenwald, 2007; Safar and Frohlich, 1995; Cox, 1981). This is

in fact trivial, when the non-linear behaviour of the arterial wall and the elevated pressure

levels in hypertensive patients are taken into account. However, to justify this statement,
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hypertensive patients should be compared to their age and sex matched normotensive

patients, in the same stress range, or in this case the same pressure range. In Chap-

ter 7, elastometry was used to assess the incremental shear modulus in patient pairs of

normotensive and hypertensive subjects. No significant difference in Ginc was found,

therefore, this patient study does not dismiss the hypothesis that the mechanical proper-

ties in hypertensive patients is comparable to that of normotensive patients as based on

the ultrasound strain imaging and elastometry results. This was in corroboration with

patient studies that determined distensibility, compliance and incremental Young’s mod-

uli in a similar patient cohort (Bussy et al., 2000; Laurent et al., 1994; Benetos et al.,

1993). Additionally, strains in the three vessels were assessed separately, which revealed

differences in tissue response to the load applied. Using a proper modeling approach,

these data could be used to identify the layer in which a possible difference in elasticity

between patients groups is present.

Limitations

In Chapter 6 and 7 assumptions were made regarding the mechanical description of

the artery, which could be reconsidered for a more accurate mechanical characterization.

Linear (or non-linear) elasticity, isotropy, incompressibility. In Chapter 6 residual stress

was taken into account for the inflation test, and in both chapters the artery was modelled

as a thick-walled cylinder. The influence of residual stress in the vessel wall was not

taken into account in Chapter 7, because this factor was thought to be varying amongst

all patients.

Hyperelastic models have been proposed, which describe non-linear elastic material,

and take the anisotropy in account as well (Holzapfel and Gasser, 2000; van den Broek

et al., 2011; van der Horst et al., 2011). However, with an increasing number of param-

eters, the accuracy of the description of the arterial wall behaviour will improve, never-

theless, the physical meaning of these parameters may become less clear, whereas the

variability and inter-dependencies may increase, as does the number of experiments to

find the parameter estimates. The non-linear model applied in Chapter 6 gave a very

high variance in the material parameter estimation, both within and between the two

experimental methods. The large spread in parameter estimation could be caused by

non-uniqueness problems that can occur when using a least-square optimization proce-

dure. This is due to the associated sensitivity to small changes in the data (Holzapfel

and Gasser, 2000; Fung, 1990). This sensitivity already implies the need for simple,

one-parameter models for in vivo purposes.
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Incompressibility is assumed, however, literature is not very consistent with regard

to this assumption. A recent paper by Yosibash et al. (2014) gave an overview on exper-

iments performed for determining the incompressibility of arterial tissue. Incompress-

ibility seemed a valid assumption in studies reported in 1950 - 2000 (Lawton, 1954;

Carew et al., 1968; Girerd et al., 1992). However, recent studies report volume changes

of 4 up to 20% during inflation testing (Di Puccio et al., 2012; Yosibash et al., 2014). Im-

provement in imaging methods is most probably the underlying cause of the change in

perspective regarding incompressibility. When determining the relative volume change

in Chapter 6, a decrease in volume of 17% is found. An improvement of this experiment

would have been to measure the diameter at p = 0 and λz = 0, which would allow to

check this incompressibility assumption two-fold. For the phantoms used in Chapters 3

and 4, equal radial and circumferential strains were found, indicating incompressibility

of the PVA-C phantoms.

An inconsistency was found between the arterial stiffness results of Chapters 3 and

6. A Young’s modulus of 400 kPa was found for the healthy artery in Chapter 3, whereas

in Chapter 6 a shear modulus of on average 30 kPa (E ≈ 90 kPa) was reported. When

recalculating the shear modulus with the method used in Chapter 6, the shear modulus

was found to be approximately 50 kPa, which is in better agreement with the results

shown in Chapter 6. However, a slightly more stiffer response was found, which can

be explained by the fact that the diastolic pressure did not start at 0 mmHg but at 55

mmHg. For the PVA-C phantom a shear modulus of on average 120 kPa was found

for the uniaxial tensile testing experiment, whereas from inflation testing 111 kPa was

found, which is in good agreement with each other (opposed to E = 600 kPa as reported

in Chapter 3). Fortunately, these parameter estimates do not affect the strains found in

Chapter 3.

Scope and perspectives

The elastometry method described in this study was validated using biaxial tensile testing

and was applied to in vivo data. Some issues need more attention in the future. An

interesting side step would be the numerical simulation of the transition of the tissue

samples from a tubular structure to a flattened sample of tissue. Depending on the

thickness and circumference of the vessel wall, the stress applied to the luminal tissue

layer could have significant effects on the mechanical characterization of tissue, when

using tensile testing as was assumed.

For heterogeneous structures like the carotid plaque, a combination of echo-CT and
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elastometry is interesting, following up on the previous perspectives section. However,

because of the dependency of the total tissue volume on the deformation of the plaque

components and the location in the vessel wall, an inverse FEA approach to assess the

mechanical properties of the different plaque constituents is necessary. Future steps

could be to first model all components as a neo-Hookean solid and then personalise

the model by varying the material parameters for the different constituents until the FE

solution matches the echo-CT strain imaging data. Next, the same approach could be

followed using a non-linear model or even the anisotropic model for the tissue, whereas

lipid and calcified tissue could still be modelled as neo-Hookean solid.

The elastometry method is not only an interesting in vivo tool for carotid arteries, but

can also be applied in patients that have an abdominal or thoracic aortic aneurysm, or

patients suffering from Marfan syndrome. Instead of determining occlusion size, the

diameter and (growth) of the aneurysm are the criteria used for clinical decision making

in patients suffering from aneurysms. A large longitudinal patient study recently started,

using 3-D (+t) ultrasound to assess the rupture prediction by mechanically characterise

the aneurysm in vivo using elastometry and in vitro using tensile testing. Carotid stent-

ing in patients with a severe carotid stenosis is emerging as an alternative technique for

endarterectomy. However, both the short- and long-term efficacy of the stenting proce-

dure is debated, with regard to restenosis, procedural failure, and peri-procedural risk of

stroke. Patient follow-up would be most interesting using the elastometry technique in

carotid stenting procedures using biodegradable stents, or patients with restenosis, and

for determining the stability of plaques that were stented.

For in vivo (real-time) estimation of material parameters the model input is mostly

scarce, hence, a simple material model is necessary to avoid sensitivity and uncertainty

issues. Both Hooke’s law and neo-Hookean model are frequently used in literature. Be-

cause the neo-Hookean model is valid for large strains, and the pressure range is fairly

limited in vivo, this would be the model of choice in clinical use to assess incremental

properties of the vessel wall. The 1-term Ogden model would also be a good candidate,

which describes the non-linear behaviour of the vessel using only one parameter (reduces

to neo-Hookean solid withα = 2). However, the 2-termmodel is foundmore frequently in

literature to estimate vascular tissue behaviour (Versluis et al., 2006; Sadat et al., 2010).

General Clinical Perspective

Patients suffering from carotid atherosclerosis are selected for surgery mainly based on

a duplex ultrasound examination and symptoms. During the examination the stenosis
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severity, i.e., percentage of occlusion, is determined by measuring the blood velocity dis-

tal and proximal from the plaque. However, since a significant stenosis can be stable as

well, this diagnostic procedure results in an overtreatment percentage of approximately

80%. To improve vascular diagnostics the Duplex ultrasound examination needs to be

replaced with another more sophisticated (patient-specific) functional imaging approach.

The in vitro study described in this thesis and the information on geometry, morphology,

dynamics, and the mechanical information obtained is a first step towards developing

such an approach, where functional ultrasound is combined with biomechanical mod-

elling, that is, finite element analysis. Such a combined approach would be a promising

method to assess: (1) plaque vulnerability, hereby preventing stroke and improving the

early detection of patients in need for endarterectomy procedure; (2) plaque stability, re-

sulting in a reduction of the current overtreatment in the patient population; and (3)

monitoring of patients undergoing drug treatment, thereby keeping track of the plaque

stability and/or the vessel’s mechanical behaviour and properties. For instance vascular

elastometry can be used to monitor the effect of anti-angiogenic therapy on vessel wall

stiffness.

Ideally, for translational purposes, a high resolution 3-D imaging method, applica-

ble to the carotid artery, is required. This technique is preferably RF based, enabling

the motion estimation at high resolution and with high precision. Moreover, the imag-

ing method should allow morphological assessment as well, either in combination with

photo-acoustics or high frequency ultrasound imaging. The echo-CT approach is obvi-

ously not applicable in vivo. However, by combining the imaging modality with a tele-

metric sensor or robotic arm, a sweep in longitudinal direction can be made, acquiring

transverse cross-sections from the proximal to distal end of the region of interest, and

possibly even from different angles. By acquiring this sweep in multiple angles, an ul-

trasound compounding technique (Hansen et al., 2009) can be applied to acquire high

resolution images and strains, similar to the echo-CT method. This sweep can either be

acquired using a matrix array probe, or a linear array transducer. However, the problem

of acoustic shadowing will still exist if calcifications are present in the tissue.

The combination of non-invasive 3-D monitoring and computational analyses, like

FEA, consequently require computational power. With the current GPU programming

strategies and chip advancements, bed-side applicability of such an approach will be pos-

sible in the near future. Platforms like CureFab (3-D US reconstruction) and A4clinicsTM

(CTA-based, wall stress analysis) are examples of platforms that are already in use in the
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clinic for vascular diagnostic purposes. A combination of such platforms, and integration

in a portable ultrasound device, will boost the use of US-based mechanical characteriza-

tion of arteries in the clinic.

Concluding Remarks

To contribute to the knowledge necessary for improving the diagnosis of patients suf-

fering from carotid atherosclerosis, the main objective of this study was the in vitro me-

chanical characterization of the human carotid atherosclerotic wall. The echo-CT setup

designed and build for this purpose, allows the plaque to be tested in its original con-

figuration, and to be imaged under strictly controlled hemodynamic conditions at the

best ultrasound contrast and resolution possible. Additionally, geometry assessment us-

ing echo-CT is possible, which was validated with micro-CT. The combination of strain

imaging and echo-CT is feasible, and was validated on simple geometric structures, with

known properties. A complex arterial plaque phantom was made. This was a great tool

as a first step to validate vascular elastography and elastometry methods. Strain imag-

ing using echo-CT was shown to be applicable on endarterectomy samples and the 99th

percentile strain values showed a reasonable relation with the global amount of lipid and

calcification in the tissue.

A second objective was to validate the elastometry approach on healthy porcine carotid

arteries in vitro, and apply this to in vivo patient data. We found good agreement between

both testing methods for the linear model. Hypertensive patients were found to have

similar arterial stiffness for the same pressure range, compared to age and sex matched

normotensive patients. Moreover, the different tunics seemed to be affected differently

in the hypertensive population, which encourages further investigation.

In conclusion, ultrasound-based methods were devised and validated to provide func-

tional information on both healthy and diseased carotid arteries. The combination of

ultrasound and biomechanical modeling has the potential of becoming an important

clinical tool in vascular surgery.
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Summary

Mechanical Characterisation of Healthy and Diseased Carotid Arteries using Ul-

trasound

Cardiovascular disease (CVD) is the leading cause of death in economically developed

countries. Annually, over 17,5 million deaths are caused by CVD worldwide. In Europe,

CVD causes over 4 million deaths each year, which is nearly half of all deaths in Europe

(48%). Stroke is an important cause of cardiovascular death, where atherosclerotic plaque

rupture in the carotid artery is the leading cause of stroke, responsible for 15-20% of all

cerebral infarctions. When plaque rupture occurs, the content enters the bloodstream

leading to the formation of a blood clot, which could lead to a cerebral infarction or a

transient ischemic attack (TIA).

Carotid endarterectomy (CEA) is the procedure of choice in patients with a 70-99%

stenosis. During this procedure the plaque is separated from the healthy arterial wall.

However, only one out of six patients benefits from this intervention. Furthermore, nine

interventions need to be performed in the symptomatic population, to save one stroke,

and as much as 19 interventions in the asymptomatic population. Hence, the size of

stenosis alone is not a reliable predictor for plaque rupture. Plaque composition and ac-

tivity are thought to be useful predictors of future thromboembolic events as well. Hence,

identifying patients at high risk of stroke in an early stage would permit timely interven-

tion of smaller stenosis, while substantially reducing overtreatment of larger plaques

which are now all considered for surgery according to the current guidelines. Not only

will this reduce costs, but it will also avoid unnecessary risks for the patient.

Knowledge of the plaque geometry, morphology, and dynamics are necessary to as-

sess the mechanical properties of the plaque components and the underlying vessel wall.

In order to get more insight in the mechanical behaviour of carotid arteries, and more

specifically the human atherosclerotic carotid artery, an in vitro experimental approach

was chosen. This method includes the dynamic pressurization and perfusion of the ves-

sel, at physiological pressure levels. Because of the non-axisymmetric nature of the athe-

rosclerotic samples, time-resolved 3-D data is necessary. For this purpose, an echo-CT
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set-up was designed and build in Chapter 2, allowing high-resolution, 3-D (+t) ultrasound

imaging of vessels along its longitudinal axis during stepwise rotation of each segment.

First, a method was developed to acquire vessel geometries from the echo-CT data.

This method was applied to data acquired from phantoms, healthy porcine carotids, and

six human endarterectomy samples (plaques) at zero pressure. For validation, micro-CT

imaging was performed. After registration of the resulting volumes, an excellent corre-

lation was found in the phantom and healthy artery, and a good match for the human

plaque samples.

In Chapter 3 the raw ultrasound data were used to perform 2-D displacement esti-

mation at the highest resolution possible using a cross-correlation method. From these

displacements, local radial strains were determined using a least squares strain estima-

tor. The strain imaging algorithm was applied to echo-CT data from an axi-symmetric

phantom and a healthy porcine carotid artery, to prove the performance of echo-CT strain

imaging. High consistency for the strain distribution over different rotation angles and

different longitudinal positions was found throughout the vessel wall. Finally, the method

was demonstrated in endarterectomy samples.

A fatty plaque phantom was designed in Chapter 4, to validate the echo-CT strain

imaging platform in a heterogeneous structure. To finally perform echo-CT strain imag-

ing on 9 human endarterectomy samples in Chapter 5. Micro-CT was again used for

geometry validation and, additionally, to acquire morphology by identifying highly calci-

fied (high natural contrast) and lipid rich tissue (using OsO4 staining). Realistic strains

were estimated within the plaques and were found to be related to both lipid presence

and calcification content.

In Chapter 6, a first step towards determination of mechanical properties using func-

tional ultrasound, a comprehensive database of 13 porcine carotid arteries was acquired.

The functional ultrasound method, vascular elastometry, is a method enabling the esti-

mation of the mechanical properties of an artery, using information obtained from the

ultrasound data, i.e., diameter and wall thickness change. A linear neo-Hookean mate-

rial model was fit to the vascular elastometry data and was validated by means of biaxial

tensile testing. We found that vascular elastometry is a reliable method to estimate the

shear modulus of an artery in vitro as compared to biaxial tensile testing.

Finally, material properties were assessed using vascular elastometry from in vivo data

from healthy normotensive patients, and their age and sex matched hypertensive patients

in Chapter 7. Similar shear moduli were found for both patient groups. A first step was
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attempted to analyse strains in the different tunics of the vessel wall, since hypertrophy

does occur in hypertensive patients and is found in the medial layer. However, results do

not reveal any significant differences between the two groups.

In this thesis ultrasound-based methods were devised and validated to provide geo-

metrical, morphological and dynamical information in both healthy and diseased carotid

arteries, both in vitro and in vivo. The combination of ultrasound and biomechanical

modeling has the potential of becoming an important clinical diagnostic tool within the

vascular surgery.





Samenvatting

Mechanische Karakterisering van Gezonde en Zieke Halsslagaders met Echografie

Hart en vaatziekten (HVZ) zijn één van de belangrijkste doodsoorzaken in de Westerse

wereld. Wereldwijd overlijden jaarlijks zo’n 17,5 miljoen mensen aan HVZ, waarvan 4

miljoen in Europa. Dat is ongeveer de helft (48%) van het totaal. Een van de meest

voorkomende doodsoorzaken ten gevolge van HVZ is een herseninfarct. In 15-20% van

de gevallen wordt dit veroozaakt door ruptuur van een atherosclerotische plaque in de

halsslagader (A. Carotis). Bij ruptuur vloeit de vaak vetrijke plaqueinhoud in de bloed-

baan, waar het een bloedprop vormt. Deze bloedprop kan verder stroomafwaarts een

herseninfarct of tijdelijke ischemische aanval (beter bekend als TIA) veroorzaken.

Wanneer patiënten een carotisvernauwing hebben die groter is dan 70%, wordt die

verwijderd door carotis endarterectomie (CEA), een chirurgische ingreep waarbij de

plaque wordt verwijderd, terwijl de buitenste laag van het vat intact blijft. Verrassend

genoeg heeft maar één op de zes patiënten baat bij deze ingreep. Verder zijn er ne-

gen ingrepen nodig, in de symptomatische patiëntenpopulatie, om één herseninfarct te

voorkomen en maar liefst 19 in de asymptomatische populatie. De grootte van de ver-

nauwing alleen is dus geen betrouwbare voorspeller voor plaqueruptuur.

Tot nu toe wordt aangenomen dat de compositie en de activiteit van de plaque een

goede voorspeller voor ruptuur is. Het is dus belangrijk om patiënten die een verhoogde

kans hebben op een herseninfarct in een vroeg stadium te identificeren, zodat de kleinere

vernauwingen eerder geopereerd worden, de grotere ongevaarlijke vernauwingen niet

geopereerd worden, en zo het aantal operaties binnen de huidige richtlijnen drastisch

wordt verminderd. Dat scheelt dus niet alleen geld en tijd, maar ook een ingrijpende

operatie voor de patiënt met alle risico’s van dien.

Om demechanische eigenschappen van de plaquecomponenten en de onderliggende

vaatwand te karakteriseren zijn kennis van geometrie, morfologie en dynamica van de

plaque nodig. Om meer inzicht te krijgen in het mechanisch gedrag van de gezonde en

atherosclerotische halsslagader is in hoofdstuk 2 van dit proefschrift een experimentele

echo-CT opstelling ontwikkeld. Het bloedvat wordt onder tijdsafhankelijke druk belast,
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terwijl de dynamica van het bloedvat wordt gemeten, of "afgebeeld", met een quasi drie-

dimensionale (3-D) echografische techniek. Het bloedvat wordt twee-dimensionaal (2-D)

afgebeeld over de lengteas, en door het vat te roteren wordt er een 3-D dataset in de tijd

verkregen.

In hoofdstuk 2 is ook een methode ontwikkeld om de geometrie van de bloedvaten

uit de echo-CT data te halen. Deze methode is toegepast op een fantoom, een gezond

varkensbloedvat en zes humane plaques, de laatste verkregen na een CEA procedure.

Ter validatie van de geometriebepaling zijn de vaten ook afgebeeld met micro-CT. Na reg-

istratie van de volumes uit beide afbeeldingstechnieken is een goede correlatie gevonden

voor het fantoom en het gezonde bloedvat en waren de overeenkomsten tussen plaques

zoals gemeten met echo-CT en micro-CT goed.

De dynamische vervorming van het bloedvat is in hoofdstuk 3 gekwantificeerd door

de echo-CT methode te combineren met een echografische bepaling van de lokale ver-

plaatsingen en rekken in de vaatwand. Met een kruiscorrelatiemethode is het verplaats-

ingsveld bepaald uit de ruwe echografische data. Ter validatie zijn eerst een symmetrisch

fantoom en een gezond varkensvat afgebeeld met echo-CT. De consistentie en nauwkeu-

righeid, zoals gevonden in de rekdistributies gemeten in de wand, waren beide goed. De

methode is daarna gedemonstreerd op humaan plaque weefsel.

Om de echo-CT methode te valideren in een simpel model met complexere struc-

turen en morfologie, is in hoofdstuk 4 een heterogeen fantoom gemaakt. De volledige

echo-CT methode, inclusief de rekbepaling, is in hoofdstuk 5 uitgevoerd op 9 humane

plaques. Ook hier is weer micro-CT gebruikt om de geometrie te valideren, maar ook

om de morfologie in de plaque te bepalen. Kalk heeft een hoge intensiteit op CT beelden

en kon zo gedetecteeerd en gelokaliseerd worden. Het vetweefsel werd afgebeeld door

de het weefsel te kleuren met een contrastmiddel (OsO4). De geschatte rekken in de

plaques waren realistisch, en verhoogde rekken konden globaal aan de hoeveelheid vet

en kalk worden gerelateerd.

In hoofdstuk 6 is een eerste aanzet gemaakt tot het bepalen van mechanische eigen-

schappen van de gezonde vaatwand. Dertien varkensvaten zijn onderzocht met een zo-

genaamde elastometrie methode, waarbij de mechanische eigenschappen (één getal voor

de elasticiteit van de hele wand) geschat worden aan de hand van echografische metin-

gen van vaatwanduitzetting en wanddikteverandering. Het vaatwandgedrag is wiskundig

beschreven met een lineair neo-Hookean materiaal model. De elastometriemethode

is vervolgens gevalideerd met een biaxiale trekbanktest. Uit de resultaten mag wor-
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den geconcludeerd dat elastometrie een betrouwbare methode is om eigenschappen te

bepalen omdat de resultaten goed overeenkomen met de trekproeven.

De nieuwe methode is in hoofdstuk 7 tenslotte gebruikt om de vaatwandeigenschap-

pen bij gezonde normotensieve patiënten en hypertensieve patiënten in vivo te bepalen.

Voor beide patiëntgroepen waren de materiaaleigenschappen vergelijkbaar. Aangezien

hypertrofie voornamelijk optreedt in de middelste laag van de vaatwand in hyperten-

siepatiënten, is een eerste stap gezet om de rekken in de verschillende lagen van de

vaatwand te analyseren. Resultaten tonen nog geen overtuigende verschillen tussen de

twee patiëntgroepen.

In dit proefschrift zijn echografische methoden ontwikkeld en gevalideerd om infor-

matie te geven over de geometrie, de dynamica en demorfologie van zowel de gezonde als

de zieke vaatwand en zowel in vitro als in vivo. De combinatie van echografie en biomech-

anische modellen heeft de potentie om een belangrijk klinisch diagnostisch instrument

te worden binnen de vasculaire chirurgie.
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