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Sammendrag: Ultralydmåling av veggtøyning i abdominalt aortaaneurisme 
Abdominalt aortaaneurisme (AAA) er en sykdomstilstand som innebærer at det oppstår 
en utposning på hovedpulsåren (aorta) gjennom magen. AAA er anslått å ramme 1.3-
8.9% av menn og 1.0-2.2% av kvinner over 60 år. Risikofaktorer inkluderer røyking, 
høyt blodtrykk, høyt kolesterol og familieforekomst av AAA. Sykdommen er som oftest 
asymptomatisk og oppdages tilfeldig i forbindelse med undersøkelse for andre lidelser. 
AAA medfører fare for at blodåren kan sprekke (ruptur), noe som medfører høy 
dødelighet. Forebyggende behandling kan gjøres ved å forsterke blodåren med en 
protese, enten med åpen kirurgi eller endovaskulær behandling, hvor man fører protesen 
inn fra lysken. Behandling er forbundet med en viss risiko, og anbefales derfor først når 
sannsynligheten for ruptur anslås å være tilstrekkelig høy. Nåværende kriterium for å 
anbefale behandling er at diameteren av aneurismet overstiger 50-55 mm eller øker 
raskt. Noen aneurismer sprekker imidlertid før de når denne størrelsen, mens andre kan 
være intakte til langt over 55 mm, og man ønsker derfor tilleggsinformasjon som kan gi 
en bedre individuell vurdering av tilstanden til aneurismet.  

Tema for avhandlingen har vært bruk av ultralyd for å bidra til forbedret 
håndtering av AAA. Ultralyd er en relativt billig, enkel og ufarlig avbildingsmodalitet. 
Mulige bruksområder inkluderer deteksjon og monitorering av aneurisme, veiledning og 
deteksjon av lekkasje i forbindelse med endovaskulær behandling, målsøkende 
kontrastmidler for diagnostikk og lokal medikamentell behandling, samt estimering av 
tøyning i åreveggen, som har vært hovedfokus for avhandlingen. 

Aorta utvider og trekker seg sammen ettersom blodet pulserer fra hjertet og 
gjennom åren. Aneurisme medfører endret bevegelse som kan være relatert til videre 
vekst og ruptur. Denne endringen kan potensielt avdekkes ved å analysere dynamikk i 
ultralydbilder. Ved å utvikle en metode for å estimere tøyning i flere segment av 
veggen, viste vi at tøyningen er inhomogen og gir tilleggsinformasjon sammenlignet 
med måling av diameter. Metoden ble videre anvendt for å måle tøyning i åreveggen før 
og etter endovaskulær behandling, og viste som forventet redusert tøyning etter 
behandling. Metoden er basert på to-dimensjonale (2D) ultralyd bilder. Ettersom 
veggtøyningen er inhomogen, vil det være nødvendig å undersøke flere snitt. Vi utviklet 
en metode for å kombinere 2D ultralyd med 3D bilder, noe som gir en samlet 
visualisering av data fra flere snitt, og gjør at vi lettere kan kombinere vår metode med 
metoder for veggspenningsanalyse basert på 3D bilder. Vi har også utviklet et 
rammeverk som kan benyttes for å evaluere metoder for estimering av tøyning.  

Metodikken utviklet i denne avhandlingen har spennende potensiale i forhold til 
å forutsi utvikling av AAA. Større studier for å undersøke klinisk signifikans av 
metoden anbefales for på sikt å kunne tilby forbedret seleksjon av pasienter.  
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Abstract 
 
Abdominal aortic aneurysm (AAA) is a vascular disease resulting in a permanent local 
dilatation of the abdominal aorta. Different studies estimate the prevalence of AAA to 
1.3-8.9% of men and 1.0-2.2% of women over 60 years of age. Risk factors include 
smoking, hypertension, high serum cholesterol, diabetes, and family history. The 
weakening of the wall and altered wall stress associated with aneurysm formation and 
progression may eventually lead to aneurysm rupture, which causes haemorrhage and 
severe blood loss and is associated with very high mortality. AAA is responsible for 
1.3% of deaths among men aged 65-85 in developed countries. Elective repair of 
asymptomatic AAA is recommended when the risk of rupture is estimated to exceed the 
risk associated with repair. Currently, best clinical practice is to recommend repair 
when the maximum diameter of the aneurysm exceeds 50-55 mm or increases rapidly. 
This is a population-based criterion, meaning that in average, an aneurysm with 
diameter exceeding this criterion is more likely to rupture than to experience 
complications with repair. Individually, however, some aneurysms rupture before 50 
mm, while several aneurysms larger than 55 mm are still intact. More patient-specific 
information about the state of the individual aneurysm is therefore warranted.  
 
In this PhD thesis I have developed and investigated concepts and methods for 
ultrasound based strain estimation in AAA. The physiological motivation is that 
progression of aneurysm is associated with altered wall tissue composition, which leads 
to altered elastic properties, and altered wall stress (geometry and flow conditions). The 
underlying hypothesis is that it may be possible to detect and quantify this alteration 
from dynamic ultrasound images, and through that predict further progression.  
 
We have developed a method for estimation of cyclic circumferential strain from 2D 
ultrasound. The method relies on the user to define the wall in an ultrasound image, and 
then automatically tracks a number of points in the wall over the cardiac cycle based on 
correlation between frames. The relative change in distance between neighboring points 
are used as a measure for strain estimation. Inhomogeneous strain values were found 
along the circumference of the aneurysms, suggesting that additional information could 
be obtained compared to using diameter alone. The method was further used for 
investigating strain in aneurysms before and after endovascular aortic repair (EVAR) in 
ten patients. Since insertion of a stentgraft reduces the load imposed on the wall, a 
successful EVAR should result in reduced strain. The results showed a clear reduction, 
which means that the expected reduction was indeed detectable using our method. The 
study included a limited patient material, and it remains to investigate if the strain 
values can be used for predicting clinical outcome after EVAR.  
 
Because only a limited part of the aneurysm can be imaged in each cross-sectional view, 
we demonstrated a method for visualizing the circumferential strain from several image 
planes together in a 3D model using navigation technology. The 3D model may enhance 
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interpretation of results by relating circumferential strain from several parts of the 
aneurysm to a 3D geometry. This is also an important step towards integration with wall 
stress simulations for adding more patient specific information. 
 
Abdominal images may have relatively low signal to noise ratios, which will negatively 
influence the performance of the correlation based tracking method. Before larger 
clinical trials are initiated, it is therefore important to investigate the quality of the strain 
estimates obtained by the method. We developed a simulation model, for simulation of 
wall motion due to a time-varying blood pressure, and for simulation of ultrasound 
images including speckle, direction dependent reflection and absorption. The simulation 
model is an important part of future evaluation and tuning of the strain method.  
 
Further refinement includes implementation of the processing method on an ultrasound 
scanner for real-time data analysis, which would benefit workflow and make it easier to 
find the most relevant image planes during investigation. Also, strain estimation from 
real-time 3D ultrasound is interesting for evaluating several strain components. Finally, 
clinical trials must be implemented for further investigating potential correlation 
between strain and clinically relevant parameters, including formation, growth and 
rupture of AAA.   
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Background 
 

Abdominal aortic aneurysm 
 
Abdominal aortic aneurysm (AAA) is a vascular disease resulting in a permanent local 
dilatation of the abdominal aorta. Normal diameter of the abdominal aorta varies from 
15-24 mm, depending on e.g. age, sex, bodyweight and blood pressure (Bengtsson et 
al., 1996; Johnston et al., 1991; Liddington & Heather 1992). AAA is defined as a 
widened aorta which diameter is exceeding 30 mm, or 1.5 times the normal diameter 
(Johnston et al., 1991; McGregor et al., 1975). AAAs can have different morphologies 
with respect to e.g. size, elongation, bulging and tortuosity, and can be fusiform or 
saccular. Aortic aneurysms may form in more proximal parts of the aorta, but the 
abdominal aorta is the most common location. Aortic aneurysms occurring in any part 
of the infra-diaphragmatic aorta may be termed as abdominal aortic aneurysm, but the 
most common definition restricts to the infra-renal aorta, including aneurysms involving 
the renal ostia or the iliac arteries (Fig 1). (Sakalihasan et al., 2005). 
 

   
Fig 1. Left: Normal abdominal aorta, mid: AAA and right: w/stentgraft. The aortic wall 
is segmented from CT using the open-source software ITK snap (www.itksnap.org), and 

visualized using CustusX (SINTEF, Trondheim, Norway).  
 
After formation, the aneurysm may grow and eventually progress to rupture, which 
causes haemorrhage and severe blood loss. Rupture is associated with very high overall 
mortality (65%-85%) (Kniemeyer et al., 2000; Thompson, 2003). In some cases an 
aneurysm may lead to back and abdominal pain or a palpable pulsating mass in the 
abdomen, but AAA is most often asymptomatic until rupture, and only coincidentally 
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detected during examination for other diseases or through ultrasound-based screening 
programs. AAA can be treated either with open surgery or endovascular aneurysm 
repair (EVAR). In addition to acute repair of ruptured or otherwise symptomatic 
aneurysms, elective repair of asymptomatic AAA is recommended when the risk of 
rupture is estimated to exceed the risk associated with elective repair (1.1-7.0% 30-day 
mortality). The prevalence of AAA is estimated to 1.3-8.9% of men and 1.0-2.2% of 
women over 60 years of age. Risk factors include cigarette smoking, hypertension, high 
serum cholesterol, diabetes, and family history. AAA is responsible for 1.3% of deaths 
among men aged 65-85 in developed countries (Sakalihasan et al., 2005). 
 

The aortic wall consists of three layers. Intima is closest to the lumen, and is a thin layer 
composed of endothelial cells. Media consists of elastin and collagen (extracellular 
matrix), and smooth muscle cells (SMC), whereas the adventitia mainly consists of 
collagen fibres. The aortic tissue is fed both directly through the inner layer and by 
supplying blood vessels (vasa vasorum). 
 
The function of the aorta is to distribute blood flow from the pulsating heart to smaller 
vessels that supply blood to the tissue. As the blood flow pulsates through the aorta, the 
mechanical properties of the aortic wall allow the tissue to pulsate. Elastin contributes 
especially to the elasticity of the aorta, whereas collagen is stiffer and strengthens the 
aortic wall. Due to the combined mechanical properties, the pulsating blood flow into 
the aorta is transformed to a more even blood flow to continuously supply blood to the 
organs and tissues throughout the body.  
 
To maintain its function over time, mechanoreceptors in the endothelial cells respond to 
mechanical stimuli on the vessel wall by sending chemical signals, activating pathways 
within the cells that control the expression of genes and proteins to alter the 
microstructure of the artery (Chien, 2007). In some cases, abnormal shear stress stimuli 
or disturbed pathways may cause a pathologic remodelling of the tissue. The aetiology 
of AAA is complex, and affected by genetic, mechanical and life-style related risk 
factors (e.g. smoking and high cholesterol). Most AAAs are associated with 
atherosclerosis. “The main pathophysiological mechanisms in development and 
progression of AAA are inflammation, proteolysis and apoptosis” (Zankl et al., 2007).  
 
The abdominal aorta is more susceptible to aneurysms compared with other parts of the 
aorta. This may partly be caused by local hemodynamics, e.g. turbulence distal to the 
renal artery inlets, and pressure augmentation due to reflection of pressure waves from 
distal bifurcations. Also, the abdominal aorta is stiffer than more proximal parts of the 
aorta, and contains less elastin and less medial vasa vasorum than the more proximal 
aorta (Zatina et al., 1984). The connective tissue may therefore be more susceptible to 
ischemic injury. 
 
Morphological changes including growth and wall thickening are characteristics of the 
aneurysmal aorta. Intraluminal thrombus (ILT) is often found in the aneurysm sac, 
caused by endothelial injury (e.g. atheroma) or by abnormal blood flow (e.g. 
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turbulence). According to Yushimura et al. (2011) and references therein, the size and 
growth rate of the ILT is associated with AAA growth rate and rupture risk. Also, “the 
AAA wall covered by the ILT has been shown to be thinner and exhibit an increased 
number of inflammatory cells, a lower density of smooth muscle cells, and severely 
degraded extracellular matrix, especially elastin, compared to the thrombus-free wall. 
The AAA wall underlying a thick ILT was also shown to have less tensile strength 
compared to the wall covered with a thin ILT”. They further commented that although 
ILT may not necessarily be an active source of proteases, it is possible that ILT plays an 
active role in AAA, for example by producing inflammatory mediators. Neo-
vascularization is also found in relation to AAA (Herron et al., 1991; Holmes et al., 
1995; Thompson et al., 1996). Choke et al. (2006) found that rupture of AAA was 
associated with increased medial neovascularization. In addition, aneurysm tissue is 
stiffer than normal aortic tissue. 
 
The association between evolution of aneurysms and alteration of the elastic properties 
of the vessel wall is caused by biological processes affecting elastin and collagen (and 
SMC), which are the main load bearing constituents in the aortic wall. Matrix-
metalloproteinase (MMP) activity and apoptosis causes loss of elastin, higher collagen 
turnover and loss of smooth muscle cells (Freestone et al., 1995). The different elastic 
properties of elastin and collagen, explains why AAA tissue is stiffer than normal, age-
matched abdominal aortic tissue.  
 
It has been suggested that aneurysm growth is associated with loss or degradation of 
elastin, and that the content of collagen increases, which is believed to be a 
compensatory response to increase the strength of the tissue. A study by He and Roach 
(1994) reported that normal aorta contained 22.7% elastin, 22.6% SMC and 54.8% 
collagen, versus 2.4%, 2.2% and 96.5% for AAA. If further progress results in loss of 
collagen (or fail to synthesize properly cross-linked collagen), the wall becomes 
weakened, potentially leading to the point where wall tissue fails to withstand the load 
imposed by the blood pressure, and the aneurysm ruptures (Petersen et al., 2002). Due 
to loss of collagen, the weakened wall will be more extensible. Consistent with this, it 
has been shown that aneurysm tissue is stiffer than normal tissue, but that softer 
aneurysm tissue is more prone to rupture than stiff aneurysm tissue (Di Martino et al., 
2006). 
 

Due to cost and risk associated with elective aneurysm repair, patient selection is 
important in clinical management of AAA. Specifically, the risk of rupture should be 
balanced against the expected risk/benefit associated with repair to determine 
appropriate time for intervention. Population based studies have suggested that therapy 
should be recommended for eligible patients with aneurysm diameter exceeding 50-55 
mm or increasing rapidly (more than 3-6 mm/year) (Brewster et al., 2003). Smaller 
aneurysms are kept under surveillance, usually with CT or ultrasound imaging. Risk 
factor modification, e.g. cessation of smoking, treatment of hypertension and 
pharmaceutical inhibition of inflammation and protease, could reduce growth in these 
aneurysms (Baxter et al., 2008; Chaikof et al., 2009; Moll et al., 2011). 
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The validity of aneurysm size as prognostic marker of rupture may however be 
questioned. Specifically, rupture does occur in smaller aneurysm, while on the other 
hand, several aneurysms with diameter larger than 55 mm are still intact. Brewster et al. 
(2003) summarized findings from several studies, and estimated annual rupture risk 
versus size to vary as illustrated in Fig 2. Darling et al. (1977) reported an autopsy study 
comprising 459 unoperated AAAs of which 112 had ruptured. Out of 265 aneurysms 
with diameter less or equal to 50 mm, 34 ruptured, whereas out of 194 aneurysms with 
diameter larger than 50 mm, 116 were unruptured. I.e. 7.4% ruptured at diameter less 
than 50 mm, whereas 25.3% was intact despite a diameter exceeding 50 mm. Additional 
indicators are therefore warranted to predict rupture at an individual level.  
 
Aneurysm formation and progression may both weaken the wall due to biological 
changes, and alter the stress condition due to altered flow and geometry. Considering 
that rupture is caused by the wall strength failing to withstand the stress caused by the 
blood pulse, more accurate estimation of rupture risk depends on estimation of wall 
stress and strength at a patient specific level. 
 

 
 

Fig 2. Graph illustrating annual rupture risk versus diameter. (Based on Brewster et al., 
2003). The dashed lines indicate risk (30-day mortality) associated with repair (1.1-7%).  
 
 

Biomechanics of abdominal aortic aneurysm 
 

Mechanics is the study of forces and how forces interact with objects. Statics relates to 
systems in mechanical equilibrium (in rest or constant motion), whereas dynamics is the 
study of forces causing changed motion. Mathematical modelling of forces and motion 
helps describing, understanding and predicting mechanical processes.  
 
In continuum mechanics, objects are described and analysed based on macroscopic 
properties (average over volume elements containing many cells, molecules or atoms). 
Material properties are described by constitutive model equations. 
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Deformation is a mechanical process describing change in size or shape. Elastic 
deformation means that the deformation is reversible, whereas plastic deformation is 
irreversible. A material usually deforms elastically below a certain limit (yield), and 
plastically above. Further deformation may lead to fracture.  
 
Local deformations in a material can be quantified as strain. Longitudinal, shear and 
volumetric strain are the primary strain concepts. Longitudinal strain (or normal strain) 
is defined as the change in length of a line element relative to the length of the line 
element. Shear strain is the change in angle between two line elements, and the 
volumetric strain is change in volume relative to the original volume. Longitudinal 
strain can be expressed by considering an incremental change of length resulting in an 
incremental strain  

 

 
The strain resulting from a line being stretched from length L0 to length L is found by 
integration:  

 

 
The exact result is called natural (or logarithmic) strain, while the approximation, which 
is valid for low strain, is called engineering (or linear) strain. 
 
A more general approach is to express strain as a tensor (Irgens, 2005, p134-141). The 
Green strain tensor E can be expressed in terms of the deformation gradient F as 
 

 

 
The deformation gradient F gives the relation between a line-element dr0 (with length 
ds0) in the original configuration and dr (length ds) in the deformed configuration 
 

 

 

 
The longitudinal strain in direction e can thus be expressed in terms of Green strain 
tensor E as 

 
 
It can also be shown that shear strain  between two originally orthogonal line-elements 
along e and ê, and volumetric strain v can be expressed as 
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When small strain values can be assumed, the Green strain tensor can be approximated 
to (using cylindrical coordinates) 
 

 

 
 denotes normal strains,  shear strains. When a material is deformed, internal stresses 

occurs. Stress can also be expressed as a tensor. With normal stress  and shear stress , 
the tensor can be written (in cylindrical coordinates) as 
 

 

 
Strain is related to stress through material properties modelled by a constitutive 
equation (T=T(E)), and typically characterized by stress-strain diagrams determined by 
applying a load to a specimen of the material, and measure the resulting elongation or 
compression. A stiff material will resist deformation more than a softer material. 
Material properties can be isotropic or anisotropic and homogeneous or inhomogeneous. 
Elastic materials can be linear or non-linear and purely elastic or viscoelastic. For 
viscoelastic materials, the strain-stress response is time dependent (T=T(E,dE/dt)). High 
viscosity delays the response. Hysteresis, creep and stress relaxation are consequences 
of viscoelasticity.  
 

In biomechanics, mechanics is used for analysing biological systems, which are 
complex in terms of geometry and material properties (inhomogeneous, anisotropic, 
non-linear, viscoelastic. Fung, 2004). Properties are also time-varying due to the fact 
that biomechanics deals with living tissues and auto-regulating systems. Through 
mechanotransduction, biological materials respond to altered mechanical environment, 
making biomechanical stress/strain decisive in healthy as well as pathological 
remodeling. Biological systems can be described on various levels ranging from cells 
and molecules to tissues, organs and systems of organs. For some purposes (growth, 
development of pathology), the continuum mechanics approach may be supplemented 
with multi-scale modeling, taking into account mechanisms in lower levels. 
 
Significant insight can be obtained from biomechanical models. Only a few simple 
models can be solved analytically, but increased computational power facilitates 
numerical computer simulations (finite-element models (FEM), e.g. for solid-state stress 
estimation, flow simulation (computational fluid dynamics, CFD) and fluid-structure-
interactions (FSI)). These simulations should be combined with experimental 
measurements for parameter estimation and verification.  
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Progression of AAA is associated with altered elastic properties of the aorta, and 
changed geometries and flow conditions, which changes the wall stresses and strains, as 
well as wall strength. Altered mechanical stimuli further triggers remodeling of the 
aortic wall. Biomechanical analysis can provide important insight into formation, 
growth and rupture of aneurysms. Although prediction of formation and growth by 
including remodeling, mechano-transduction and signaling pathways has been described 
(Sheidaei et al., 2011; Volokh & Vorp al., 2008; Watton et al., 2004), most research has 
focused on predicting rupture. 
 
It has been shown that blood vessels exhibit a nonlinear viscoelastic relation between 
stress and strain (Fung, 2004; Imura et al., 1990). This property has been linked to the 
microscopic structure of the tissue, specifically the contents of elastin, collagen and 
smooth muscle cells (Apter et al., 1966). Mechanical properties of AAA have been 
investigated by in-vitro tensile testing, showing that aneurysm tissue is stiffer than 
normal tissue, and that the mechanical properties are inhomogeneous over the wall 
length and circumference. (di Martino et al., 2006; He and Roach, 1994; Ragahavan et 
al., 1996; Sumner et al., 1970; Thubrikar et al., 2001; Vande Geest et al., 2006a). He 
and Roach (1994) found that elastin and SMC was reduced by 91%, and collagen and 
gel matrix content increased by 77% in AAA compared to normal. Raghavan et al. 
(1996) showed that the tissue was slightly stiffer, and had a higher ultimate stress, in the 
circumferential direction compared to the axial direction. 
 
It is generally accepted that rupture occurs when the intramural stress exceeds the wall 
strength. For certain geometries there are clear relations between diameter d and wall 
stress . For example, Laplace equations for a thin-walled cylinder (wall thickness h << 
d) gives 
 

   

 
where p is the pressure difference between inside and outside the cylinder. However, 
AAA geometries are complex, with high local wall curvatures and varying ILT and 
tissue composition. The actual patient-specific geometry can be taken into account 
combining medical imaging (most often by computed tomography, CT) and numerical 
simulation of wall stress (finite-element-model, FEM) (Raghavan et al., 2000; di 
Martino et al., 2001; Wolters et al., 2005). Important results include that stress is 
heterogenous over the aneurysm, and that maximum stress is not necessarily coincident 
with maximum diameter. Examples of wall stress calculation are shown in Fig. 3, 
illustrating inhomogeneous stress over the aneurysm wall, and lower stress values in 
normal aorta (12 N/cm2) compared to AAA (29-45 N/cm2) (Raghavan et al., 2000). For 
reference, failure strength has been reported to be as high as 121 N/cm2 for 
nonaneurysmal aorta and 65 N/cm2 for typical AAA wall (Raghavan et al., 1996; Vorp 
et al., 1996). Fillinger et al. (2003) reported a clinical study showing that wall stress was 
a better predictor of rupture compared to diameter. Several studies have shown that 
presence of ILT reduces and redistributes stress (e.g. di Martino & Vorp, 2003; 
Georgakarakos et al., 2009; Li et al., 2008; Mower et al., 1997; Wang et al., 2002), but 



  
 

 

10 

as discussed previously, ILT is also associated with reduced wall strength.  It has also 
been shown that ILT fissures increase the stress in the underlying wall (Polzer et al., 
2011). Attempt on taking into account the strength of the aneurysm tissue based on 
clinical and image-based parameters has been reported (Vande Geest et al., 2006b).  

 

 
 

Fig 3. Wall stress under systolic blood pressure in AAA patients and one control. 
Raghavan et al. (2000) applied the finite-element method to geometries obtained from 

CT data, and with a nonlinear biomechanical model for AAA wall tissue. In addition to 
lower stress in the control aorta, large variation in stress is noted over individual 

aneurysms and between aneurysms with comparable diameters. Posterior and anterior 
view of all cases. (Reprinted from Raghavan et al. 2000, with permission from Elsevier) 
 
Although wall thickness and material properties are known to vary, these parameters are 
not available on a patient specific basis. Assumptions about uniform, constant wall-
thickness and material properties represent current limitations in wall stress analysis 
based on CT. By taking advantage of several medical imaging modalities, more patient-
specific information can be obtained, thereby providing a more complete image of the 
state of the aneurysm. Analysis of wall motion in different segments of the aneurysm 
may reveal information about variations due to thinning, stiffening or weakening of the 
wall, and thereby contribute to further understanding and prediction of aneurysm 
progression. 
 
This thesis focuses on ultrasound, which due to being a real-time imaging modality can 
give both structural and functional (dynamic) information. This may be relevant for 
directly predicting aneurysm progression, but may also be important in combination 
with numerical simulations, both for validation purposes and for integrating more 
patient-specific information into the simulations. 
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Ultrasound 
 
Ultrasound equipment is portable, relatively inexpensive and does not depend on 
ionizing radiation. Ultrasound is a real-time imaging modality, and can therefore, in 
addition to imaging anatomical structures, also be used for investigating blood flow or 
organ motion, e.g. dynamics of the heart. The ultrasound probe is handheld and 
manually positioned on the patients’ body, which gives an opportunity to interactively 
investigate the anatomy and potential pathologies. Because ultrasound image quality in 
some cases is compromised by limited view due to bowel gas or obesity, skills are 
required both to obtain good images, and to interpret the images. 
 
Medical ultrasound is based on high frequency waves that are transmitted into the body. 
Structures within the body reflect these waves, and the echoes are analysed for 
retrieving diagnostic information. Ultrasound refers to frequencies above the audible 
range, typically in the range 2-20 MHz (megahertz) for medical ultrasound imaging.  
 
Technically, an ultrasound system consists of a scanner generating electrical pulses that 
are applied to a transducer  (probe). The transducer consists of piezoelectric material 
able to convert between electrical signals and mechanical oscillations. When the 
transducer is in contact with the skin, these oscillations propagate into the body, 
comparable to audible sound waves propagating through air. Ultrasound transducers are 
made up from arrays of elements that are activated with individual time delays to 
perform beamforming, i.e. focusing and steering of the ultrasound beam. Figure 4 
illustates use of electronic delays for beamforming, and transmitted intensity field 
simulated using Field II (Jensen and Svendsen, 1992). 
 

 
Fig 4. Beamforming. Time delays and corresponding transmitted fields.  
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Ultrasound propagating into the body is reflected from interfaces between tissues with 
different acoustical properties, i.e. speed of sound and mass density. Interfaces between 
soft tissues typically results in reflection of ~1% of the intensity of the ultrasound wave, 
whereas interfaces between soft tissues and bones reflects ~10-20%. Interfaces between 
gas and tissue result in almost total reflection, which means that no sound penetrates, 
thus leaving acoustical shadows behind gas. Penetration is also reduced due to 
absorption in soft tissue. Bone tissue has higher absorption, resulting in acoustical 
shadows also behind bones. Sound is not only reflected from interfaces between 
different tissues, but also scattered from within each tissue due to smaller 
inhomogeneities. Interference between scattered sound from several inhomogeneities 
gives rise to speckle pattern. Echogenecity is a term used for describing the reflective 
properties of different tissues. The relative echogenecity of different structures is 
described as an-, hypo-, iso- or hyperechoic. 
 
The reflected sound, or echo, is received by the transducer, which converts the 
acoustical signals back to electrical signals. The received signals are sampled at a time t 
after transmission of the pulse, and the relation between sample time and depth is given 
by t=2d/c, where c is the speed of sound and d is the depth along the propagation 
direction. The factor 2 accounts for the two-way distance the pulse propagates forward 
and back after being reflected. The sampled signals undergo beamforming, post-
processing and visualization to retrieve and present diagnostic information (Fig 5). 
 

 
Fig 5. Ultrasound imaging. Signals are transmitted (tx), propagates into the body and 

are reflected from internal structures. The echoes are received (rx), post-processed and 
visualized. 

 
The quality of ultrasound systems can be measured in spatial, temporal and contrast 
resolution. Spatial resolution describes the ability of the ultrasound system to detect and 
separate nearby structures. The spatial resolution is directionally varying with best 
resolution along the ultrasound beam (axial), compared with lateral and elevation 
direction. The spatial resolution of an ultrasound system is characterized by the point-
spread-function (PSF). The resolution improves with larger size of the active 
transducer, smaller depth from the transducer and higher frequency and bandwidth of 
the transducer. Several techniques are used for obtaining a more homogeneous 
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resolution also outside of focus; including aperture apodization, dynamic focusing, and 
multiple transmit foci. PSF in different depths and with different settings has been 
simulated using Field II (Jensen and Svensen, 1992), as illustrated in Fig 6. Higher 
frequency gives better resolution, but also increases absorption and obscures imaging of 
deeper structures. 3.5 MHz is a usual trade-off for imaging the abdominal aorta without 
too much absorption, while providing a theoretical resolution in the order of 0.5-1 mm 
in axial and lateral direction, and 2-3 mm in elevation.  

 
Fig 6. Point-spread-functions in different depths (cm). 3.5 MHz linear array, focus 

depth 8 cm and aperture 2.8 cm. Compared to the left image, a more homogeneous psf 
is obtained using apodization (mid), and apodization and dynamic focusing (right).  

 
The temporal resolution is measured in frames per second. Especially for cardiovascular 
applications, high framerate is necessary to capture dynamics of blood flow and tissue 
motion. Contrast resolution describes the ability to differentiate between structures with 
(slightly) different echogenecity. Additional quality measures are sensitivity, which 
describes the ability to detect low echoes, and dynamic range, which is the ability to 
simultaneously visualize high and low intensity echoes. Image quality is degraded by 
noise and absorption, as well as acoustical artefacts from the ultrasound pulse 
propagation through human tissue with heterogeneous and non-linear acoustic 
properties. An example of these artefacts is refraction, caused by a change in 
propagation direction when the ultrasound beam crosses an interface between tissues 
with different acoustical properties at an oblique angle. Refraction may result in edge 
shadows or false echoes. Reverberations are multiple reflections between different 
objects along the propagation direction, causing false echoes and generally degrade the 
image quality. Aberrations are caused by inhomogeneous speed of sound, which results 
in degradation of the focusing of the ultrasound system, thus degrading image quality. 
Substantial efforts are devoted to develop techniques for reducing artefacts. 
Reverberation artefacts have been reduced by taking advantage of the non-linear 
propagation of ultrasound, e.g. tissue-harmonic imaging (Caidahl et al., 1998; Desser et 
al., 1999; Spencer et al., 1998) or SURF imaging (Hansen et al., 2010; Näsholm et al., 
2009). (Fig 7). Techniques for aberration correction have been reported (Måsøy et al., 
2005; Wang & Li, 2010), and modulated excitation may improve the quality of 
ultrasound (Misaridis & Jensen, 2005; Sanchez et al., 2009). 
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Fig 7. Acoustic noise. Illustrating noise suppression in carotid artery using SURF 

processing (right) compared to traditional B-mode (left). Courtesy of Rune Hansen 
(SINTEF/NTNU). 

 
Ultrasound is used in several medical domains, and different ultrasound probes are 
developed for different applications (Fig 8). Transcutaneous ultrasound imaging is 
performed using either a linear array probe, typically for imaging superficial structures 
as the carotid artery; curve-linear array probe (CLA), which is curved to cover a larger 
sector, typically used for abdominal and obstetric applications; or phased array (PHA) 
probe, which has a small footprint, but can image a larger sector by steering the 
ultrasound beam. Phased array probes are typically used in cardiology, where small 
footprint make it possible to place the probe between the ribs, while obtaining a larger 
sector to image the heart through the acoustical window. Specialised probes are used for 
imaging from within the body to come closer to the area of interest, thereby enabling 
high frequency imaging for high resolution without severe absorption. Further, artefacts 
caused by bowel gas or propagation through superficial tissues are reduced. One 
example is the intravascular ultrasound (IVUS) probes that are manoeuvred through 
blood vessels for investigating cardiovascular diseases.  
 
Structural, functional and even molecular information can be retrieved and presented 
from ultrasound in a number of ways. In addition to B-mode imaging, this includes 
estimation of Doppler frequency shift for extraction of velocity information, 
elastography analysis and contrast-enhanced ultrasound for perfusion imaging. More on 
these subjects, and specifically in relation to AAA management, can be found in 
Brekken et al. (2011), appendix. Ultrasound strain estimation is of special interest for 
this thesis, and will be further described here.  
 

 
Fig 8. Probes. A-C: Linear, curved linear and phased arrays, respectively. D: 2D matrix 

array for 3D imaging. Courtesy of Ole Vegard Solberg (SINTEF/NTNU). 
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Ultrasound strain estimation can be used for obtaining an in-vivo quantitative measure 
of tissue deformation (Ophir et al., 1991).  In cardiology, strain is used for investigating 
heart function, specifically myocardial contractility (D’Hooge et al., 2000; Sutherland et 
al., 2004). Strain differentiates between active contraction of the myocardial tissue 
segment and passive motion caused by contraction of tissue in other segments. Usually, 
strain imaging refers to imaging of deformation caused by natural motion, e.g. arterial 
pulsation, in contrast to elastography, which is used when an external force is applied to 
deform the tissue. Elastography has been used for tissue characterization, e.g. 
differentiating tumor from normal tissue (Garra, 2007). Strain estimation is relevant for 
AAA both because strain relates to stress, and because progression of AAA is related to 
altered mechanical tissue properties changing the elasticity of the wall. 
 
To quantify the deformation based on the ultrasound information, some measure of 
correlation (e.g. cross-correlation or sum-of-absolute difference) is used to estimate 
changes from a reference configuration at time t0 to the current configuration at time t. 
For tracking of points, the speckle pattern or other features in a neighborhood close to 
each point (region-of-interest, ROI) is compared to the pattern in a search area around 
the ROI in the next frame (Fig 9). The motion of the points is used for calculating a 
deformation field giving the strain. The strain resolution is given by the distance 
between the points, and is a trade-off between robustness and resolution, since smaller 
distances between points give larger influence from inaccurate tracking.  
 
Since correlation is used for finding the same point in succeeding frames, the motion of 
ROIs from frame to frame should ideally be small rigid-body-translation to avoid 
decorrelation of speckle due to deformation, rotation or large displacements. Therefore, 
the framerate should be relatively high compared to the motion or velocity. In addition 
to deformation of the ROI, noise and out-of-plane motion for 2D ultrasound affect 
tracking negatively. It is therefore beneficial to combine data-driven tracking with some 
spatial and/or temporal regularization. This could be in form of model based tracking 
with parameters being optimized to fit the data while constrained to some e.g. 
biomechanical considerations, physiological constraints or other apriori information.  
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Fig. 9. Tracking. The data inside each ROI (solid square) at time tn is compared (e.g. by 
cross-correlation) with data inside search area (dotted square) at time tn+1. More robust 
tracking can be obtained by making the motion of point k dependent of points k-1 and 

k+1 through imposing constraints on the shape of the curve. 
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Aims of study 
 
Ultrasound represents a cost-effective alternative for repeated examinations without 
increased risk to patients or operators. The subject of this thesis was to investigate use 
of ultrasound in AAA management, with main focus on developing and investigating 
concepts and methods for ultrasound based strain estimation in AAA. The physiological 
motivation is that progression of aneurysm is associated with altered wall tissue 
composition, which leads to altered elastic properties and altered wall stress. The 
underlying hypothesis is that it may be possible to detect and quantify this alteration 
from dynamic ultrasound images, and through that predict further progression and risk 
of rupture.  
 
Aims: 

 
• Develop a method for ultrasound strain estimation in AAA  

 
• Explore methods for evaluation of strain estimates  

 
• Perform a pilot study for demonstrating clinical use of the method  
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Summary of papers 
 

Paper I: Strain estimation in AAA from 2D ultrasound 
 
In paper I, we developed a fast, semi-automatic method for estimation of 
circumferential strain in AAA from sequences of cross-sectional ultrasound B-mode 
images. A number of points were placed along the circumference of the aneurysm, and 
tracked over a cardiac cycle. Strain was quantified as the relative change in distance 
between neighboring points over the cycle. The method was applied to data from 10 
AAA patients. We found that local strain values significantly exceeded the 
circumferential average strain, and that the calculated strain showed no apparent co-
variation with diameter over the observed range. This implies that the method gives 
additional information compared to diameter alone.  
 

Paper II: Reduced strain in AAA after endovascular repair 
 
In paper II, we applied the strain processing method to quantitatively study the 
difference in mechanical burden on the aneurysm wall before and after EVAR. We 
showed that strain was inhomogeneous along the circumference, both before and after 
treatment, and that, despite a significant reduction, cyclic strain was still evident after 
the stent-graft was placed. For two cases in which endoleak was proven by routine 
computed tomography, the relative reduction in maximum strain was slightly smaller 
(35% and 38%, compared to 45%, range 38%–63%) Further studies comprising more 
patients over time are necessary to investigate the clinical potential for using 
circumferential strain as an additional indicator of outcome after endovascular repair.  
 

Paper III: 3D visualization of strain in AAA based on 
navigated ultrasound imaging 
 
An intuitive visualization showing the relation between strain and 3D anatomy may 
benefit both data acquisition and the interpretation of strain. In paper III, we used 
navigation technology for combining several 2D ultrasound sectors into a 3D model, 
augmented with 3D computed tomography (CT) data. To accomplish this, a position 
frame was mounted to the ultrasound probe, and calibrated to relate the positions in the 
2D ultrasound images to 3D spatial coordinates. An optical positioning system was 
applied to track the position frame. Landmark-based registration was performed to 
relate CT data to the ultrasound data, and the strain values were mapped onto a model 
segmented from these CT data. In addition to potentially provide information relevant 
for assessing the rupture risk of the aneurysm in itself, this model could be used both for 
comparison with numerical simulations and for integrating measured strain with the 
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simulations in order to provide a more patient-specific model of the biomechanics of the 
individual aneurysm.  
 

Paper IV: Simulation model for assessing quality of 
ultrasound strain estimation in AAA 
 
In paper IV, we developed a simulation model for evaluating methods for ultrasound 
strain estimation in abdominal aortic aneurysms. Simulated ultrasound features included 
speckle, absorption and angle dependent reflection, and Gaussian white noise was added 
to simulate various noise levels. Dynamics was introduced by applying realistic blood 
pressures to a nonlinear viscoelastic wall model with geometry obtained from a real 
ultrasound image of an aneurysm. It was concluded that the model simulated realistic 
circumferential variations in intensity and realistic speckle pattern, and has potential for 
initial evaluation of strain estimation methods.  
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Discussion and future work 
 

Clinical impact 
 
While studies indicated increasing prevalence of AAA before the 2000s, more recent 
data suggest that the prevalence has been declining over the latest years (Sandiford 
2011). Still, the increasing age of the population, and increased use of image diagnostics 
along with potential influence of modern life-style factors is likely to result in a high 
number of diagnosed aneurysms also in the future. This calls for cost-effective clinical 
management of AAA. 
 
Being relatively inexpensive, portable and non-ionizing, ultrasound provides an 
opportunity for cost-effective repeated examinations without increased risk to patient or 
operator. The investigations are real-time and interactive, making it possible to examine 
relevant anatomy and potential pathology from different views. Ultrasound is highly 
suitable for detection of aneurysms and monitoring of aneurysm progression, as well as 
endoleak detection with contrast-enhanced ultrasound. Further interesting potentials of 
ultrasound in AAA management include early detection of rupture in emergencies using 
hand-held ultrasound equipment, and 3D ultrasound for guidance during endovascular 
repair. Contrast enhanced ultrasound for detection of neo-vascularization, or molecular 
imaging with targeted micro-bubbles, has potential for early detection, differentiated 
diagnosis and possible stabilization of aneurysms through local drug-delivery (Brekken 
et al., 2011, appendix). 
 
The main focus of this PhD study has been to explore ultrasound strain estimation in 
AAA. By analyzing the dynamics of the wall from ultrasound images with high frame 
rates (approx. 30-40 images per cardiac cycle), it is possible to retrieve information that 
may be related to growth or rupture prediction. This information is complementary to 
structural information such as diameter measurements or CT-based stress analysis. 
Improved prediction of growth and rupture enables differentiated diagnosis for efficient 
patient selection, potentially reducing both mortality rates and societal cost by reducing 
the number of unnecessary examinations and interventions. Although screening of 
subgroups with increased AAA susceptibility has been shown to reduce AAA mortality 
(Cosford & Leng, 2007; Ferket et al., 2011; Takagi et al., 2010), improved prediction 
would also benefit efficiency and ethical aspects of screening programs.  
 
The motivation for investigation of aneurysm progression by ultrasound strain 
estimation is that formation and progression of aneurysms are associated with altered 
stress and mechanical wall properties. Biological processes affecting elastin, collagen 
and SMC result in altered elastic properties. This alteration could possibly be examined 
using ultrasound for analyzing the pulsatile wall motion. Specifically, aneurysm 
formation and growth is associated with stiffening of the aortic tissue, which causes 
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lower strain values. If further progress results in loss of collagen or fail to synthesize 
collagen, the wall will be weakened and the aneurysm may rupture. Loss of collagen 
could make the tissue more extensible, which potentially could be observed through 
higher strain values compared to size-matched aneurysms that are less prone to rupture.  
 
Imura et al. (1986) used ultrasound for studying elastic behavior of the aorta. 
Ultrasound was used for tracking the diameter pulsation over the cardiac cycle, and 
elasticity was quantified by the pressure-strain elastic modulus, Ep= p/( D/D), where 

p and D are the differences between systolic and diastolic pressure and diameter, 
respectively, while D is mean diameter. In addition to pressure-strain elastic modulus, 
due to non-linearity between strain and stress, stiffness ( ) have also been quantified as 

=ln( p)/( D/D). Several authors have used similar techniques to study the elastic 
behavior of AAA. It has been shown that the aorta is stiffer in men than age-matched 
women, that stiffness increases with age, and that aneurysm tissue is significantly stiffer 
compared with normal aorta (Länne et al., 1992; Sonesson et al., 1993). Wilson et al. 
(1998) also found that aneurysm tissue was stiffer than normal tissue, while less stiff 
aneurysms tended to be more prone to rupture. They later showed that large aneurysms 
were stiffer than smaller, but with large variations for equally sized aneurysms (Wilson 
et al., 1999), and that increased distensibility over time (compared to baseline) indicated 
significantly reduced time to rupture (Wilson et al., 2003). Long et al. (2005) reported a 
trend toward increased distensibility with increased AAA diameter. On the other hand, 
Sonesson et al. (1999) found no significant difference in wall mechanics in those AAAs 
that subsequently ruptured compared with electively operated AAAs in a study 
comprising 285 patients. 
 
While the mechanical properties are known to vary heterogeneously over the aneurysm 
wall (Thubrikar et al., 2001), the dynamic change in diameter over the cardiac cycle 
gives a measure of the average elasticity over the cross-section of the aneurysm wall. 
Using ultrasound for estimation of segmental strain gives a local assessment of tissue 
properties, which could potentially give information relevant to infer the state and 
predict further progression of the aneurysm and thereby improve selection of patients 
for AAA treatment.  
 

Ultrasound strain processing in AAA 
 
We have investigated concepts and methods for estimating strain from 2D cross-
sectional ultrasound images. Preliminary results indicate that the implemented methods 
reveal heterogeneous local wall strain and may have additional information compared to 
diameter measurements. However, there are limitations still to be overcome, including 
method refinement and verification, and further investigations on correlation with 
clinically relevant parameters. 
 
The strain estimation algorithm presented in Paper I is based on tracking of a number of 
points along the aneurysm circumference. A set of points are semi-automatically 
chosen, and these points are then tracked normal to the wall using temporal correlation 
of ROIs in the neighborhood of each point, in combination with dynamic programming 
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to impose spatial smoothness and avoid large geometrical changes compared to the 
initial configuration. A curve is then obtained by spline interpolation between the points 
for each time frame, resulting in a moving curve following the pulsation of the aortic 
wall. A second set of (equidistant) points is then (automatically) chosen and tracked 
along this curve, and strain is estimated as the relative distance between each 
neighboring point. The tracking method could possibly be improved by taking more 
information into account. First, instead of using data only in the neighborhood of each 
point, data along the entire circumference should be used in order to optimize the 
moving curve, e.g. by optimizing control points of the spline curve or by using a Fourier 
parameterization of the curve (e.g. Ravon et al., 2001). We implemented an example of 
a Fourier parameterization with the curve described in polar coordinates (r, ): 
 

 

 

 

 

 

 
As illustrated in Fig 10, the wall can be represented with few parameters (M=3) and 
parameter optimization can be a robust approach to tracking. Secondly, it may be 
necessary to allow points tracked along this curve to be slightly off the curve to 
compensate for possible inaccuracies in the tracking of the curve. In addition to the B-
mode based tracking approach, it is also possible that Doppler information could be 
used for improving tracking results (Heimdal et al., 1998, McDicken et al., 1992; 
Sutherland et al., 1994). Also, temporal regularization could be imposed in addition to 
spatial constraints by a model-based tracking approach. (Orderud et al., 2008). Last, a 
fully automatic method would improve repeatability by avoiding variation due to 
manual initial indication of the wall. 
 

  
Fig 10. Left: Ultrasound image of AAA with a Fourier parameterized curve adapted to 
the wall. Right: The area of the aneurysm tracked over six consecutive cardiac cycles.  
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A further improvement would be achieved by implementing the strain processing 
method on an ultrasound scanner for online, (close to) real-time evaluation and data 
acquisition. This would not only improve logistics in larger patient studies, but also 
make it easier to evaluate strain in several cross-sections and with different angles to 
find planes with maximum and minimum strain values. Since repeated consecutive 
measurements may differ slightly in position and orientation, online real-time 
processing could also reduce variability because several views could be investigated. 
Use of navigation technology for combining several cross-sections, as described in 
Paper III, could be useful for visualizing the combined results from different cross-
sections. In addition, recent advances in 3D ultrasound imaging technology could 
provide a possibility for real-time 3D strain estimation, which has been investigated for 
cardiology (Crosby et al., 2008; Elen et al., 2008; Orderud et al., 2008), and is 
interesting for future research also on AAA dynamics. Advances in ultrasound 
technology are further expected to reduce noise, which will benefit strain estimation, 
since tracking accuracy, and therefore accuracy of strain estimation, is negatively 
influenced by noise. 
 
It is worth noting that when estimating strain caused by cardiac or arterial pulsation, 
ultrasound only gives a cyclic strain relative to diastole, not absolute strain, since it is 
not possible to measure how much the tissue is deformed in diastole relative to a non-
pressurized configuration (i.e. diastolic strain is unknown).   
 
To estimate the elastic properties of the tissue, it is important to consider wall stress in 
addition to strain. Patient specific simulation could be combined with ultrasound strain 
to obtain a more complete picture for predicting further aneurysm progression. The 
method described in Paper III is an important step towards combining ultrasound strain 
with FEM analysis based on 3D CT data. This combined information may improve 
assessment of growth and rupture potential compared to each modality alone.  
 

Clinical validation 
 
Before initiation of larger clinical studies, as much as possible should be known about 
the quality of the strain estimation. As a starting point, the method could be evaluated 
using simulated data, e.g. as suggested in Paper IV. The benefit of simulation is 
particularly that all parameters are known with absolute certainty, while compromising 
realism may be a disadvantage. Simulation should therefore be used in combination 
with other testing, e.g. including laboratory models. In addition, reproducibility should 
be studied. Reproducibility is necessary in order to investigate possible correlation with 
clinical parameters, to assure that the estimates are consistent over time and between 
different operators and patients. 
 
After initial method verification, the most important in the end is clinical studies to 
investigate if strain can be correlated with clinically significant parameters. In Paper II 
we showed that the method could be used to measure an expected reduction in strain 
after EVAR. Further studies with more patients and longer follow-up after EVAR could 
be performed to study a possible relation between strain and endoleak or endotension. 
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This could give more insight into the potential relation between strain and shrinkage, 
stability and growth of aneurysms. 
 
Studies investigating potential relation between strain and rupture are difficult since 
intervention will usually be recommended for aneurysms kept under surveillance if the 
diameter exceeds 50-55 mm. Possibilities for studying rupture include a few ruptures of 
small aneurysms, and investigations of patients with larger aneurysms refusing or unfit 
for repair. Inclusion of ruptured aneurysms could be increased through multicenter 
studies. A simpler study would be to investigate if strain could be used to predict 
growth of small aneurysms, since patients could then be included prospectively and 
followed over a longer time-period without intervention to see if strain is different in 
aneurysms that are stable or slow or fast growing.  
 
Further insight may be obtained by studying strain in relation to more secondary 
measures, e.g. including both normal subjects and aneurysm patients to investigate 
strain versus age, gender, presence and size of aneurysms and amount of thrombus. 
Further studies could be initiated to investigate correlation between strain and known 
risk factors. This could include investigating if risk-factor modification (e.g. smoking 
cessation, blood pressure regularization, medication, exercise and diet) gives an 
associated modification of strain. It would also be interesting to study if strain is 
different between fusiform and saccular aneurysms, especially if strain is different in 
growing parts of the aneurysm compared to non-growing parts. Yet a possible study 
could be to investigate if the suggested method could be used to relate in-vivo strain to 
the extent of biological constituents (e.g. elastin, collagen, SMC or vasa vasorum), 
either by harvesting tissue samples from patients during open surgery, or from animal 
studies. E.g. Favreau et al. (2012) showed that stiffening of the aorta after angiotensin II 
injection in mice could be observed as reduced strain measured by murine ultrasound. 
Finally, ultrasound strain measurements could be compared to other diagnostic 
alternatives, including e.g. numerical wall stress analyses (Fillinger et al., 2003).  
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Conclusion 
 
Ultrasound is useful in several aspects of assisting clinical management of AAA. The 
main focus of this thesis has been to investigate ultrasound strain estimation in AAA, 
with a future goal to provide better prediction of growth and rupture, and thereby assist 
in patient selection. Compared to earlier approaches measuring the dynamic changes in 
diameter over the cardiac cycle, a strain estimation method with spatial resolution was 
developed in this thesis, thereby providing more detailed information. It was observed 
that strain varied along the circumference of the aneurysm wall, and that strain provided 
information that was additional to size. The strain processing method managed to 
differentiate strain before from after insertion of stent-graft, despite varying image 
quality among patients. 
 
We further developed a method for combining 2D strain analysis with anatomical 
information from CT. This illustrated how structural and functional imaging from 
different imaging modalities could be combined to increase the amount of available 
information. Further work may include integration of ultrasound strain measurements 
with numerical wall stress simulation.  
 
Correlation based tracking is susceptible to noise and out-of-plane motion. Considering 
the varying quality of abdominal ultrasound imaging, it is necessary to evaluate how 
well the strain estimation method performs. For this purpose we developed a simulation 
model for simulating both dynamic behavior and ultrasound images of AAA. The 
model will be useful for future method refinement and verification. Future technology 
that improves noise-suppression in ultrasound images can further improve the accuracy 
and resolution of strain estimation methods. 
 
In summary, methods and concepts with promising potential have been developed and 
illustrated. Future refinement of methods may include online, real-time processing and 
3D ultrasound for 3D strain analysis. Clinical studies, comprising more patients 
followed over longer time, are necessary to investigate if strain could differentiate 
between aneurysms with different prognosis.  
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Abstract—The rupture risk of abdominal aortic aneurysms (AAAs) is routinely inferred from the maximum
diameter of the AAA. However, clinical experience indicates that this criterion has poor accuracy and that
noninvasive assessment of the elastic properties of the vessel might give better correspondence with the rupture
risk. We have developed a method for analysis of circumferential strain in AAAs from sequences of cross-
sectional ultrasound B-mode images. The algorithm is fast, semiautomatic and well-suited for real-time appli-
cations. The method was developed and evaluated using data from 10 AAA patients. The preliminary results
demonstrate that the method is sufficiently accurate and robust for clinically acquired data. An important finding
is that local strain values may exceed the circumferential average strain significantly. Furthermore, the calculated
strain shows no apparent covariation with the diagnosed diameter. This implies that the method may give new
and essential information on the clinical condition of the AAA. (E-mail: reidar.brekken@sintef.no) © 2006
World Federation for Ultrasound in Medicine & Biology.

Key Words: Ultrasound, Strain, Abdominal aortic aneurysm, Elastography, Rupture risk.

INTRODUCTION

Abdominal aortic aneurysm (AAA) represents a serious
risk to the patient because of the high mortality rate
associated with rupture. About half of the patients having
an AAA rupture never reach the hospital and less than
half of the patients undergoing an emergent repair sur-
vive, giving a total mortality rate in the range of 80% to
90%. In the USA, more than 15,000 deaths occur annu-
ally as a result of ruptured AAAs. Of the diagnosed
AAAs 20% are detected when ruptured, some are de-
tected after the patient has experienced abdominal pain
and as many as 75% are asymptomatic and found during
examination for other diseases (Hsiang et al. 2001; Kaz-
mers et al. 2001; Wilmink and Quick 1998).

When an unruptured AAA is detected, it could be
scheduled either for surveillance or for elective repair by
open surgery or by endovascular treatment. The surgical
mortality (� 30 days) for elective repair is about 2 to 6%
(UKSATP 2002), and the clinician must evaluate the risk
for rupture vs. the risk associated with elective repair.

The patient’s age and general health condition are
weighed against the state of the AAA, which means that
an accurate measure of the risk associated with the AAA
is needed. Present practice is that surgery is recom-
mended when maximum AAA diameter exceeds 55 mm
and is expanding (Brewster et al. 2003). Aneurysms with
a diameter in the range of 30 mm to 54 mm are kept
under surveillance until they exceed 55 mm, show a
rapid expansion or become symptomatic. It has been
suggested that a diameter of less than 55 mm should be
chosen for intervention in women (UKSATP 1998).

Because of the potentially rapid increase in AAA
diameter, patients kept under surveillance undergo fre-
quent observations. But, despite this, rupture does occur.
Older patients with an AAA diameter larger than 55 mm,
who are kept under surveillance because of high risk for
surgery, show a rupture rate of more than 50% (Lederle
et al. 2002). Even with a diameter less than 55 mm, there
is still a 2% rupture rate in some subgroups (Brown and
Powell 1999; Nicholls et al. 1998).

Because AAA diameter may be a weak indicator for
rupture risk, wall stress has been suggested as a more
accurate measure. Stress analysis could be performed by
segmenting the aorta from a computed tomography (CT)
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scan to obtain the 3-D geometry of the AAA, and then
apply the finite element method (FEM) for estimating
stress in the aortic wall (Raghavan et al. 2000; Vorp et al.
1998). It has been shown that wall stress is highly cor-
related to rupture risk. Stress is not only an acute event
before rupture, but actually differentiates patients under
surveillance better than diameter size (Fillinger et al.
2003).

Strain is a measure quantifying elongation and com-
pression of a material and relates to stress during defor-
mation. Because the aortic wall is deformed by the
passing blood pulses, stress could be obtained from strain
measurements through knowledge of material parame-
ters and deformation conditions (Cheng et al. 2002;
Raghavan and Vorp 2000). Circumferential cyclic strain
of an aneurysm in the thoracic aorta has been quantified
by using cine phase contrast magnetic resonance imaging
(MRI) (Draney et al. 2002).

Unlike the thoracic aorta, the abdominal aorta is
available for noninvasive ultrasound (US), which is an
easier, faster and less expensive imaging modality. Strain
estimation based on US measurements has been devel-
oped for cardiology, using tissue Doppler imaging (TDI)
to extract the tissue velocities (D‘hooge et al. 2000;
Fleming et al. 1994; Heimdal et al. 1998; Urheim et al.
2000) and also on B-mode image sequences by using
2-D speckle tracking (Leitman et al. 2004). Strain from
US examination has also been demonstrated for tissue
characterization in other organs (e.g., brain tumors, Sel-
bekk et al. 2005; lesions in the breast, Garra et al. 1997;
Hall et al. 2003; and the prostate gland, Souchon et al.
2003).

Aortic compliance (pressure-strain elastic modulus
and stiffness) has been suggested as a measure for eval-
uating AAA rupture risk using US (Imura et al.1986;
Long et al. 2004; Wilson et al. 2003). These studies
indicate that aortic compliance provides actual informa-
tion about the probability of AAA rupture and that aortic
compliance is not correlated to maximal diameter. The
idea is to estimate the change of diameter because of the
passing blood pulse by tracking the anterior and posterior
wall in a longitudinal view through the cardiac cycle.
The changing diameter is then used to achieve a measure
of strain. This approach provides information about the
dilation of the aorta as a function of time and space along
a segment of the aorta.

Our hypothesis is that imaging the spatial variations
in strain along the circumference of the aorta would
provide additional information about the probability of
AAA rupture. The aim of the present study was, there-
fore, to develop and demonstrate a method for estimation
of strain along the circumference of the AAA from
cross-sectional 2-D US data.

METHODS AND MATERIALS

Processing
Strain quantifies the relative compression and elon-

gation of the tissue. If the aortic wall is divided into N
segments, the linear Lagrangian strain (�) in each seg-
ment is defined as:

�(t)i �
L(t)i � L0,i

L0,i
, L0,i � L(0)i, i � 1 . . . N (1)

where L(t)i is the distance between the two endpoints of
segment i and t is the time instance corresponding to
each frame through the cardiac cycle. L is a time varying
quantity because of the expansion and contraction im-
posed by the blood pulse passing through the aorta. The
reference time (t � 0) is defined as a time instance
between two passing blood pulses. To measure L(t), it is
necessary to track the position of the endpoints of each
segment through the cardiac cycle. Tracking of points in
the 2-D B-mode image sequence is here performed in
two steps:

● The vessel wall is identified manually in the first frame
and a curve representing the wall is automatically
updated throughout the cardiac cycle,

● A number of points, defining the endpoints of each
segment, are tracked along the updated curve repre-
senting the vessel wall.

Step 1. The aortic wall is initially identified manu-
ally by an operator placing a number of points (typically
� 10) along the AAA circumference. The wall is then
represented by a cubic spline interpolation (de Boor
2001) between these points, and the points should be
chosen so that the resulting curve lies fully inside the
aortic wall (Fig. 1). For each of the initial points, the
intensity profile normal to the spline curve is extracted
from the US data; thus, giving a pattern characterizing
the intensity in these parts of the aortic wall. By using
correlation (sum of absolute difference, SAD) the best
match to this pattern in the next frame is searched for in
the direction normal to the aortic wall. Because of vary-
ing image quality, the robustness of the method is en-
hanced by requiring that the curve in each frame is
smooth and does no differ too much from the curve in the
preceding frame. This results in an optimization problem
that is solved by using a dynamic programming method
(Amini et al. 1990) giving the position of each initial
point as tracked from one frame to the next in a direction
normal to the spline curve.

The result of this processing step is a sequence of
spline-interpolated curves lying in the aortic wall. The
curves are drawn on top of the underlying US data,
allowing for visual inspection of how well the curve
sequence follow the radial pulsation of the aortic wall.
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Step 2. To perform tracking along the tangential
direction, the circumferential spline from step 1 is di-
vided into 1000 equidistant points for each frame. At
each of these points, the image brightness is found by
linear interpolation of the four nearest data points. As
illustrated in Fig. 2, these brightness values are displayed
as one vertical line for each frame; thus, obtaining an
M-mode image visualizing the image intensity under the
curve throughout the cardiac cycle. This means that the
tangential motion of points in the aortic wall can be
found by tracking the vertical displacement of the inten-
sity patterns found in the M-mode. These intensity pat-
terns are tracked by applying a Gaussian gradient filter,
differentiating the M-mode image in the vertical direc-
tion. Curves in the gradient image correspond to borders
between dark and bright segments in the M-mode and, by
tracking these curves, the tangential motion is extracted.
In the first frame, some points (typically 15) with high
gradient values are automatically chosen from different
curves to be tracked. To enhance robustness, the curves
are first tracked forward from first frame to the last frame
and then backward from last to first. The trace is then
found by combining the results from the forward and
backward tracking. Further robustness enhancement is
achieved by taking the mean value of some neighboring
traces. The number of traces are reduced to 10 and made
equidistant by a linear transform to obtain equal spatial
resolution of the strain along the wall. A similar ap-
proach for measuring displacement in the myocardium
has been suggested by Brodin et al. (1998). The method,
called curved anatomical M-mode, differs from the ap-

proach suggested here because the tracking is performed
using TDI.

Recognizing that the vertical axis in the M-mode
represents indices into the 1000-point spline curve in the
aortic wall, this curve can be indexed to give the updated
positions of the points in the original B-mode image
sequence. The results of combining the two processing
steps are ten points traced in 2-D during one cardiac
cycle (Fig. 3). To evaluate the tracking process, the
points for each frame are drawn onto the 2-D image
sequence. This sequence is then played as a movie for
visual inspection of the tracking results. The tracking is
said to be successful if the motion of the points is
consistent with the motion of the intensity pattern of the
US image.

By calculating the distance L between each neigh-
boring point in each frame, strain can be calculated from
eqn (1). Because strain is calculated for each segment
between two neighboring points, a spatial resolution is

Fig. 1. 2-D US image showing part of AAA cross-section with
manually placed initial points (blue) and resulting spline inter-
polation (red) along the vessel wall. High intensities inside the
vessel wall are thrombus and lumen is the darker area in lower

right.

Fig. 2. M-mode image of the circumference of the aortic wall.
The spline curve from Fig. 1 forms the leftmost vertical line,
followed by the updated splines from the subsequent frames.

The red lines show the tracking results from step 2.
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obtained along the circumference of the AAA given by
the number of points tracked.

The strain results are visualized both as a color-
coded overlay on the 2-D US data, and as a color M-
mode (Figs. 4–7). The first case shows the strain values
obtained along the circumference in a chosen frame. In
the second case, the strain values from the first frame are
color-coded and drawn as the first column in the M-
mode. The relations between the M-mode and AAA
anatomy are obtained by recognizing that the upper part
of the column represents the upper wall segment. By
repeating this for all frames, we are able to present the
strain values obtained along the circumference through-
out the entire cardiac cycle in one view. When drawing
the ECG trace together with the M-mode, it is possible to
relate the strain image to the cardiac cycle. In both cases,
strain values are color-coded from red representing
�10% to blue representing �10%. In the first case, the
reference value (zero strain) is left transparent, whereas it
is parameterized as green in the color M-mode. Also, in
the M-mode, the strain values are linearly interpolated in
the vertical (spatial) direction to give a more visually
appealing image.

To get a quantitative measure of the inhomogeneity
of the AAA wall, the average strain and the range of
strain values are calculated for each frame. The average
over the circumference of the AAA wall is given by:

M(t)�
1

N�
i�1

N

�(t)i (2)

where �(t) is the strain as given by eqn (1) and N is the
number of segments along the AAA wall. The range is

defined as the difference between the maximum and the
minimum strain value along the circumference

R(t)�max �(t)i �min �(t)i, i � 1 . . . N (3)

In Fig. 8, the maximum of these two functions over the
cardiac cycle are plotted against the diameter diagnosed
from earlier examinations (Table 1).

The algorithm for strain processing was developed
in Matlab (The MathWorks Inc., Natick, MA, USA)
using GcMat (GE Vingmed Ultrasound, Horten, Norway
and NTNU, Trondheim, Norway) for retrieving and vi-
sualizing data and results.

Patients, data acquisition and examination
For developing and demonstrating the method, data

were recorded from 10 patients selected consecutively
among those scheduled for elective AAA repair at St.
Olav’s Hospital (Trondheim, Norway) from September
to December 2004. During this period, a total of 18
patients were treated. Of these, 1 was excluded because
of a missing electrocardiogram (ECG) recording and 7
were not examined because of nonrelated illness, lack of
consent or scanning personnel being unavailable at the
scheduled examination time. A total of 10 patients gave
their informed consent and went through an extra exam-
ination for this study the day before the operation. Patient
data are summarized in Table 1.

A System FiVe scanner (GE Vingmed Ultrasound,
Horten, Norway) was used with a 3.5-MHz curved lin-
ear-array probe. The abdominal US application was
used, collecting both radiofrequency (RF) and B-mode
data with a frame rate higher than 50 frames per s. Data

Fig. 3. Curve representation of the aortic wall in (a) the initial frame and (b) the frame corresponding to maximum
dilation. The red curve is tracked based on the initial points shown in Fig. 1. These initial points differ from the green
points, which represent the final result after tracking 10 points along the red curve. The strain is calculated over the
segments defined by these points. (c) The curve and points from (a) are plotted in black, together with those from (b).
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were stored for later strain processing on an external
personal computer.

Of the examinations, eight were performed by an
experienced radiologist, whereas the others were per-
formed by two surgeons with experience in US imaging
and interpretation. The patients were lying in supine
position. The US probe was placed in an anterior or
oblique anterior position, depending on where the best

cross-sectional view of the AAA was obtained. Provided
the imaging was satisfactory, we did the recording as
close to the maximum diameter as possible. The quality
of the view depends on avoiding gas in intestines and, at
the same time, minimizing the distance to the AAA. The
sector depth was adjusted to cover the whole cross-
section of the AAA; however, in most recordings the
sector width was decreased to increase the frame rate.
This was done because high frame rate makes the track-
ing of points from one frame to the next more robust. In
most cases, the lumen, thrombus, vessel wall and sur-
rounding tissue could be identified in the images, be-
cause of differences in echolucency. In addition to the
US data, an ECG was recorded simultaneously.

Fig. 4. Patient J, anterior view. (a) 2-D US image with strain
color-coded along AAA wall. (b) Strain as color M-mode
together with ECG. Arrow on the ECG trace indicates time
instance of the 2-D image in (a). For both images, the color
scale ranges from �10% (compression, blue) to � 10% (elon-
gation, red). The reference value (zero strain) is left transparent

in (a), whereas it is parameterized as green in (b).

Fig. 5. Patient I, oblique (right) anterior view. Similar to Fig. 4.
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RESULTS

For the evaluation of the method, it was applied to
data sets from 10 patients. For each data set, 6 to 11
initial points were placed manually. In a few cases, the
initial points were edited and reprocessed because the
curve from step 1 was not entirely inside the aortic wall.
After the initial points were placed, the method was
automatic and practically real-time. Based on visual in-
spection of the tracking results, the method was found to
be sufficiently accurate and robust to give reasonable
tracking in all 10 data sets.

Figures 4 through 7 demonstrate application of the
method to data from four patients. These illustrations

confirm that the algorithm is capable of calculating cir-
cumferential strain over small segments. This means that
the method can detect inhomogeneous strain values
along the AAA wall. The figures further indicate that the
method finds increased average strain as the blood pulse
passes the imaged cross-section.

Figure 8 compares the largest spread in strain values
with the largest average strain along the circumference
for all 10 patients. The largest average strain is found by
maximizing M(t), as given by eqn (2), over the cardiac
cycle and the largest spread by maximizing the range
R(t) defined by eqn (3). The figure demonstrates that the
AAA wall may exhibit large strain inhomogeneities,

Fig. 6. Patient F, anterior view. Similar to Fig. 4.

Fig. 7. Patient A, anterior view. Similar to Fig. 4.
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even when the average strain is low. For the 10 investi-
gated patients, we found no apparent correlation between
strain values and diagnosed diameter.

DISCUSSION

Method
The data were collected by standard examination

procedures and from a random selection of AAA pa-
tients. Thus, the image quality is expected to be repre-
sentative for patients with this disease.

To estimate strain, the algorithm must be able to
track the actual motion of a number of points in the
tissue. This motion is generally 3-D but, because of the
relatively small motion of the aortic wall, it is reasonable
to assume that out-of-plane motion is highly limited and
that the motion, therefore, can be extracted from 2-D
image sequences. The motion in the US plane, which is
perpendicular to the aorta, is typically less than 1 mm per
frame. It is physiologically reasonable to expect the

motion along the aorta to be even smaller than the
motion perpendicular to the aorta. This means that the
out-of-plane motion is negligible compared with the
width of the US plane, which is typically 1 to 2 mm for
the probe used.

Although both B-mode and RF data were recorded
during this study, only B-mode data were used. RF data
offer a better resolution and increased accuracy along the
US beam, but give no advantage over B-mode data in the
direction lateral to the US beam. Using only B-mode data
seems sufficiently accurate, and including RF data in the
2-D tracking would lead to a more complicated and
computationally expensive algorithm.

In this study, a 1-D � 1-D (radial � tangential)
approach has been chosen rather than a direct 2-D speckle-
tracking method (Leitman et al. 2004). The motivation
was to develop a robust method (i.e., the method should
perform well on data sets of moderate quality) because
US images from abdomen may be distorted because of
depth, bowel gas, etc. The 1-D� 1-D tracking method is
robust on lower data quality because of the radial track-
ing (step 1), which uses the more recognizable wall
pattern, rather than the speckle pattern, and also imposes
curve smoothness criteria via the dynamic programming
algorithm. On the other hand, this method (step 1) is
applied only perpendicular to the aortic wall and tracks
only control points, and the curve representation is ob-
tained by cubic spline interpolation. The curve is, there-
fore, not exactly tied to the tissue, which, in turn, may
affect the quality of the M-mode, making it more difficult
to track lines in the M-mode accurately (step 2).

The M-mode tracking in step 2 could be replaced by
a 2-D speckle tracking in the neighborhood of the curve
obtained from step 1. This would compensate for step 1
not being completely accurate, but still exploit the ro-
bustness enhancement of step 1. However, it seems that
the curve sequence from step 1 is sufficiently accurate to
produce an M-mode with consecutive and traceable
lines. The requirement of accurate tracking in step 1 was

Fig. 8. (□) Maximum strain range and (�) maximum average
strain over the cardiac cycle plotted vs. the diagnosed diameter
for the 10 patients (Table 1). The mean values are, respectively,

12% and 1.2%, as indicated by the solid lines.

Table 1. Patient data

Patient Gender Age Hypertension* Heart disease Blood pressure Smoker AAA diameter (mm) Diameter acquired from

A Male 51 Yes No 125/90 Yes 52 MRI
B Male 74 No Yes 120/75 No (former) 60 CT
C Male 71 No No 130/65 Yes 86 Angiography
D Male 76 No No – No (former) 65 CT
E Male 62 No No 135/90 No (former) 54 CT
F Male 84 No Yes 190/90 No 67 CT
G Male 73 Yes No – No 57 CT
H Male 71 Yes No 150/100 Yes 79 CT
I Male 78 No No 160/70 No 60 CT
J Female 80 Yes Yes 150/70 – 86 CT

* All patients with hypertension were treated medically.
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relaxed because of the relatively small motion and the
fact that the tissue inhomogeneities that were used for
tracking span over several pixels. The M-mode approach
has the advantage of being computationally inexpensive.
Because of the backtracking in step 2, the method is not
strictly real-time, but the results may be available imme-
diately after recording of one cardiac cycle.

Because of the moderate image quality obtained
from noninvasive abdominal US, the robustness of the
method is enhanced by averaging some neighbor traces
from the M-mode tracking. This reduces the influence of
noise and inaccurate tracking, but at the cost of reduced
spatial resolution.

Another robustness aspect is the placing of initial
points. It appears that changing the initial points affects
the result when the data quality is low. Care must,
therefore, be taken to place the initial points so that step
1 produces a good result (i.e., the spline must be inside
the aortic wall throughout the cycle). The only available
quality measure on this type of data is visual inspection
of how well the points follow the motion of the under-
lying B-mode movie. A controlled environment such as
a simulation data set or an US-compatible phantom could
be used, but there is no guarantee that these data would
be realistic enough to give results equivalent to those
obtained from real clinical data. When the initial points
are appropriately placed, the full 2-D tracking results
seem to be reasonable even for image segments of mod-
erate to poor quality. Because the algorithm uses B-mode
data, it is reasonable to assume that improved image
quality in next-generation US scanners would make the
approach even more accurate and robust and, also, en-
hance the evaluation of the tracking results.

The method is semiautomatic because the initial
curve is placed manually. After the initial curve is
placed, however, the method is practically real-time. An
automatic segmentation method would eliminate, or at
least reduce, the need for manual interaction. We have
implemented a snake-based segmentation algorithm in-
spired by Kass et al. (1987) that was shown to be fast and
reliable but, because the main focus of this study was
elasticity analysis, we chose to use manually-set initial
points to eliminate inaccuracies caused by the segmen-
tation algorithm. A deformable model approach for seg-
menting the AAA wall from thrombus/lumen in 2-D
cross-sectional US sequences has also been suggested by
Ravhon et al. (2001). Although this approach is compu-
tationally expensive, it demonstrates that the method
described in our study could ultimately be fully auto-
mated, thus shortening examination time and enhancing
the inter-/intraobserver reproducibility.

In addition to the circumferential strain, other po-
tentially interesting parameters, such as area, radius and
rotation, and their corresponding temporal and spatial

variations are immediately available. Strain rate, quanti-
fying the temporal variation in strain, could give addi-
tional information about critical phases during the car-
diac cycle and may, therefore, also be an interesting
clinical parameter.

Clinical applicability
The method is inexpensive, fast and nearly auto-

matic, making it suitable for real-time applications such
as screening, surveillance of patients having an untreated
AAA and for follow-up after endovascular therapy. For
clinical use, the method should be implemented on an US
scanner for online processing, providing the possibility
to scan over the entire AAA, not just one 2-D cross-
section. Also, the method should be further validated
with more patients with regard to accuracy, robustness
and reproducibility.

To be clinically applicable, the method must give
actual information about the probability of AAA rupture.
Previous studies have indicated that stress in the AAA
wall is directly related to rupture (Fillinger et al. 2003;
Raghavan et al. 2000; Vorp et al. 1998). Stress could be
derived from strain through knowledge of tissue elastic-
ity parameters and deformation condition and it is, there-
fore, reasonable to assume that strain measurements pro-
vide relevant information about the probability of AAA
rupture.

Because of the changing elasticity properties im-
posed by ageing and evolving of AAAs, the strain values
found in healthy young people are most likely not com-
parable to strain in older people or patients having an
AAA. By measuring strain as the relative change in
aortic diameter from diastole to systole, strain values for
normal subjects have been reported from 8% in young
adults down to 3% in subjects above the age of 60 (Imura
et al. 1986). It is also known that decreased compliance
is more prevalent among men than women and that
compliance is less in aneurismal aortas compared with
healthy aortas. The numerical strain values should, there-
fore, be seen in relation to the patients age, gender and a
priori AAA diagnosis (from measuring diameter). As
indicated in Fig. 7, heart rate could also influence the
numerical strain values because, with a high heart rate,
there might be no time instance where the aortic wall is
sufficiently relaxed. Therefore, there might be significant
tension in the aortic wall at zero strain. Further research
is necessary to evaluate the effect of heart rate, blood
pressure and possibly other physiological parameters.

In addition to the numerical strain values, it is
also possible that diagnostic information could be
drawn from the variations in strain along the circum-
ference (i.e., inhomogeneous strain values indicate
that certain segments of the AAA wall have a higher
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load than other segments or that some segments are
stiffer than others).

The preliminary observations made in this study
indicate that there seems to be low average strain along
the circumference of the AAA, which was expected
because AAA is known to reduce the elasticity of the
vessel wall. However, in some segments of the AAA,
high strain values are found. These inhomogeneous
strain values indicate that certain segments of the AAA
have reduced elasticity, resulting in a higher load on
other parts of the aortic wall. Because of its potential
clinical relevance, the inhomogeneity is quantified by
comparing the range of strain values to the average strain
(Fig. 8). Based on our data from 10 patients, the param-
eters show no apparent correlation with the diameter. A
total of 10 patients is, however, not sufficient to be
conclusive about this, but it is consistent with Wilson et
al. (1999), who found aortic compliance not to be cor-
related with diameter.

To be conclusive about the clinical relevance of
circumferential strain, further clinical studies includ-
ing more patients must be performed. Normal circum-
ferential strain values must be established for healthy
people and AAA patients at different ages and it must
be evaluated if strain gives additional and more pre-
cise information about the probability of AAA rupture.

CONCLUSIONS

A method for calculating strain in AAAs from
cross-sectional US B-mode image sequences has been
developed. The method depends on a prespecified
initial curve but, with that exception, the method is
automatic and practically real-time, making it suitable
for clinical applications. The method was developed
and evaluated using data from 10 AAA patients. By
visual inspection of the tracking results, from which
strain is derived, the method appears accurate and
performs well, even with moderate image quality. An
important feature of the method is its ability to calcu-
late circumferential strain over small segments of the
AAA wall; thus, revealing possible inhomogeneities.
Although the clinical relevance of circumferential
strain in AAAs must be evaluated, the method seems
promising. As compared with measuring diameter
alone, the method provides additional and potentially
more significant information on whether or not to
recommend elective repair of AAAs.
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¤CLINICAL INVESTIGATION ¤

Reduced Strain in Abdominal Aortic Aneurysms After
Endovascular Repair
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and Hans Olav Myhre, MD2,3

1SINTEF Health Research, Trondheim, Norway. 2St. Olav’s Hospital, The University
Hospital of Trondheim, Norway. 3Norwegian University of Science and Technology,
Department of Circulation and Medical Imaging, Trondheim, Norway.

¤ ¤
Purpose: To compare in vivo strain in abdominal aortic aneurysms before and after
endovascular aneurysm repair (EVAR), thereby obtaining a quantitative measure of
changes in mechanical burden on the aneurysm wall.
Method: Transabdominal ultrasound was acquired from 10 patients (9 men; median age 76
years, range 61–83) 1 day before and 2 days after elective EVAR. Strain was estimated as
the relative cyclic elongation and contraction of the wall tissue in a number of connected
segments along the aneurysm circumference. For each time instance of the cardiac cycle,
the maximum and the average strain values along the circumference were recorded. The
temporal maximums of these parameters (defined as the maximum strain and the peak
average strain, respectively) were compared before and after EVAR.
Results: Both maximum strain and peak average strain were reduced following EVAR by
41% (range 35%–63%) and 68% (range 41%–93%), respectively. Despite the reduction,
cyclic strain was still evident after the stent-graft was placed, even when no evidence of
endoleak was found. Further, the strain values were inhomogeneous along the
circumference, both before and after treatment. In 2 cases, endoleak was proven by
routine computed tomography; the relative reduction in maximum strain was slightly less
in these cases (35% and 38%) compared to those without endoleak (45%, range 38%–63%).
No difference was found in reduction of peak average strain.
Conclusion: Strain is significantly reduced after EVAR, but there may still be a certain level
of strain after the treatment. The strain values are inhomogeneous along the circumference
both before and after treatment. These results encourage further investigation to evaluate
the potential for using circumferential strain as an additional indicator of outcome after
endovascular repair.

J Endovasc Ther 2008;15:453–461

Key words: abdominal aortic aneurysm, endovascular aneurysm repair, ultrasound, strain,
stent-graft

¤ ¤

Endovascular aneurysm repair (EVAR) is
considered successful if the aneurysm sac is
fully excluded from the blood circulation,
with resulting decrease of aneurysm size over

time. Although significant shrinkage has been
reported in the absence of endoleak, some
aneurysms continue to expand also without
evidence of endoleak, a condition referred to
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as endotension.1–3 The confidence in using
lack of endoleak or endotension as measures
of successful treatment has, however, been
questioned.4–8 In order to predict the patient-
specific outcome of treatment, additional
criteria are therefore warranted.

One suggestion has been to measure the
pressurization of the aneurysm sac. Ga-
wenda et al.9 attempted to measure intrasac
pressure during EVAR; the mean and pulsa-
tile pressures were reduced after insertion of
a stent-graft, but pulse pressure was still
transmitted into the sac even in the absence
of endoleak. The authors concluded that
measuring intraoperative sac pressure could
help to detect endoleak, but not to predict
the fate of the aneurysm during follow-up.
However, Dias et al.10 reported that mea-
surements of pressure inside the aneurysm
sac during follow-up showed an association
between pressurization and expansion of the
aneurysm.

A reduction of pulsatile wall motion, de-
fined as the relative change in diameter over
the cardiac cycle, has been suggested as a
measure of successful treatment.11 Using
ultrasound, pulsatile wall motion after endo-
vascular repair was found to be higher in the
presence of endoleak, but was also present
without evidence of leakage. Using cine
magnetic resonance imaging (cine MRI),
Faries et al.12 have also shown that the
diameter pulsatility was reduced after EVAR.
To the contrary, a 2-dimensional (2D) method
measuring the change in cross-sectional sac
area over the cardiac cycle has shown only an
insignificant reduction after EVAR.13

A method has previously been suggested
for measuring cyclic strain along the circum-
ference of the abdominal aortic aneurysm
(AAA) in vivo from cross-sectional ultrasound
images.14 The method revealed inhomoge-
neous strain along the circumference, sug-
gesting that additional information is ob-
tained compared to recording the relative
change in diameter. Generally, strain is a
measure of relative displacement of particles
in an elastic object exposed to a force, i.e., the
deformation of an object. Soft materials will
experience larger strains than stiff materials
when subjected to the same load. Strain
imaging has been used for detecting stiff

tumors in softer tissue.15,16 In cardiology,
strain is used to investigate the contractility
of the left ventricle myocardium.17 Because
aneurysm growth is associated with changes
in the tissue’s material properties, strain may
provide information that could assist in
identifying varying rupture potentials of
equally sized aneurysms. Further investiga-
tion is necessary to reveal the clinical inter-
pretation and significance of strain in AAA.

Because cyclic strain depends on the pul-
satile load imposed on the aneurysm wall, we
believe that strain could provide an additional
criterion in determining the need for second-
ary intervention. The objective of this study
was to investigate the immediate changes in
circumferential strain in the AAA wall before
and after EVAR.

METHODS

Study Design, Patient Sample, and
Data Acquisition

The study was approved by an Institutional
Review Board, the Regional Committee for
Medical Research Ethics, and the Norwegian
Social Science Data Services. From March to
November 2006, 25 patients underwent elec-
tive endovascular repair of AAA at our
department. Investigators were available to
examine 13 of these patients, who all gave
informed consent to participate in the study.
Of these 13, the first 2 were considered
technical pilot cases and excluded from the
study. One patient left the hospital before the
post-EVAR examination had been carried out,
leaving 10 patients (9 men; median age 76
years, range 61–83) who had an ultrasound
examination the day before and 2 days after
the intervention. The majority were present or
former smokers (Table); 5 had coronary heart
disease, 7 were being treated medically for
hypertension, 3 used beta-blockers, and none
used cortisone. All patients had a bifurcated
stent-graft (Zenith Trifab; William Cook Eur-
ope ApS, Denmark) implanted. In 2 cases,
endoleak was observed in routine computed
tomography (CT) 2 days after the treatment.
In both cases, the endoleak sealed without
secondary intervention.
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Ultrasound Examination

The examinations were performed by a
vascular surgeon with experience in ultra-
sound imaging. The patients were supine,
and brachial blood pressure was measured
immediately before each examination. The
echocardiogram (ECG) was recorded simulta-
neously with the B-mode ultrasound data,
which was acquired with a digital ViVid7
ultrasound scanner (GE Vingmed Ultrasound,
Horten, Norway) and a 3.5-MHz curved linear
array probe. With the ultrasound probe placed
in an anterior position, fundamental imaging
was done at 3.5 MHz for the first patient, but for
the others, data were acquired by harmonic
imaging at 2.2/4.7 MHz. In each examination,
which took ,20 minutes, data from several
consecutive cardiac cycles ($3) were acquired
for each of 3 aneurysm cross sections: at the
largest diameter and some centimeters proxi-
mal and distal to the largest diameter, depend-
ing on the length of the aneurysm. The image
depth and width were adjusted to cover each
aneurysm cross section. To achieve a high
frame rate (40 to 50 per second) for robust
postprocessing, only one transmit focus depth
was used. Data were stored for later strain
processing on an external computer.

Strain Processing and Data Analysis

Regional linear strain was used for quanti-
fying the relative cyclic elongation and con-

traction of the wall tissue imposed by the
pulsatile blood pressure. Subdividing the
circumference of the wall into N segments,
the linear strain (e) in each segment was
defined as:

e tð Þi~
L tð Þi{L0,i

L0,i
, L0,i~L 0ð Þi, i~1 . . .N

where L(t)i was the distance between the 2
endpoints of segment i and t was the time
instance corresponding to each frame
through the cardiac cycle. L varied with time
due to the pulsatile aortic blood flow. The
reference time (t50) was set at the point
between 2 passing blood pulses. The number
of segments was chosen so that the initial
length of each segment was ,2 cm. The
strain processing method, described in detail
by Brekken et al.,14 is summarized below.

One cycle without apparent respiratory mo-
tion or probe displacement was selected from
each dataset for processing. A vital part of the
processing method was to measure L(t), which
required tracing the (2D) position of the end-
points of each segment through the cardiac
cycle. The tracing algorithm consisted of 3
parts. Firstly, the aneurysm wall was manually
identified by placing a number of points
(typically 10) along the wall. Based on these
points, spline interpolation was used to obtain
a curve representing the aneurysm wall in the
initial frame. Secondly, this curve was auto-
matically traced through the cardiac cycle,

¤ ¤
TABLE

Patient Data and Physiological Parameters

Pt
Age, y/
Gender Risk Factors

Blood Pressure,
mmHg

Heart Rate,
bpm

Maximum
Strain, %

Peak Average
Strain, %

AAA
Diameter,

cm EndoleakPre Post Pre Post Pre Post Pre Post

1 75/M SMK, HTN 180/105 160/80 103 94 3.8 2.1 0.82 0.21 75 0
2 68/M SMK, HD 130/80 135/85 77 107 2.9 1.8 0.98 0.38 58 Type I
3 73/M SMK, HTN, BB, HD 155/85 145/70 67 95 4.3 1.6 1.40 0.53 55 0
4 83/M SMK 130/70 125/65 70 84 2.5 1.0 0.72 0.05 60 0
5 78/M SMK, HTN 160/90 150/70 61 66 4.2 — 0.70 — 60 0
6 81/F SMK, HTN 175/85 140/70 59 72 3.7 2.4 1.30 0.12 59 Type II
7 77/M SMK, HTN, HD 125/80 120/70 73 60 2.6 1.6 0.75 0.44 64 0
8 61/M SMK, HTN, BB 150/95 140/85 80 80 3.2 1.9 0.58 0.16 62 0
9 74/M SMK, BB, HD 115/60 125/75 54 84 2.9 1.7 0.80 0.44 56 0
10 79/M HTN, HD 175/70 140/70 59 68 3.2 1.3 0.54 0.18 62 0
¤ ¤

AAA: abdominal aortic aneurysm, SMK: smoker (past or present), HTN: hypertension (all treated medically), BB:
beta-blockers, HD: heart disease.
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resulting in a sequence of curves following the
radial pulsation of the aorta. Finally, a number
of equidistant points were automatically traced
along the curves representing the wall, giving
the tangential motion component.

This processing resulted in a time series of
points representing the endpoints of each
segment. Based upon visual evaluation of
how well these points followed the motion of
the aneurysm wall as displayed by the
underlying ultrasound movie, the results of
the tracing were either approved as being
correct or the initial curve was edited and the
tracing process run again. By calculating the
distance L between each neighboring point in
each frame, strain was found from the equa-
tion above. Because strain was calculated for
each segment, a spatial resolution was ob-
tained along the circumference of the AAA
defined by the number of points traced, the
number being a tradeoff between resolution

and suppression of noise and method inaccu-
racies. To further reduce the influence of noise,
the strain values were smoothed over 5 frames
by applying a Gaussian low-pass filter.

Strain varied over time (cardiac cycle) and
anatomical location (segment). A color M-
mode was used for visualizing strain in all
segments over all frames in the cardiac cycle
in 1 view. The M-mode was generated by
color coding the strain values along the
circumference in each consecutive frame
and drawing these as consecutive columns
in the M-mode. The ECG tracing was drawn
together with the M-mode to relate the strain
values to the cardiac cycle (Fig. 1). Strain was
color coded from red (+8%) to blue (28%),
with the reference value parameterized as
green. The strain values were interpolated to
give a more visually appealing image.

To quantify the reduction in strain, the
maximum and average strain values over

Figure 1¤ In these ultrasound images acquired (A) before and (C) after EVAR, the segments
around the wall are indicated along with the thrombus and lumen. (B, D) The color-coded
strain values along the circumference of the aneurysm over the cardiac cycle indicated in the
ECG tracing; the numbers on the y-axis correspond to the segments in A and C, respectively.
Note that strain is clearly reduced after EVAR. Due to the possibility of different positioning of
the ultrasound probe in the examinations before and after EVAR, the segments are not
necessarily at the exact same anatomical location.
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the circumference were calculated for each
frame. The temporal maximum of these 2
parameters are referred to as the maximum
strain and the peak average strain, respec-
tively. Physically, the peak average strain is a
measure of the cyclic expansion/contraction
of the aneurysm cross section and may
therefore be compared to measuring the
relative changes in mean cross-sectional
diameter over the cardiac cycle.

One engineer processed each dataset sev-
eral ($3) times, but on different days. Results
are reported as medians. The values before
and after treatment were compared using
non-parametric methods. Specifically, data
were paired before and after EVAR for the
individual patient and compared using the
Wilcoxon signed-rank test for paired data.
The Mann-Whitney U test was used for group
comparisons. The level of statistical signifi-
cance was chosen as p,0.05.

RESULTS

The quality of the ultrasound images was
subjectively determined to be sufficient for
strain processing in 26 (87%) of the datasets
before and 18 (60%) after EVAR (73% in all). In
the remaining datasets, parts of the aneurysm
wall could not be identified. For 1 patient,
none of the datasets obtained after EVAR had
sufficient quality for further processing, so
strain was processed in at least 1 cross
section both before and after endovascular
repair in 9 patients. Figure 1 shows an
example of strain in corresponding datasets
before and after insertion of a stent-graft.

Comparing the strain values for each patient,
the median reduction (difference) in maximum
strain after EVAR was 1.3% (range 1%–2.7%),
whereas the median reduction in peak average
strain was 0.6% (range 0.3%–1.2%). These
reductions were statistically significant for
both parameters (p,0.01). The relative reduc-
tions in maximum strain and peak average
strain were 41% (range 35%–63%) and 68%
(range 41%–93%), respectively. The values
were clearly reduced in every case.

In addition to measuring the overall reduc-
tion in strain for each aneurysm, the reduc-
tion was also analyzed (pairwise) for corre-
sponding cross sections before and after

treatment. Maximum strain was reduced by
1.2% (range 0.3%–2.7%) and peak average
strain by 0.5% (range 0.02%–1.2%; p,0.01 for
both). The relative reduction values were 39%
(range 17%–63%) and 71% (range 5%–99%),
respectively. Strain was reduced in all cross
sections.

Figure 2 shows a graphical representation
of the maximum strain and peak average
strain before and after endovascular repair.
The sample median values of maximum
strain and peak average strain were reduced
from 3.2% (range 2.5%–4.3%) to 1.6% (range
1.0%–2.4%) and from 0.8% (range 0.5%–1.4%)
to 0.2% (range 0.1%–0.5%), respectively
(p,0.01 for both).

Although strain was clearly reduced for all
patients, a certain level of strain was still
observed after treatment. A further result was
that strain was found to be inhomogeneous
along the circumference of the aneurysm both
before and after insertion of a stent-graft.

In the 2 cases where endoleak was identi-
fied by CT, the relative reduction in maximum
strain was slightly less (35% and 38%)
compared to those without endoleak (median
45%, range 38%–63%). No difference was

Figure 2¤ (A) The maximum strain and (B) the
peak average strain before and after EVAR. Note
that the y-axis is scaled by a factor 0.5 in B
compared to A. The box plots show range, upper
and lower quartiles, and the median value.
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found in peak average strain reduction (61%
and 90% in the endoleak patients compared
to the median 68%, range 41%–93%).

DISCUSSION

The ultrasound images were collected from a
random sampling of patients undergoing
elective EVAR and are therefore assumed to
give a good indication of the expected image
quality for patients with this disease. The
quality varied from patient to patient due to
obesity, inhomogeneities in the intraperito-
neal fat, calcification, and bowel gas. Also, the
image quality in the posterior circumference
of the wall was reduced in some cases after
EVAR, which may partly be caused by arti-
facts due to the metal in the stent-graft. To
minimize the inconvenience to the patients,
fasting was not required before the examina-
tion; however, fasting may have the potential
to improve ultrasound data quality, and we
will implement this for future studies. Emerg-
ing advances in ultrasound imaging technol-
ogy are expected to improve data quality and
may therefore further increase the applicabil-
ity of the strain processing method.

The first patient included in the study was
examined using fundamental imaging at
3.5 MHz. When examining the second patient,
we used an ultrasound probe that was able to
do harmonic imaging at frequencies low
enough to avoid overly high attenuation.
Harmonic imaging reduces the acoustic noise
in the images, although a possible drawback
may be loss of sensitivity. The image quality
was judged to be somewhat better in this
setting. Because there is no expected bias in
the strain estimates related to this change of
the ultrasound probe, we still chose to include
the results from the first patient.

The processing depends on manual initial-
ization of a curve defining the aneurysm wall
and also on certain parameters used in the
tracing algorithm. Furthermore, because the
regional strain represents an average strain
over each segment, the initial length of the
segments may affect the maximum strain
value observed. The peak average strain is,
however, not affected. The initial length was
set to ,2 cm, which in this material resulted
in 10 (range 7–13) segments. With this length,

a hypothetical tracking error ,0.2 mm would
correspond to an estimation error ,1.0 (0.2/
20) for maximum strain, which is less than the
smallest value observed in this study (all
$1.0, see the Table). This was regarded as
being a fair tradeoff between accuracy and
resolution. Although the processing results
were visually evaluated, the accuracy of the
method and the observer variability must be
systematically evaluated before the method
can be used in clinical practice. To account for
variability and inaccuracies, the processing
was performed several ($3) times for each
dataset, and the median values were used in
the analysis. To evaluate the repeatability of
the processing, the standard deviation was
calculated for each valid dataset (26 before, 18
after). On average, the standard deviation in
maximum strain was 0.47% before EVAR and
0.25% after. Applying a 1-sided 2-sample t
test with unknown and unequal variance, it
was found that differences of 0.18% could be
resolved with a significance level of p50.05.
For peak average strain, the same value was
0.10%. We therefore concluded that the
variability was acceptable compared to the
reductions of 1.3% and 0.6%, respectively.
This conclusion was further supported by the
fact that stain was reduced in every case.

Based on this study, we cannot conclude
whether or not the method is sufficiently
sensitive to identify endoleak, although a
slightly smaller reduction in maximum strain
was observed in the 2 cases with proven
endoleak. To further reduce the operator
dependency, a fully automatic method should
be implemented.

Although the strain values were significant-
ly reduced after EVAR, we found that the wall
was still exposed to a certain level of strain,
meaning that the aneurysm sac was not
fully shielded from pulsatile blood pressure.
Most likely, pulse pressure was transmitted
through the stent-graft and thrombus mass.
These findings are consistent with a study
reporting a reduction in pulsatile wall motion
of 75% (range 63% to 84%) without evidence
of endoleak11 compared to the 68% reduction
in peak average strain in the present study.
Another study, using cine MRI, reported a
reduction in mean cyclic diameter change
from 3.51 mm before repair to 0.12 mm after
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(without endoleak). With a mean aneurysm
diameter of 64 mm, it could be inferred that
pulsatile wall motion was reduced from about
5.5% before to about 0.2% after.12 We found a
smaller pulsatility (peak average strain) be-
fore, while the value after EVAR was consis-
tent with that obtained in our study.

Cine MRI has also been used for measuring
change in cross-sectional area over the cardi-
ac cycle. One study, including 7 patients,
reported a change from 0.25 cm2 before
EVAR to 0.17 cm2 at 34 days after (range 14–
660; p50.79).13 Another study involving 21
patients reported that change in cross-sec-
tional area over the cardiac cycle was negli-
gible compared to the variation of measure-
ments; they concluded that this could not be
used as a measure to predict success of
EVAR. However, local wall displacements up
to 2 mm were observed.18 Compared to
measuring cyclic change in diameter or area
over the cardiac cycle, applying our method
further indicated inhomogeneity of strain
along the circumference of the aneurysm
both before and after insertion of the stent-
graft, which means that some segments of
the aneurysm may have higher elasticity or
experience a larger pulsatile load compared
to other parts of the wall. This is consistent
with results from a study investigating the
mechanical properties of 5 freshly excised
whole aneurysms, showing that different
regions of the aneurysm have different
strains.19 An interesting point is that the
reduction in maximum strain was only 41%
compared to the 68% reduction in peak
average strain.

Cyclic strain gives a measure of the effects
of the pulse pressure. Although this indicates
how well the aneurysm wall is excluded from
the pulse pressure, the mean pressure may
still be high even if the (cyclic) strain values
are low. High pressure could be a result of
phenomena other than transmission of pulse
pressure, e.g., hygroma.20,21 Experiments
performed on an aneurysm model suggested
that pulsatility was dependent on lumbar
branch outflow and could not be used for
predicting aneurysm sac pressurization.22 A
study combining strain with pressure trans-
ducer measurements may be of interest for
further investigation.

In this study, strain was measured in a
limited number of cross sections, which
means that the entire aneurysm was not
covered. One consequence is that the data
might not necessarily be acquired from the
exact same part of the aneurysm before and
after EVAR. This may be a limitation of the
study because the mechanical properties of
the aneurysm are spatially varying. However,
because the variation inmeasurement location
before and after EVAR was random, no bias
was introduced in the strain estimates. Further,
because strain was reduced following EVAR in
every case, the results suggest that the
reduction caused by EVAR significantly dom-
inated the local spatial variations. By imple-
menting the method on an ultrasound scanner
for online processing, it would be possible to
also analyze several cross sections without
having to store data for later processing.

Even if strain were measured in the entire
aneurysm, the deformation is, in general, a
tensor composed of linear strains and shear
strains. To fully describe the deformation of
the aneurysm wall, the full strain tensor
should be investigated as opposed to the
regional linear method used in this work. To
achieve this, the strain method might be
combined with finite element modeling to
obtain an interpolation scheme for estimating
the strain tensor in the entire aneurysm. Finite
element analysis has been applied to AAA to
investigate the potential of using wall stress
as an indicator for aneurysm rupture risk.23,24

Because the wall stress method assumes
certain boundary conditions and material
properties, a direct comparison to measured
strain is not straightforward, but relevant
knowledge may be obtained by combining
the two methods.

Reduced strain after EVAR may be system-
atically influenced by factors other than
insertion of a stent-graft. For example, the
systolic pressure was significantly reduced at
the time of examination 2 days after EVAR
compared to the day before (p50.04). Linear
regression suggested that there might be a
correlation between systolic blood pressure
and maximum strain before EVAR (R250.47,
p50.03), while this relationship seemed to be
less significant after (R250.24, p50.18). This
observation could be explained by the aneu-
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rysm being more shielded from systemic
blood pressure after EVAR. The difference in
maximum strain (pre/post EVAR) did not
correlate to the difference in systolic blood
pressure (R250.1, p50.40) nor did peak
average strain correlate to blood pressure.
The same trends were observed when ana-
lyzing the relation between strain and the
pulse pressure. Because the study was not
designed to investigate these relationships
thoroughly, the number and range of obser-
vations may not empower firm conclusions
regarding these points.

In studies comprising larger patient series,
multivariate analysis may be used to account
for potential confounding factors, such as
blood pressure, heart rate, and aneurysm
geometry. Because the pulse pressure is
probably transmitted to the aneurysm wall
through the stent-graft, strain may also
depend on the type of stent-graft used. It
may be of interest to compare different stent-
grafts to each other for investigating whether
the proposed method could provide any
implications for stent-graft design. Because
a low standard deviation was expected com-
pared to the reduction of strain following
EVAR, a relatively small series of patients was
included in this study, a decision that is
supported by the high significance level
observed. To further evaluate the method’s
potential for early prediction of outcome after
endovascular repair, a larger study must be
performed to relate strain or reduction in
strain to aneurysm size and enlargement,
presence of endoleak, and postoperative
rupture.

Conclusion

Using a method for measuring strain in the
AAA wall before and after endovascular
repair, we have demonstrated that strain
was significantly reduced after EVAR. Despite
this reduction, the aneurysm wall still expe-
rienced some cyclic strain. Further, inhomo-
geneous strain values were found along the
circumference of the AAA both before and
after the treatment. The results encourage
further research to evaluate the method’s
potential for early prediction of outcome after
endovascular aneurysm repair.
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ABSTRACT 
 
The criterion for recommending treatment of an abdominal aortic aneurysm is that the diameter exceeds 50-55 mm or 
shows a rapid increase. Our hypothesis is that a more accurate prediction of aneurysm rupture is obtained by estimating 
arterial wall strain from patient specific measurements. Measuring strain in specific parts of the aneurysm reveals 
differences in load or tissue properties. We have previously presented a method for in vivo estimation of circumferential 
strain by ultrasound. In the present work, a position sensor attached to the ultrasound probe was used for combining 
several 2D ultrasound sectors into a 3D model. The ultrasound was registered to a computed-tomography scan (CT), and 
the strain values were mapped onto a model segmented from these CT data. This gave an intuitive coupling between 
anatomy and strain, which may benefit both data acquisition and the interpretation of strain. In addition to potentially 
provide information relevant for assessing the rupture risk of the aneurysm in itself, this model could be used for 
validating simulations of fluid-structure interactions. Further, the measurements could be integrated with the simulations 
in order to increase the amount of patient specific information, thus producing a more reliable and accurate model of the 
biomechanics of the individual aneurysm. This approach makes it possible to extract several parameters potentially 
relevant for predicting rupture risk, and may therefore extend the basis for clinical decision making. 
 
Keywords: abdominal aortic aneurysm, biomechanics, strain, ultrasound, rupture risk, navigation, multi-modal imaging 
 
 

1. INTRODUCTION 
 
An abdominal aortic aneurysm (AAA) is a local dilatation of the abdominal aorta. The high mortality associated with 
rupture of AAA motivates the use of elective repair when the risk of rupture exceeds the risk involved with the treatment. 
The current clinical guideline is to recommend treatment of asymptomatic AAA when the maximum diameter exceeds 
50-55 mm or shows a rapid expansion [1], [2]. This criterion is however known to be inaccurate [3], [4] and other 
approaches have therefore been suggested for assessing the risk of rupture. These include computer simulations of 
biomechanical properties based on computed tomography scan (CT) [5], [6] and measurement of compliance or elasticity 
from real-time ultrasound [7], [8], [9].  
 
The motivation for doing patient-specific simulations is that, from a biomechanical point of view, rupture occurs when 
the load imposed on the aneurysm exceeds the strength of the vessel wall. Measuring the diameter gives an idealized 
estimate of the load, assuming that wall stress is proportional to diameter and blood pressure. However, this assumption 
is valid only for simple geometries. Improved estimates of wall stress are expected to be obtained by taking into account 
the patient specific geometry, the effect of the thrombus mass, the hemodynamic conditions and specific modeling of 
tissue properties. This leads to advanced model equations to be solved with numerical simulation methods.  
 
Direct measurement of the dynamic properties of the aneurysm wall is an alternative or supplement to modeling and 
simulation. Following this approach, in-vivo estimation of 2D circumferential strain in AAA has recently been presented 
as a novel approach for assessing rupture risk [7]. The purpose of the present work was to combine strain images from 
several cross-sections into a 3D model for improved interpretation of strain by enhancing the relation between the 
aneurysm anatomy and strain.  
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2. METHOD 
 
A 3D model of strain in the aneurysm was generated by processing strain from 2D ultrasound recordings and color-
parameterizing the results onto a 3D geometry segmented from contrast enhanced CT data (illustrated in Fig 1). The 3D 
positioning of the ultrasound images was found by attaching a position sensor to the ultrasound probe and tracking the 
position using a navigation system. 

 
Ultrasound  Navigation  Strain processing     

         
      Registration  3D strain model 
         

CT    Segmentation     
 

Fig 1 Workflow. Ultrasound was acquired while using a navigation system for positioning the ultrasound sectors in 3D space. Strain 
was processed for each 2D ultrasound sector, and registered to a 3D model segmented from CT data. The result was a 3D model 

visualizing strain in the aneurysm. 
 
2.1 Data acquisition 
 
Data was acquired from five patients undergoing elective endovascular treatment of AAA at St. Olav’s Hospital 
(Trondheim, Norway). The patients gave informed consent to participate in the study, and underwent an extra ultrasound 
examination the day before the intervention.  
 
Ultrasound B-mode data was recorded using the ViVid7 ultrasound scanner (GE Vingmed Ultrasound, Horten, Norway). 
A position sensor was attached to the ultrasound probe for acquiring the relative position of several ultrasound sectors 
from each patient [10]. Data was acquired using a 3.5 MHz curved linear array probe transmitting at 2.2MHz and 
receiving at 4.7MHz. The image depth and width was adjusted to cover the aneurysm cross-section. To achieve a frame 
rate in the order of 40 to 50 fps, which is necessary for the processing method to succeed, only one focal point was used. 
Data was stored for later strain-processing on an external PC. In addition to the ultrasound data, echocardiogram (ECG) 
was recorded simultaneously and blood pressure was measured immediately before each examination. 
 
The examinations were performed by a vascular surgeon with experience in ultrasound imaging. The ultrasound probe 
was placed in an anterior position. Data was acquired from three aneurysm cross-sections. Several consecutive cycles 
( 3) were recorded for each cross-section, and only cycles without apparent respiratory motion or probe displacement 
were chosen for further processing. 
 
The CT datasets from the last routine examination before the treatment were used in this study. These datasets were 
recorded within a range of 1 to 27 weeks (average 14) before the ultrasound examination, and it is therefore possible that 
they did not exactly reflect the current anatomy at that time. The difference was however considered to be too small to 
justify the extra radiation dose of performing a separate CT scan for this study. The CT data had a resolution of 512x512 
pixels with graylevels represented by 16 bit unsigned integers. Typical voxelsize was 0.45x0.45x5 mm. 
 
2.2 Processing 
 
Ultrasound strain processing 
Linear strain was estimated along the circumference of the aneurysm in each 2D ultrasound image. Strain quantifies the 
relative elongation and contraction of the wall tissue imposed by the passing blood pulse. Subdividing the circumference 
of the aortic wall into N segments, the linear strain ( ) in each segment is defined as 
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L(t)i is the distance between the two endpoints of segment i, and t is the time instance corresponding to each frame 
through the cardiac cycle. L is a time varying quantity due to the expansion and contraction imposed by the blood pulse 
passing through the aorta. The reference time (t=0) was chosen as a time instance between two passing blood pulses. To 
calculate L, and hence estimate strain, the endpoints of each segment were traced through the cardiac cycle. The method 
is described in detail by Brekken et al (2006) [7]. 
 
Segmentation  
Medical segmentation is the process of extracting the geometry of organs relevant for an examination, either for 
visualization or for quantitative analysis. Medical data are noisy, contain regions with overlapping image intensity and 
drop-outs. Therefore, despite of the wish for a general segmentation method, experience shows that the algorithms have 
to be adapted to the specific image modality and organ for accurate and robust segmentation results. 
 
In this study, the lumen and aneurysm wall were segmented from contrast enhanced CT. We focus on infrarenal AAA, 
and thus the relevant region is from below the renal arteries to the iliac bifurcation. The lumen segmentation was 
initialized by the user indicating one point in each of the iliac branches. An optimal ellipse approximation to the lumen 
was found in every CT slice (2D). These ellipses were then deformed by using an active contour method for minimizing 
an energy function [11]. The next slice was initialized with the result from the current slice. For segmenting the thrombus 
mass, the user indicated one point in the thrombus, and the same approach was used as for lumen, but with changed 
parameter settings.  
 
Registration 
Registration is the task of placing the ultrasound cross-sections correctly relative to the CT model (Fig 2), i.e. to align CT 
and ultrasound coordinate systems [12]. In this work registration was performed by means of manually indicating 
anatomical landmarks in both modalities. This information was further used for calculating the transformation matrix 
that describes the translation and rotation necessary for aligning the coordinate systems. 
 
Having aligned the ultrasound and CT coordinate systems, a 3D visualization of strain was obtained by using the position 
data from the navigation system for mapping strain values onto the geometric model segmented from CT. A color 
parameterization was used for visualizing the level of strain. 
 
The navigation system CustusX (SINTEF Health Research, Trondheim, Norway) [13] was used for positioning and 
registration. Matlab (The Mathworks Inc, Natick, MA, USA) was used for processing and concept development. 
 

 
 

Fig 2. Example of an ultrasound image positioned in a 3D CT scene (CustusX, SINTEF, Trondheim, Norway). 
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3. RESULTS 
 
The results of each processing task are illustrated in Fig 3. The first panel shows strain as calculated in three cross-
sectional ultrasound images. The strain values are color parameterized and positioned in 3D space using the position 
output from the navigation system. Next, the results of segmenting the lumen and the aneurysm wall from CT data are 
shown as black and green surfaces, respectively. Finally, the strain surface is mapped onto the segmented model by 
manual registration between CT and ultrasound.  
 
Given the limited selection of patients, no clinical results should be inferred from this study. We state, however, that 
maximum strain values were typically found to be less than 5%. Also, as illustrated in Fig 3, strain was found to be 
inhomogeneous along the circumference of the aneurysm, indicating that the method gives a measure of the varying load 
conditions and tissue properties. 
 
Figure 4 shows the color parameterized strain surface visualized in the CT scene for improved anatomical interpretation, 
giving an intuitive visualization of strain.  
 
 

4. DISCUSSION 
 
The reasons for developing the 3D model were considered threefold. First, since strain quantifies the relative elongation 
and contraction of the tissue imposed by the pulsatile blood flow, strain depends on the load on the vessel wall and the 
tissue characteristics. This is believed to be information relevant for predicting rupture risk, and clinical studies should be 
performed to evaluate the clinical interpretation of strain. An intuitive 3D visualization could be of assistance in 
evaluating strain in clinics. Second, the model could be used for validating fluid structure interaction (FSI) simulations. 
The measurements could be used for calibrating the model parameters and hence improve the simulation results, 
especially the biomechanical tissue model. Third, the 3D model based on measured strain could be more closely 
integrated into the simulations thereby increasing the amount of patient specific information. Retrieving biomechanical 
properties from a model containing a maximum of information specific of the individual aneurysm has potential of being 
the method to provide the most precise assessment of rupture risk. 
 
4.1 Accuracy 
 
The accuracy of the method is influenced by several factors. Geometrical factors include positioning of the ultrasound 
probe, registration of ultrasound to CT and the segmentation of the aneurysm from the CT data. The accuracy of the 
registration could be improved by acquiring CT and ultrasound at the same time, and by using fiducials for registration. 
The manual registration method could be replaced by an automatic method, e.g. by sampling positions from the patient’s 
stomach to produce a surface that could be mapped to the same surface as segmented from the CT data. In addition, non-
rigid registration could be considered [14]. Also, the segmentation method may be improved, e.g. by using a 3D method 
for segmenting the thrombus-wall interface [15], [16] or by increased manual interaction. Better accuracy would also be 
obtained by using CT data with increased resolution. These factors influence the accuracy of the 3D geometry and the 
anatomical positioning of strain. Because the 3D geometry is used only for visualization, i.e. to get an overview of the 
3D anatomy, we consider these factors to be less critical for this application, and the optimization of these subtasks has 
therefore not been the focus of the present work. 
 
Another question is the accuracy of the strain processing method. This method is based on tracing wall motion from 
transabdominal ultrasound image sequences of varying quality. The accuracy of this method is more critical, hypothesing 
that diagnostic information could be drawn from determining the correct level of strain. There is a need for further 
studies evaluating the accuracy and reproducibility of the method. Also, further attention should be paid to the fact that 
the strain processing method gives strain only in 2D, thereby neglecting the longitudinal motion component. Generally, 
strain is a tensor value; in this work we measure only linear strain. 
 
In this work the strain model is visualized at one particular time instance. However, because strain is calculated for each 
frame through the cardiac cycle, the model can be visualized as a movie showing how strain relates to the ECG through 
the cycle. 
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Fig 3. Left: Strain is processed from three 2D ultrasound images positioned in 3D by using a navigation system. The strain values are 
color-coded according to the indicated scale. A transparent green surface is drawn between the ultrasound planes for enhanced 3D 
perception. Middle: The black structure represents the blood flow volume (lumen), whereas the transparent green structure is the 

surface of the aneurysm as segmented from CT. Right: The strain model and the segmented model are combined using registration. 
 
 

 
 

Fig 4. 3D strain model. The model from Fig 3 is placed in a CT scene for enhanced anatomical interpretation. Strain is shown in one 
time-instance, but it is possible to generate a video showing how strain changes through the cardiac cycle (synchronized with ECG). 
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4.2 Model based imaging 
 
Previous research for alternative means of assessing rupture risk of AAA has mainly been focusing either on 
mathematical simulation or ultrasound measurement. We believe that the model suggested in this work provides the 
opportunity for a unified approach, in which simulation and measurements are integrated to introduce a model based 
imaging concept. The motivation for this is the recognition that measurements may not be sufficient on its own. For 
example, referring to Fig 3, strain is measured only in a limited number of slices. Here, modeling and simulation could 
be considered an “advanced interpolation method” that could provide simulated strain values in between the measured 
values. Also, other clinically relevant parameters could more easily be extracted from a mathematical model than from 
direct measurements. The aim is to combine as much relevant information as possible from theoretical consideration and 
patient specific data and measurements into one model supporting clinical decision making. As a next step towards this 
concept, the ultrasound based 3D strain model could be used for validation and possibly calibration of FSI simulations 
(Fig 5). 
 
It should be noted that the accuracy of positioning, registration and segmentation becomes more critical when the results 
are to be further processed numerically as compared to visualization only. 
 

Ultrasound  Navigation  Strain processing     
         
      Registration  3D strain model 
         

CT    Segmentation     
         
         
         
    Modeling  Simulation  Compare 
         
         
         
      Calibration   

 
Fig 5 Workflow. The upper half of the figure equals Fig 1. In addition a loop describing the integration of the dynamic measurements 

into a modeling and simulation approach is included. The 3D strain model is compared to the model produced by numerical 
simulations, and the biomechanical simulation model is iteratively updated until the simulated values converge to the measured values. 
 
4.3 Future work 
 
Future work includes 1) evaluation and further development of the ultrasound strain processing method, 2) development 
of a model based imaging approach combining ultrasound measurements with computer simulations and 3) evaluation of 
the clinical relevance of strain or related parameters for predicting rupture of AAA. 
 
 

5. CONCLUSIONS 
 
We have presented a 3D visualization of strain in AAA. This approach gave a more intuitive visualization and improved 
the geometric interpretation of strain compared to a 2D visualization. We believe that the 3D strain model could provide 
relevant diagnostic information. The model may also be valuable for validation and calibration of FSI simulations, or 
even for providing input values to a simulation approach more closely integrated with patient specific measurements. 
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SIMULATION MODEL FOR ASSESSING QUALITY OF ULTRASOUND STRAIN
ESTIMATION IN ABDOMINAL AORTIC ANEURYSM
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Abstract—The purpose of this study was to develop a simulation model for evaluating methods for ultrasound
strain estimation in abdominal aortic aneurysms. Wall geometry was obtained from a real ultrasound image
and wall motion was simulated applying realistic blood pressures to a nonlinear viscoelastic wall model. The ultra-
sound simulation included speckle, absorption and angle dependent reflection. Gaussian white noise was added to
simulate various noise levels. Despite not fully replicating real ultrasound images, the model simulated realistic
circumferential variations in intensity and realistic speckle patterns and has potential for initial evaluation of
strain estimation methods. (E-mail: reidar.brekken@sintef.no) � 2012 World Federation for Ultrasound in
Medicine & Biology.

Key Words: Ultrasound, Strain, Simulation, Abdominal aortic aneurysm, Biomechanics.

INTRODUCTION

Rupture of abdominal aortic aneurysm (AAA) causes
high mortality, and elective surgery or endovascular
therapy is, therefore, recommended when the risk of
rupture exceeds the risk associated with treatment.
Although indicators for rupture risk have been identified,
predominantly the diameter exceeding 5.0–5.5 cm or
increasing rapidly, rupture risk is still not evaluated on
a patient-specific level with satisfying specificity and
sensitivity (Brewster et al. 2003).

Ultrasound can be used for estimating dynamical
properties of the aneurysm due to the pulsating blood
pressure and, thereby, obtaining additional patient-
specific information about the state of the aneurysm.
Brekken et al. (2006) described a method for estimating
circumferential strain over the cardiac cycle from cross-
sectional ultrasound images. The level and distribution
of strain depends on the wall stress and the material prop-
erties of the wall tissue. Since it has been shown that both
wall stress (e.g., Fillinger et al. 2003) and material prop-
erties (e.g., Di Martino et al. 2006; Thubrikar et al. 2001)

are relevant factors in AAA rupture, strain imaging may
reveal additional information for assessing rupture risk.

Strain is generally estimated from ultrasound based
on temporal correlation of images or signals. This corre-
lation is degraded by noise, out-of-plane motion and
deformation, which may lead to uncertainty in the strain
estimates. Due to the varying quality of transcutaneous
abdominal ultrasound images, it is, therefore, important
to consider the validity of the strain measurements
when using ultrasound strain in clinical studies on
AAA. It is, however, technically challenging to obtain
comparable true in vivo strain values for method
evaluation.

To overcome this challenge, a controlled environ-
ment with known parameters could be obtained by
combining biomechanical modeling with ultrasound
image simulation. Swillens et al. (2009) suggested
a computational fluid dynamics (CFD) model in combi-
nation with ultrasound simulation to simulate blood
velocity imaging of a carotid artery. For evaluation of
methods in echocardiography, Hergum et al. (2009) sug-
gested a fast ultrasound simulation method in combina-
tion with a finite-element-model of an ellipsoidal left
ventricle. Several authors have suggested using simula-
tion to investigate methods for elastography and strain
estimation (Crosby et al. 2009; D’Hooge et al. 2003;
Gao et al. 2009; Maurice et al. 2004).
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In this article, we suggest a simulation model that
can be used as a first assessment of methods for ultra-
sound strain estimation in AAAs. The emphasis was on
developing a model that simulated the main features of
wall dynamics and image appearance, and at the same
time was simple and allowed for fast repetition of simu-
lations with different parameters.

MATERIALS AND METHODS

To simulate ultrasound of a dynamic AAA, a biome-
chanical model of aortic wall motion was combined
with an ultrasound simulation method. The approach is

illustrated in Figure 1 and further described in the
following sections.

Geometry and blood pressure
To obtain realistic input values, we acquired ultra-

sound, systolic and diastolic brachial blood pressures,
and electrocardiogram (ECG) from a (75-year-old
male) patient scheduled for endovascular aneurysm
repair. Ultrasound was acquired with a 3.5-MHz curved
linear array (CLA) probe on a ViVid7 ultrasound scanner
(GE Vingmed Ultrasound, Horten, Norway). The cross-
sectional geometry of the aneurysm was obtained by
manually indicating a curve within the wall in one dia-
stolic ultrasound frame (Fig. 2). The wall was assumed
to have a constant thickness of 2 mm, extending 1 mm
at each side of the curve. A generic blood pressure profile,
adapted from catheter measurements in the abdominal
aorta of a healthy subject (Remington and Wood 1956)
(Fig. 3), was scaled to match blood pressures and heart
rate of the patient (blood pressure: 155/85 mm Hg, heart
rate: 103 bpm). The Regional Committee for Medical
Research Ethics approved the use of patient data.

Biomechanical model
The aneurysm wall was modeled as 1-D nonlinear

viscoelastic elements connected at nodes. The force
acting at each node was modeled as the sum of pressure
force acting on the neighboring elements and viscoelastic
forces due to stretching of the elements (Fig. 2). The pres-
sure force acted normal to the wall and was calculated as
the product of the blood pressure and the inner surface
area around each node. The viscoelastic forces acted
along the direction of the elements and were calculated
as the product of the circumferential wall stress s and
the cut-plane area at each node. Stress was related to
strain by a nonlinear viscoelastic material model:

s5m0$e
m$ε1~m$

Dε

Dt
(1)

Fig. 1. Flowchart illustrating the simulation model and evalua-
tion approach. Patient specific geometry and blood pressure
were used together with material parameters as input to the
simulation model producing dynamic ultrasound images with
varying noise levels. Ultrasound strain processing methods
could then be applied to these images, and evaluated by
comparing results with similar strain measures calculated

from the known dynamics of the synthetic aneurysm.

Fig. 2. Aneurysm model. Cross-sectional ultrasound image of
an aneurysm, with a curve indicating the wall geometry. The
right side illustrates in further detail part of the wall curve,
with pressure (Fp) and viscoelastic forces (Fve) acting at each
node as illustrated by the arrows. The ECG-trace is shown in

the lower left.
Fig. 3. Normalized blood pressure curve, adapted from

Remington and Wood (1956).
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where m0;m; ~m are material parameters, and ε is the longi-
tudinal strain of each element (circumferential strain for
the aneurysm). The natural strain of a segment stretched
from length L0 to length L was separated into a constant
diastolic and a dynamic cyclic strain component,
respectively,

ε5 ln

�
L

L0

�
5 ln

�
LD

L0

$
L

LD

�
5 ln

�
LD

L0

�
1ln

�
L

LD

�

5 εD1Dε

(2)

where LD is the length of the segment in diastole. Inserted
into eqn (1), this gives the following stress-strain relation

s5m0$e
m$ðεD1DεÞ1~m$

dε

dt
5m0$e

m$εD$em$Dε1~m$
dε

dt

5 sD$e
m$Dε1~m$

dε

dt

(3)

where diastolic stress has been introduced as
sD 5m0$e

m$εD .
For simulating thewall motion, we further expressed

wall stress as a function of segment length combining eqn
(2) and eqn (3)

s5 sD$

�
L

LD

�m

1~m$
1

L

dL

dt
(4)

The diastolic stress was estimated from Laplace law
for a thin-walled cylinder, while parameter values were
chosen as m 5 15 (dimensionless) and ~m 5 1000 Pa$s.
Further details regarding the biomechanical simulation
are included in the Appendix.

Ultrasound image simulation
The tissue was modeled as a collection of points

with an associated acoustic backscattering coefficient
(scatterers). The motion of each scatterer was deduced

from the motion of the nodes by bilinear interpolation.
The amplitude Aq of the backscattering coefficients was
assigned Gaussian random values N and modified by
taking into account that the reflection depends on the
angle uq between the ultrasound beam and the normal
vector of the object’s surface. A model accounting for
different types of reflection for shading in computer
graphics (Phong 1975) was adapted to

Aq 5Aq

�
fq

�
5N$

�
ka1kd$

��cos�fq

���nd
1ks$max

�
0; cos2fq

�ns� (5)

where k and n are material parameters describing
ambient, diffuse and specular reflection. We chose nd 5
1 to account for ideal diffuse reflection. The other param-
eters were determined by minimizing the square differ-
ence (least-square) between the model and the intensity
from the wall in the real image, constraining ka 1 kd 1
ks 5 1 to avoid scaling. Values are included in Table 1.

Speckle was simulated as a convolution between the
tissue (scatterer) model and the point-spread function
(PSF) of the imaging system, similar to approaches
described in more detail by e.g., Gao et al. (2009). We
simulated a CLA probe with 4.9 cm aperture and 4 cm
radius of curvature. Using cylindrical coordinates, denot-
ing each sample point by (r, q, z0) and the position of each
scatterer in a neighborhood dU of the sample point by (rq,
qq, zq), radio-frequency (rf) ultrasound signals were simu-
lated by the following convolution

rf ðr; q; z0Þ5
X
q˛dU

Aq$PSF
�
r2rq; q2qq; z02zq

�

$ei$2pf $ðdq2rÞ=c
(6)

where dq is the distance from the transducer to the scat-
terer, f is center frequency and c is speed of sound. Param-
eter values, along with radial and lateral sampling
resolution (dr and dq), are included in Table 1. The PSF
was modeled with Gaussian profiles in axial, lateral and
elevation directions, defined by width at 26 dB for each
direction (Table 1). In addition, wemodeled a logarithmic
absorption LdB (intensity) per depth and frequency unit
and Gaussian white noise with intensity levels ranging
from260 dB to220 dB (with 0 dB defined as the signal
level without absorption and with beam parallel to the
normal vector of the aneurysm). B-mode images were
obtained by time-gain-compensation (TGC), lateral inter-
polation of the simulated rf-signals, envelope detection,
log-compression and scan-conversion. Interpolation
between the rf-lines was done to improve image quality
and reduce the risk of aliasing after the succeeding
nonlinear signal processing. According to first-order
speckle statistics, the ratio of the mean to the standard
deviation (defined as signal-to-noise-ratio, SNR) of the

Table 1. Ultrasound simulation parameters

Parameter Description Value Unit

ka Ambient reflection
coefficient

0.061 –

kd
nd

Diffuse reflection
coefficients

0.282
1

–
–

ks
ns

Specular reflection
coefficients

0.657
2.9

–
–

LdB Two-way absorption 0.4 (dB/cm)/MHz
c Speed of sound 1540 m/s
f Center frequency 3.5 MHz
PSF26dB ax

PSF26dB lat

PSF26dB ele

PSF dimensions at 26dB 60.25
60.0045
62.0

mm
rad
mm

dU Neighborhood of
sample point

5$PSF26dB –

dr Sampling resolution 1/20000 m
dq Beam density 0.00225 rad
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speckle after detection should approach 1.91. (Cobbold
2007). We used eqn (6) to simulate a speckle pattern of
size 1 cm 3 1cm with varying scatterer densities. The
computation time increased linearly with scatterer density
(linear regression, R2 . 0.99) and the SNR did not
improve significantly when increasing the density above
15 scatterers per mm2 (analysis of variance [ANOVA]
test showing no significant difference between groups
with $15 scatterers per mm2, p 5 0.24) (Fig. 4). This
density was, therefore, chosen when placing scatterers at
random positions within the aneurysm wall, giving a total
of approximately 7000 scatterers for the chosen aneurysm

(approx. 7.3 cm diameter, 2 mm wall thickness). The
simulation model was implemented in Matlab R2011a
(The MathWorks Inc., Natick, MA, USA), and run on
a MacBook Pro (Apple Inc., Cupertino, CA, USA) with
operating system MaxOSX.6, dual core 2.66 GHz
processor and 8 GB memory.

The temporal correlation of the speckle pattern was
analyzed by choosing 2 mm 3 2 mm regions-of-interest
(ROI) in the aneurysm wall. The known motion of the
underlying scatterers was used for aligning each ROI
from frame to frame, and correlation was quantified
by the temporal mean (over the cardiac cycle) of the
normalized correlation coefficient between each succeed-
ing frame. In addition, for illustration of tracking with
different noise levels, a standard two-dimensional (2-D)
normalized cross-correlation method was implemented
for tracking the 2 mm3 2 mm ROIs from frame to frame
according to the maximum correlation between the ROI
and a 4 mm 3 4 mm search area in the neighborhood
of this ROI in the succeeding frame. Assuming that
each ROI should return to the initial position after one
cardiac cycle, linear correction was applied to adjust
the position of the ROI in case of any deviation between
the first and final frame. Tracking error was quantified by
the root-mean-square (RMS) difference between the
tracked position and the known true position over the
cardiac cycle. To obtain analysis that were more robust
to variation due to the stochastic scatterers, we simulated
five different speckle realizations and reported the mean
values.

RESULTS

Examples of simulated ultrasound images with
different noise levels are shown in Figure 5a and b. The
images differ from the corresponding real ultrasound
for the same case, shown in Figure 2, since only the

Fig. 4. Signal-to-noise ratio (SNR) and computation time as
a function of scatterer density. A 1 cm 3 1 cm speckle image
was simulated. Upper: The SNR did not change significantly
by increasing the density above 15 scatterers/mm2. The
boxplots show the lower and upper 25% percentile (box), range
and outliers with the variation being due to 30 repetitive calcu-
lations with different random configurations of scatterers.
Lower: The computation time increased linearly with scatter

density (R2 . 0.99).

Fig. 5. Ultrasound simulation. (a) Simulated ultrasound image with noise260 dB (b) noise240 dB. (c) The intensity in
the wall as a function of circumferential angle. The blue dashed curve shows intensity simulated according to eqn (5)
while the solid red curve also includes absorption. The thin black curve is the intensity measured in a real ultrasound
image (Fig. 2). The right lateral (RL), posterior (P), left lateral (LL) and anterior (A) regions-of-interest (ROIs) are

indicated in each subplot.
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wall of the aneurysm was simulated, without thrombus or
surrounding tissues. However, the intensity of the wall
corresponded well. This is illustrated in Figure 5c by
comparing the intensity of the wall from the real ultra-
sound image with the intensity theoretically predicted
from eqn (5).

The temporal mean of normalized correlation
coefficients were calculated and plotted as a function of
different noise levels for ROIs in the right lateral (RL),
posterior (P), left lateral (LL) and anterior (A) wall
(Fig. 6). As expected, the correlation decreased with
increasing noise. Due to different signal strength in the
different parts of the wall (and therefore different
SNR), the correlation was smallest in the lateral part
and somewhat higher in the anterior part than in the poste-
rior part. The tracking based on maximum correlation,
therefore, failed for lower noise levels in the lateral
wall than for the posterior and anterior wall, as illustrated
by the RMS values in Figure 6.

The computation time depended linearly on the
number of scatterers, the size of the imaging sector
(i.e., the number of samples) and the number of frames
per cardiac cycle. For the aneurysm presented in this
article, we simulated a blood pressure 155/85 mm Hg
and heart rate of 103 bpm, imaged at 45 frames per
second, resulting in 27 ultrasound frames over the
cardiac cycle. The simulated imaging depth was 10 cm

(2.5 cm–12.5 cm) and width was approximately 47
degrees, resulting in 361 beams and 2000 samples per
beam. The simulation time was 38 s for the biomechan-
ical simulation and 205 s for simulating the ultrasound
images (i.e., approximately a total of 4 min).

DISCUSSION

Before initiating clinical studies to investigate
potential relations between ultrasound strain estimation
and rupture risk in AAA, the quality of the strain estima-
tion method should be assessed. In this article, we present
a model for simulating dynamic ultrasound images of
AAA, which may be used for this purpose.

The main advantage of a simulation model is that all
parameters are known, thereby enabling direct compar-
ison between estimated and true values. Also, parameters
can be changed to test performance under different condi-
tions. The disadvantage is that the model will not fully
replicate true in vivo data and test results may, therefore,
not be fully representative of the method’s performance
in clinical use. It is, therefore, reasonable to combine
several means of evaluation, where a simulation model
gives useful insight into specific aspects of the method
to be evaluated.

To conveniently repeat simulations with different
geometries and material properties, the simulation should
be computationally fast. Computation time per cardiac
cycle depended on the length of the cardiac cycle, frame
rate and the size of the aneurysm (number of scatterers,
beams and samples per beam). The patient-specific aneu-
rysm shown in this article was simulated in approxi-
mately 4 min. Although it may be interesting to further
optimize to achieve faster simulations, we considered
the computation time obtained with the current imple-
mentation to be sufficient for our purpose.

Direction dependent reflections are prominent when
imaging blood vessels by ultrasound, resulting in low
signal from the lateral parts of the wall where the ultra-
sound beam is nearly tangential to the wall (see Fig. 2).
Together with the acoustic noise from the abdominal
wall and bowels, this leads to poor SNR in these parts
of the images, making strain estimation especially chal-
lenging. This is, therefore, an important property that
was well reproduced in the simulations (Fig. 5).

Only the wall was simulated, not including other
organs, thrombus or surrounding tissues, which was
a limitation because the identification of the wall is easier
in the simulated images compared to real images. The
simulation may, therefore, in some regard be a best-case
scenario. However, except from immediate surroundings
that may influence the local tracking, realistic simulation
of the aneurysm wall is more important for evaluating
tracking methods. Additional variations, e.g., due to

Fig. 6. Ultrasound images were simulated with different noise
levels. Regions-of-interest (ROIs) (2 mm 3 2 mm) were
selected in the right lateral (RL), posterior (P), left lateral
(LL) and anterior (A) wall (ref. Fig. 5). The upper panel shows
the temporal mean value of the correlation coefficient calculated
from frame to frame by using the known motion of the under-
lying scatterers. The lower panel shows the root-mean-square
(RMS) difference between the tracked motion and the known
true motion. The noise levels are relative to the highest possible
intensity from the nonattenuated data. The data are mean values
calculated over five different speckle realizations (random

configuration of scatterers).
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wall calcification, could be included in the model by
altering the amplitude of scatterers in specific parts of
the wall.

Because strain estimation is often based on speckle
tracking, the simulation of a plausible speckle pattern is
important. We chose to implement a fast simulation algo-
rithm for producing fully developed speckle (Fig. 4). The
algorithm produced a speckle pattern that was realisti-
cally correlated according to the motion of scatterers
from frame to frame. Different SNRs were simulated by
adding varying levels of Gaussian white noise. The noise
levels in patients are varying, but the chosen range of260
dB to 220 dB should represent extreme values to inves-
tigate at which noise levels a method fails, and to
compare different tracking approaches for robustness to
noise. Further research could include a more realistic
simulation of acoustic artifacts to increase the realism
of the simulated ultrasound. As shown in Figure 6, the
simple maximum correlation tracking fails when the
SNR in the different parts of the wall becomes too low.
Regularization of the tracking according to physiologic
constraints may increase the robustness of tracking with
regard to noise. The simulation model could be used to
optimize the size of ROIs and search areas and to test
different regularization approaches. It is noted that the
purpose of the implemented tracking method was to

illustrate the potential evaluation by using the simulation
model, rather than to evaluate or improve the tracking
method itself.

Wall motion was simulated by assuming 1-D
elements with nonlinear viscoelastic material properties.
One-dimensional elements imply radially constant prop-
erties through the wall and were chosen because the wall
is thin relative to the segment length, and because of lack-
ing information of radial variation of parameters. Given
the tubular thin wall structure, plane strain was assumed
for the boundary conditions in the third dimension.
Nonlinear (exponential) material models for AAA tissue
have been suggested previously (e.g., He and Roach
1994; Ragahavan et al. 1996; Thubrikar et al. 2001;
Vande Geest et al. 2006). Because arterial tissue
exhibits viscous properties, we also added a small
viscous element to the material model, enabling e.g.,
simulation of hysteresis. Figure 7 shows the simulated
stress-strain relation of one element of a circular aneu-
rysm of diameter 5.5 cm, with diastolic stress sD 5 156
kPa and material parameters m 5 15 and ~m 5 1000Pa$s.
The systolic wall stress was 297 kPa, which is consistent
with values from literature on AAA wall stress simula-
tion, e.g., Fillinger et al. (2003), suggesting 440 kPa as
a threshold for rupture prediction, and Raghavan et al.
(2000) reporting peak wall stress among AAA patients
from 290 kPa to 450 kPa. As illustrated in Figure 7, the
model also shows good agreement with amodel suggested
by Thubrikar et al. (2001), based on in vitro strain-stress
characterization of circumferentially oriented AAA tissue
specimens. Additionally, in vivo ultrasound of stiffness,
approximately corresponding to the parameter m, has
been reported to be in the order of 15–30 (Sonneson
et al. 1999; Wilson et al. 2003).

The viscous effect means that the response of the
model will depend not only on the amplitude but also
on the rate of change of the blood pressure. Since the
blood pressure profile may be affected by individual vari-
ations e.g., due to age and presence of aneurysm, the
response may change somewhat compared with the
response when applying the profile described in this
article. When evaluating tracking methods, it may, there-
fore, be interesting to apply different realistic or nonreal-
istic (e.g., square or sinus) profiles to study potential
effects on the performance of the tracking method.

Patient-specific simulations of AAA dynamics have
previously been demonstrated based on three-dimensional
(3-D) computed tomography (CT) scan to estimate param-
eters for predicting aneurysm rupture. These include fluid-
structure interactions (FSI) simulating the motion of the
wall when subject to pulsatile pressures (Di Martino et al.
2001; Wolters et al. 2005). Integration with an FSI model
might be of interest for further research, especially to
include out-of-plane motion and effects from surrounding

Fig. 7. Strain-stress relation for one element of a circular aneu-
rysm with 5.5 cm diameter, 155/85 mm Hg blood pressure and
heart rate 103 bpm. The solid curve shows the simulated
response (with m0 5 8000 Pa), including a small viscous effect
(hysteresis). Diastolic and systolic stresses (156 kPa, 297 kPa)
and strains (0.198, 0.241) are indicated. The model shows
good agreement with a model suggested by Thubrikar et al.

(2001) (dashed curve).
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tissues and thrombus, and for investigating how the circum-
ferential strain measure available from 2-D ultrasound
corresponds to the underlying 3-D strain tensor.

Although only one example of AAA was shown in
this article, the simulation model can be used for different
patient specific or nonspecific AAA geometries or even
for normal blood vessels by applying other geometries
and material properties. The model could be used for
investigating how different parameters, e.g., frame rates,
heart rates, blood pressures, noise-levels, geometries or
stiffness affect the strain processing method.

In conclusion, we believe that the described model
provides a simple and efficient first assessment of
methods for ultrasound strain processing in AAA.
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APPENDIX

The aneurysm wall was modeled as one-dimensional (1-D)
nonlinear viscoelastic elements connected at nodes. The force acting
at each node was modeled as the sum of a blood pressure force Fp acting
on the neighboring elements, and viscoelastic forces Fve due to stretch-
ing of the elements (Fig. 2). Denoting mass m and acceleration a gives

m$ a!5 F
!

p1F
!

ve11F
!

ve2 (A1)

In addition, the wall was constrained to return to the initial shape
and position after a full cardiac cycle by adding an external force Fext to
eqn (A1).

F
!

ext 52
�
F
!

p1F
!

ve11F
!

ve2

���
t5 t�1Trbm (A2)

The first part represents a temporally constant, spatially varying
force constraining the aneurysm to return to the initial shape after
a cardiac cycle. It was defined by assuming equilibrium of eqn (A1) at
a time t*. Trbm is a temporally varying transformation applied to exclude
rigid body motion. The transformation was applied to all nodes and did,
therefore, not influence the internal forces of the aneurysm wall. By
applying other transformations, rigid body motion due to breathing
and probe motion could be included in the simulation.

With initial positions given and assuming zero initial velocity in
diastole, the dynamic positions of the nodes were found by temporal dis-
cretization and integration of eqns (A1) and (A2). As each node moves,
the length of each segment changes continuously and the viscoelastic
forces change correspondingly. Instead of assuming constant
acceleration within each timestep Dt, we, therefore, chose a linearly
varying acceleration
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âðtn1uÞ5 aðtnÞ1b̂$u; u ˛ ½0; tn112tn 5Dt� (A3)

This acceleration predicts virtual positions P of the nodes in the next
timestep

P ðtn11Þ 5 P ðtnÞ1vðtnÞ$Dt11

2
aðtnÞ$Dt211

6
b̂$Dt3 (A4)

We chose to useDtz 30 ms. This value could be increased to save some
computation time (e.g., increasing Dt to 90 ms reduced computation
time from 38 s to 22 s), but may compromise robustness for some
combinations of geometry, material properties and blood pressures.

From these predicted positions, the length of each segment was
calculated. Wall stress was then calculated from eqn (4). With known
blood pressures, the resulting forces and thus acceleration a*(tn11)
was calculated from eqns (A1) and (A2), and compared with the
acceleration â(tn11) predicted using eqn (A3). The calculations were
run iteratively until jâðtn11Þ2a�ðtn11Þj,D (approaching zero), while
updating

b̂5
a�ðtn11Þ2aðtnÞ

tn112tn
(A5)
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3.2 Prediction of growth and rupture 



 Diagnosis, Screening and Treatment of  
Abdominal, Thoracoabdominal and Thoracic Aortic Aneurysms 

 

108 



 
Ultrasound in Abdominal Aortic Aneurysm   

 

109 



 Diagnosis, Screening and Treatment of  
Abdominal, Thoracoabdominal and Thoracic Aortic Aneurysms 

 

110 



 
Ultrasound in Abdominal Aortic Aneurysm   

 

111 

3.3 Endovascular treatment and follow-up 
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3.4 Functional and molecular imaging 
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