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ABSTRACT 

Introduction: The most commonly used predictor of aneurysm behavior in clinical decision-making is size. There are 
however small aneurysms that rupture and certain large aneurysms remain asymptomatic. There is growing evidence to 
suggest that other variables may provide better information on metabolic and physiological properties of aortic wall 
and therefore better predict aneurysm behavior. Methods: The literature was systematically reviewed from 1975-May 
2011 to examine the evidence to support the use of non-invasive imaging modalities that might predict aneurysm be-
havior. Results: Ultrasound can be used to measure multiple dynamic aortic properties (i.e. distensibility and compli-
ance) in addition to diameter. These parameters better predict aneurysm behavior. Computer tomography can utilize 
assessment of aortic calcification, presence of intra-luminal thrombus and distensibility. Finite element analysis model 
has been validated in-vivo to calculate peak wall stress, assess effects of intra-luminal thrombus and calcification. It 
however relies on assumptions related to aneurysm properties and therefore remains relatively inaccurate in the clini-
cal setting. Small numbers of observational human studies have evaluated the role of 18F-FDG PET/CT in aneurysms. 
Larger studies are needed, as 18F-FDG uptake is patchy and heterogeneous even in small number of patients. It varies 
in the same patient with time, as aneurysms grow intermittently. We discuss functional magnetic resonance imaging 
with novel tracers such as 99 mTc-annexin-V and nanoparticles. Conclusion: Multimodality imaging with complemen-
tary methods such as CT, functional MRI (fMRI), ultrasound and physiological measurements improve the definition of 
aneurysm pathobiology. Larger-scale clinical validation is beginning to promise a new paradigm in cardiovascular 
diagnostics. 
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1. Introduction 

Abdominal aortic aneurysm (AAA) rupture is associated 
with a high morbidity and 80% - 90% mortality. Cur-
rently the aortic diameter is the only feature that is used 
to predict the risk of rupture. The other recognized risk 
factors for continued expansion of the aneurysm include 
smoking, female gender and higher mean blood pressure. 
More recently developments in imaging have allowed 
other features of the AAA to be proposed as predictors of 
rupture risk; these include arterial wall stiffness, intra- 
luminal thrombus (ILT), wall tension and peak wall stress 
[1].  

Two randomized control trials (RCTs), the United 
Kingdom Small Aneurysm Trial (UKSAT) and the An- 
eurysm Detection and Management (ADAM) study, have 
shown that patients with small AAA can safely be kept 
on surveillance programmes [2,3]. There is still, however, 
much debate whether surveillance is appropriate for all 
patients with small AAA as some of these patients may 
be at increased risk of rupture [4]. In the Multicentre 
Aneurysm Screening Study (MASS Trial) 5% of the pa- 
tients undergoing ultrasound surveillance died from an- 
eurysm related causes; either after rupture or symptom 
onset that led to urgent surgery [5]. Autopsy studies have 
demonstrated 10% - 24% of all ruptured AAA have a 
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diameter of less than 5.5 cm [6,7]. Furthermore, the 
UKSAT trial showed that more than 60% of patients with 
small aneurysms required surgery within six years [2]. 
This is predominantly for reaching size criteria but also 
for symptom onset. This has led some to argue that it 
may be safer to operate on some patients with small 
AAA. This is more the case now with the widespread 
application of endovascular stent repair, with potentially 
lower procedural risks. Two randomized control trials, 
Comparison of surveillance vs. Aortic Endografting for 
Small Aneurysm Repair [8] (CAESAR) and Positive 
Impact of endovascular Options for Treating Aneurysm 
early [9] (PIVOTAL) have failed to show any survival 
benefit of an early EVAR versus surveillance of subjects 
with small AAA. Although these trials failed to demon- 
strate an overall benefit as a group, there is a clinical 
advantage in selecting patients at higher risk of early 
rupture at a small size to be treated.  

Diameter, pulse wave velocity (PWV), arterial stiffness, 
elasticity, peak wall stress (PWS), compliance, distensi- 
bility and pressure-strain modulus (Ep) describe a range 
of properties of the aortic wall that have been described 
to predict aneurysm expansion or rupture (Table 1). Iden- 
tification of an individual’s aneurysm progression and 
rupture risk by non invasive imaging could allow selec- 
tion of patients with small AAA for early repair. This re- 
view analyzes non-invasive techniques that may be use- 
ful in predicting the aneurysm expansion or rupture. 

2. Methods 

2.1. Review Criteria  

A search of Medline using the OVID interface and other 
non-indexed citations was performed from 1975-May 
2011. The search strategy provided 91050 articles of 
which 37 were reviewed in full and form the basis of this 
review. The detailed review methodology is outlined 
below in the Methods section.  

2.2. Data Collection, Limitations and Analysis 

Systematic literature review was conducted using the 
OVID interface for PubMed database (1975 - May 2011). 
The key words used for search in PubMed were “ab- 
dominal aortic aneurysm” ($, mp), OR “imaging predict- 
ing AAA expansion OR rupture” ($, mp), AND “compli- 
ance” ($, mp), OR “distensibility” ($, mp), OR “pulse 
wave velocity” ($, mp), OR “peak wall stress” ($, mp) 
OR “PET/CT” ($, mp) OR MRI ($, mp). A manual search 
of relevant publications was also done to identify non- 
invasive imaging modalities for aorta or AAA (Table 4). 
There were no language restrictions. Having used the 
above strategy to identify potentially relevant abstracts, 
papers were independently reviewed by two authors (AA 
and RA), to assess their suitability for data extraction 
according to formally laid out criteria. Differences in 
opinion were settled by consensus with a fourth author 
(MW). Data were extracted and stored in a proforma.  

 
Table 1. Physical characteristics of arterial wall and measurement technique. 

Physical characteristics Definitions Measurement technique 

Pulse wave velocity (PWV)  

The velocity of the pressure wave to travel over a specific distance between  
two sites [10,11] 
PWV = ∆x/∆t 
∆x, the distance between two recording sites 
∆t, the transit time between the arrival of pressure wave at sites 

Applanation tonometry [10,12], 
Phase Contrast MRI [13]. 

Compliance (C) 

It is the fractional change in vessel cross sectional area divided by the change 
in distending pressure [14]. 
C = ∆A/∆p 
or 
C = 1/(PWV)2ρ 
ρ = 1055.103 [kg/m3] denotes the mass density of blood that is assumed to be 
constant. 

Indirectly by PWV. 
 
Directly from ECG gated Phase 
Contrast MRI [15], Tissue  
Doppler imaging (TDI) [14]. 

Distensibility (D) 

It is defined as the relative change in vessel cross-sectional area (A) that  
occurs during the cardiac cycle, divided by the corresponding change in  
blood pressure (∆p) [16]. 
D = ∆A/Ao·∆p 
Ao is minimum vessel area and ∆A difference in max and min area 

ECG gated CT [16,17] and MRI 
[15,18], Diamove [19,20] 

Pressure strain modulus (Ep) 

Ep is a measure of the stiffness (β) or lack of elasticity of an artery [20]. 
Ep = (Ps – Pd) [Dd/(Ds – Dd)] 

Arterial blood pressures at peak systole (Ps) and end diastole (Pd) and the  
corresponding arterial diameters (Ds and Dd) 

ECG gated CT [16] and MRI17, 
Diamove [19,20]  

Peak wall stress 
The maximal force per unit area within the AAA wall at systolic blood  
pressure. 

FEA model using 3D CT images 
[21-23] and ABAQUS software 
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The quality of the papers was assessed by the authors 
according to the criteria already laid out [24].  

2.3. Primary Outcome Measures 

The use of non-invasive imaging that predicted AAA 
expansion or rupture in humans, animal or computer 
models. 

2.4. Types of Studies 

Randomised control trails of any size or length allowing 
assessment for short, medium and long-term outcomes, 
inception cohort studies, individual cohort studies with 
>80% follow-up were primarily used (Level 1A-C). We 
also included retrospective cohort studies where there 
were untreated control groups in RCTs (Level 2A-B). 
Studies representing lower level of evidence as per Ox- 
ford Centre for Evidence-based Medicine (CEBM)-Levels 
of Evidence (March 2009) [25] were excluded. 

2.5. Types of Participants 

Adults patients (≥18 years old) undergoing non-invasive 
imaging for AAA screening, diagnosis, planning treatment, 
follow-up were included. No restrictions were placed on 
patient case mix or severity of disease pathology. This 

potentially allows for stratification of effects by level of 
patient risk of rupture. 

3. Results 

3.1. Description of Studies 

The studies that looked at parameters (Table 1), which 
may predict AAA expansion or rupture, were included. 
In addition, non-invasive imaging modalities that may 
predict aneurysm growth by detecting metabolic activity 
within aneurysm wall were also included (PET/CT, func- 
tional MRI). The studies that predicted aneurysm sac 
expansion post EVAR were excluded.  

3.2. Results of Search 

We identified 91050 references by our search criteria 
(Figure 1). From these 104 studies were thought to be of 
relevance and the full papers were sought. Of these 37 
studies met the inclusion criteria. Imaging modalities 
represented were, ultrasound, CT, PET/CT, finite element 
analysis and MRI. The parameters used to predict AAA 
outcome in literature were reviewed (Tables 2 and 3): 5 
pulse wave velocity, 1 vibrometry, 5 distensibility, 5 
compliance, 13 peak wall stress, 7 FDG-PET/CT and 1   

 
 

Titles screened 
17107 

Citations identified 
91050 

Abstracts screened 
13224 

Excluded 
12960 

Full text screened 
104 

Full text retrieval 
(where possible) 

284 

Meeting study selection criteria 
37 

Excluded 
67 

Added from other sources  
(e.g. Reference lists, meeting proceedings) 

1 

 

Figure 1. Flow diagram. 
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novel particles.  

3.3. Limitation of Bias 

General bias is bound to exist in terms of reporting posi- 
tive data in the literature however it is difficult to account 
for this. The inclusion of retrospective studies entails bias 
inherent in terms of study design. Inclusion of studies 
using small number of patients with novel imaging mo- 
dalities may not be generalisable to all patients with an- 
eurysms. However due to the costs involved and the novel 
experimental nature of the application of these tech- 
niques we felt it appropriate to include the studies into 
representing the investigation and management of pa- 
tients with AAA. Although currently small scale they 
may present important lines for investigative develop- 
ment in the future. They may therefore form the basis of 
future RCTs.  

4. Ultrasound 

Currently the best determinant of the risk of AAA rup- 
ture is the maximum diameter [26]. Ultrasound has been 
used since the early 1960s to measure AAA diameter and 
it has a sensitivity approaching 100% to detect AAA [27]. 
Although ultrasound is operator dependent the meas- 
urements are reproducible. It is non-invasive, easily avail- 
able, cost effective and modern portable scanners allow 
community based screening and surveillance. Recent 
advances include devices that automatically detect the 
aortic diameter with a 90% sensitivity without the need 
for a trained operator [28]. Ultrasound tends to measure 
AAA diameter slightly smaller than CT scan [29].  

The UKSAT showed that patterns of expansion are 
highly variable. Certain patients having a uniform rate of 
aneurysm expansion, some aneurysms grow in intermit- 
tent bursts whereas certain aneurysms remaining stable. 
Traditionally expansion rates of greater than 1 cm per 
year or 0.5 cm per 6 months have been used as indicators 
of increased rupture risk but this is not borne out in data 
from the UKSAT study [30]. These criteria have there- 
fore not been included as a reason to refer a patient with 
a small AAA for vascular specialist assessment in the 
National AAA Screening Programme (NAAASP). 

Ultrasound has also been used to measure the compli- 
ance and distensibility of AAA. Compliance is a measure 
that reflects mechanical properties of the aortic wall and 
increases with AAA diameter [19] (Table 1). AAA ex- 
pansion is the result of wall remodeling and this is re- 
flected by changes in compliance. Tissue Doppler imag- 
ing (TDI) measures compliance by utilizing the Doppler 
effect to assess wall displacement at points along the 
aorta during the cardiac cycle. Compliance is calculated 
from the amount of displacement of the vessel wall and 

the measured blood pressure. Long et al demonstrated a 
correlation between compliance and aortic size using 
TDI. There was significant positive linear relationship 
between maximum diameter and segmental compliance 
but not with the pressure strain modulus or stiffness [14]. 
Further studies are now required to assess whether com- 
pliance measured during routine AAA ultrasound moni- 
toring using TDI could be a predictor of expansion.  

Distensibility is expressed as the pressure-strain modulus 
(Ep) which is a measure of the stiffness (β) or lack of 
elasticity of an artery [31] (Table 1). If Ep and β are 
higher then the artery is less distensible and has lower 
arterial wall compliance [19]. These characteristics differ 
from compliance in that they are measures of the amount 
of change in diameter with pressure change, whereas 
compliance reflects the rate of that change. Aortic disten- 
sibility decreases with age and can be measured non- 
invasively by either an ultrasound scan-based echo track- 
ing technique (Diamove) [19], ECG-gated CT [16] or 
MRI [18]. All of these use an estimated central blood 
pressure value from sphygmomanometer to calculate 
compliance; this may be inaccurate in certain cases. The 
Diamove [19,20] device utilizes a 3.5-MHz B-mode ul- 
trasound probe to produce an image of the aorta or aneu- 
rysm. The anterior and posterior walls are then tracked 
and the change of vessel diameter during each cardiac 
cycle is measured. The acquired data is analyzed to cal- 
culate the distensibility. Diamove can also measure di- 
ameter and compliance with acceptable reproducibility 
(Table 2) [32]. A prospective multi-centre study showed 
that a reduction in distensibility over time (increase in Ep) 
significantly reduced the time to rupture independently of 
aneurysm diameter [20]. Baseline aortic wall distensibil- 
ity may provide an additional parameter for AAA to op- 
timize the indication and time for elective repair [33]. 

Vibrometry is a novel use of ultrasound to estimate 
wall stress in rubber tube models of aneurysm sac and 
may have potential to predict the risk of rupture in AAA 
[34]. Ultrasound can also be used to map the propagation 
of pulse wave along the aneurysm wall and this has been 
described as a tool that may predict AAA rupture [11]. 
Wall stress and PWV are discussed in detail on sections 
on CT and MRI respectively. 

The above evidence suggests that ultrasound can be 
used to measure multiple dynamic properties of the aortic 
wall in addition to its diameter. These parameters may  
make US a better tool to predict AAA expansion or rup- 
ture. 

5. Computed Tomography (CT) 

CT scan can accurately diagnose abdominal aortic aneu- 
rysms and is mostly commonly used for assessment of  
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Table 2. Summary of relevant published series on compliance, aortic pulse wave velocity and distensibility in AAA disease.  

Parameter  
studied 

Author, year,  
country 

Imaging modality 
Number of 

subjects/model
Aneurysms Summary of findings 

Compliance 
Wilson K et al.  
(1998, UK) [19] 

Diamove 112 patients AAA 
 Seven ruptures and 16 elective repairs 
 Baseline compliance was significantly related 

to rupture 

Compliance 
Wilson K et al.  
(1999, UK) [35] 

Diamove, an ultrasonic 
echo-tracking device was 

used to measure  
elastic-strain modulus  
(Ep) and stiffness (β). 

60 patients  
 Large aneurysms were less compliant. 
 Compliance and growth rate were not related.

Compliance 
Long A et al. 

(2004, 
France) [36] 

Tissue Doppler imaging 35 patients
AAA 

(mean size 39 mm)

 Eight compliance parameters studied. 
 Relation between compliance and AAA  

expansion/rupture r = 0.54; p = 0.001. 

Compliance 
Long A et al. 

(2005, France) [14] 
Tissue Doppler imaging 56 patients

AAA 
(mean size 39 mm)

 Compliance parameters can be easily  
measured during routine AAA ultrasound. 

 The study showed an increase in maximum 
mean segmental dilatation (MMSD) p = 
0.001 and segmental compliance (p = 0.001) 
with increased AAA diameter. 

 A change in dispersion of AAA distensibility 
may appear around 45 mm in diameter, but a 
larger study will be needed to clarify this. 

PWV/Thoracic 
aortic  

Compliance 

Russo L (2006,  
Italy) [37] 

Doppler echocardiography
PWV was determined at 
two points in descending 

thoracic aorta 

43 patients AAA (infra-renal)

 Postoperatively PWV was measured in  
ruptured group (26) and elective group (17). 

 A striking increase in thoracic aortic  
compliance was observed in patients with 
ruptured AAA (p-value = 0.05). 

PWV 
Fujikura K (2007, 

USA) [38] 
Ultrasound (ECG gated) Mouse model

CaCl2 treated 
aortas 

 AAA was induced using CaC12 
 No regional difference in PWV of normal and 

CaCl2 treated aortas 

PWV 
Luo J et al. (2008, 

USA) [39] 
Ultrasound (ECG gated) 6 patients 5-AA & 1-AAA

 Pulse wave imaging technique 
 Subjects with normal aorta were young and 

subject with was 70. 
 PWV was higher in AAA subject.  
 Wall velocities are significantly lower in 

AAA subject.  

PWV 
Luo et al. (2009,  

USA) [40] 
Ultrasound (ECG gated) 

Mouse model 
(30) 

AngII treated 
aortas 

 PWV in sham aortas is relatively uniform. 
 PWV in aneurysmal region of the 

AngII-treated aortas are lower than in the 
proximal region (P < 0.005). 

 PWV in the AngII-treated aortas is lower than 
sham aortas ((P < 0.005).  

PWV 
Parasekevas (2009, 

Greece) [41] 
cfPWV (oscillometric  

device) 
24 patients AAA  Post op PWV measurements higher than pre 

op (P < 0.0001) 

Vibrometry 
Agarwal (2006,  

UK) [34] 
Ultrasound/Doppler 

Porcine and 
rubber model

Aorta 

 Changes in wall tension can be measured 
directly.  

 This method may detect rupture risk in native 
aneurysms and endotension after EVAR.  

Distensibility 
Makita s et al. 

(2000 , Japan) [42] 
Distensibility measured in 
carotid arteries using US 

102 patients
AAA (mean size 

52.3 mm) 

 Three groups but comparison within AAA 
group showed reduced carotid distensibility 
in ruptured cases (P < 0.05) 

 Ruptured AAA (n = 14) and non-ruptured  
(n = 88) 
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Distensibility 
Wilson K (2001,  

UK) [43] 

Diamove, Serum elastin 
peptides (SEP), plasma 

elastin-α1-antitrypsin complex 
(E-AT), procollagen 

III-N-terminal propeptide 
(PIIINP) were measured by 

enzyme-linked immunoassay.

62 patients
AAA 

median diameter 
42 mm 

 AAA’s of similar size have variable  
distensibility. 

 An increased elastolysis is associated with 
increased AAA wall distensibility; whereas 
increased collagen turn-over is associated 
with reduced distensibility. 

Distensibility 
Wilson K 

(2003, UK) [20] 
Diamove 210 patients AAA 

 End points: rupture, surgery, death or end of 
study period. 

 In the Cox model, female gender, larger di-
ameter, higher diastolic BP, and a reduction 
in distensibility (increase in Ep) over time 
significantly reduced the time to rupture. 

 The measurement of AAA distensibility, 
diastolic BP, and diameter may provide a 
more accurate assessment of rupture risk than 
diameter alone. 

Distensibility 
and  

compliance 

Van’t Veer et al., 
(2008, NL) [15] 

MRI 10 subjects
AAA (mean  

diameter  
5.8  0.6) 

 MRI based monitoring of distensibility and 
compliance may be useful for rupture risk as-
sessment. 

 Secondary outcome was to compare  
intra-aneurysmal pressure with brachial  
cuff pressure measurements. 

 Non-invasive blood pressure data  
overestimates distensibility and compliance.

Distensibility 
Ganten, (2008,  

Ger) [17] 

Four detector-row CT  
system using a modified 

CT-angiography protocol.
67 patients

AAA Values were 
compared for small
<5 cm (n = 44) and 

large >5 cm (n = 
23) aneurysms.

 Distensibility between smaller and larger 
aneurysms was not found to be significant. 

 The reduction of distensibility within  
aneurysms compared to normal proximal 
aorta is subtle; the lack of difference between 
both small and large aneurysms suggests that 
this reduction occurs early in the aneurysm’s 
development.  

 In order to compare results with literature 
values, distensibility was also converted  
into pulse wave velocity PWV [m/s] 

 Reduced distensibility might be a predictive 
parameter in patients with high risk of aortic 
disease. 

 
anatomy prior to endovascular or open aneurysm repair. 
Supplementary data regarding proximal and distal aneu- 
rysm extension in relationship to branches, characteris- 
tics of intra-luminal thrombus, and aortic neck length, 
diameter and angulation can all be obtained by CT. In 
addition to anatomical details CT also provides informa- 
tion on aortic wall calcification. As discussed above CT 
can be used to measure distensibility [16] (Table 2). Dis- 
tensibility is reduced within the aneurysmal segment 
compared to normal proximal aorta in both small and 
large AAA. It has been suggested that changes in disten- 
sibility might affect the risk of subsequent aneurysm 
formation [17].  

Nearly 75% of all AAAs have varying degrees of ILT 
[44]. The role of ILT in predicting expansion or rupture 
is much debated. In one study it was found that aneurysm 
wall covered with thrombus is thinner and shows signs of 

inflammation and apoptosis of smooth muscle cells. 
These findings may be related to a reduced structural 
integrity and stability of the wall and an increased risk of 
rupture [45]. The presence of ILT in AAA may affect 
intra-aneurysmal pressure which may in-turn cause rup- 
ture. Schurink et al. showed that ILT does not reduce the 
mean blood pressure or the pulse pressure near the aneu- 
rysmal wall and therefore does not reduce aneurysm 
rupture risk [46] but Stenbaek et al. support that throm- 
bus and its growth rate are associated with an increased 
risk of AAA rupture [47]. There is however no over- 
whelming evidence related to the consequences of ILT. 

In summary, along with anatomical details of the an- 
eurysm to decide on the best mode of treatment, CT can 
provide us with physiological variables such as distensi- 
bility and degree of calcification. These may allow better 
assessment of aneurysm risk of expansion and rupture. 
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The role of ILT in aneurysm progression need further 
study. 

5.1. Finite Element Analysis 

Finite element analysis (FEA) techniques can be used to 
create a model of aneurysmal disease that gives a better 
evaluation of rupture risk of AAA [48]. Peak wall stress 
(PWS) can be calculated using these models rather than 
simply applying the Law of Laplace [49]. The CT data 
are mathematically processed to create a refined 3-D 
mesh, made up of 20,000 or more elements. The geome- 
try of the aorta and aneurysm wall including tortuous 
anatomy and vessel bifurcations is taken into account.  

Peak wall stress is the maximal force per unit area 
within the AAA wall at systolic blood pressure. It is cal- 
culated by using a mathematical model initially devel- 
oped by Raghavan and Vorp, based on mechanical prop- 
erties of freshly excised AAA specimens [50-52]. The 
model assumes the wall to be homogenous, incompressi- 
ble and of constant thickness. The stress distribution in 
the AAA wall (von Mises stress) is calculated at given 
points and this gives a single value reflecting the full 3D 
stress field at each point in the model [50,51]. 

Computed peak wall stress using this model shows 
much higher PWS in the AAA (29 - 45 N/cm2) compared 
with normal aorta (12 N/cm2) [53]. In addition the failure 
strength of normal aortas was much greater (121 N/cm2) 
than of a typical AAA wall (65 N/cm2). The other factors 
such as diameter, axial length and volume can also be 
varied to determine their influence on PWS [51]. A 
number of studies (Table 3) have supported the predict- 
tive ability of PWS to determine rupture risk in aneurysm 
is superior to diameter [21-23].  

The effect of intra-luminal thrombus on the risk of 
rupture is discussed above but a recent study has also 
included intra-luminal thrombus in stress analysis, where 
it appeared to reduce stress [54]. The presence of calcifi- 
cation has also been included in the model and increases 
AAA wall stress [55,56]. The biomechanical stability of 
AAA is dependent more on the location of calcification 
than the relative amount of calcification. Xu et al. showed 
a potential link between high wall stress and accelerated 
metabolism in aortic aneurysm wall on PET/CT [57].  

The point of maximum PWS in FEA modeling is re- 
ferred to as the inflection and this is not usually at the 
maximum diameter of the aorta. This questions the the- 
ory that rupture simply occurs at the point of maximum 
mechanical stretch where the diameter is greatest [58]. 
Diameter was first used in 1966 to predict AAA at high 
risk of rupture and has since been modified in the light of 
experience and more accurate imaging [59]. The simple 
observation that not all AAAs rupture at a specific di- 

ameter indicates that other patient-specific and aneu- 
rysm-specific variables may have an effect, for example: 
obstructive lung disease, smoking, hypertension, a wid- 
ened pulse pressure, the ratio of the aneurysm diameter 
to the diameter in the adjacent normal aorta, and aortic 
wall tension [58]. 

Presently, it is not possible to obtain exact peak wall 
stress or accurate local wall strength measurements. The 
FEA model, although claimed to be validated In vivo, 
still relies on a number of assumptions related to physical 
properties and therefore remains relatively in-accurate. 

5.2. Positron Emission Topography (PET/CT) 

PET offers the possibility of using radiotracers to image 
functional activity in the wall of the aorta (Table 4). Cur- 
rently the only tracer with clinical application is the glu- 
cose analogue 18-fluorine (18F) flurodeoxyglucose (FDG). 
It enables detection of increased glucose metabolism. 
Increased uptake is characteristic of many cancers and 
other non-malignant processes such as infection and in- 
flammation [68]. It could therefore potentially assess the 
metabolic activity in the aneurysmal wall [69]. FDG up- 
take is expressed as standardized uptake values (SUV), 
for tissue attenuation. The SUV is calculated either pixel- 
wise or over a region of interest for each image.  

Increase enzyme and cellular activity in the AAA wall 
are seen histologically at the site of rupture and these 
“hot spots” may be responsible for focal weakening and 
rupture at relatively low levels of intra-luminal pressure 
[70,71]. FDG-PET/CT is a promising technique that may 
identify such areas of activity and thus may be able to 
predict an increased risk of growth or rupture [72,73]. 
PET-CT imaging with 18-fluorine (18F)-labeled nanopar- 
ticles allows quantization of macrophage content in a 
mouse model of AAA [74]. 

In a pilot study of fifteen patients with AAA, the maxi- 
mum aortic FDG uptake correlated significantly with 
histopathologic characteristics of aneurysm wall instabil- 
ity and the clinical presence of symptoms [75]. Patients 
had a FDG-PET/CT followed by open repair and biop- 
sies were taken from increased FDG uptake areas to cor- 
relate with histology. There was a significant correlation 
of FDG signal intensity with tissue inflammation, in- 
creased macrophage and T cell accumulation and MMP-9 
activity, an enzyme associated with aneurysm rupture 
[76]. Patients with AAA had a significantly increased 
uptake as compared to normal aortas [77]. Similarly sig- 
nificantly higher uptake is observed in inflammatory an- 
eurysms compared to non-inflammatory aneurysms [78]. 
Furthermore, FDG uptake in aortic wall seems to in- 
crease with age and is not related to calcification [68].  

The preliminary findings from an observational longi-     
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Table 3. Studies reporting peak wall stress (PWS) as a predictor of aneurysm expansion and rupture. 

Author, year,  
country 

Imaging modality 
Number of  

patients 
FEA model Summary of findings 

Fillinger et al. 
(2002, USA) [21] 

CT scan 48 patients 
nonlinear hyperelastic 

model 

 10 ruptured, 8 symptomatic and 30 elective 
 Purpose was to calculate PWS In vivo using 3D  

computer modelling 
 PWS was significantly higher in ruptured AAAs  

(p = 0.03) 

Fillinger et al. 
(2003, USA) [22] 

Spiral CT scan and 
3-D reconstruction 
for elective AAA  

evaluation (not done 
to measure PWS) 

103 patients and 
159 CT scans 

nonlinear hyperelastic 
model 

 Purpose was to analyze rupture risk over time in patients.
 Three groups: observation (no intervention for at least 

1 year), elective repair(Elective repair within year), 
emergent repair for rupture  

 Peak wall stress appeared better to differentiate  
patients who later required emergent repair (elective vs 
emergent repair: diameter, p = 0.5; stress, p < 0.0001). 

 Peak wall stress and gender were significant  
independent predictors of rupture. 

Venkatasubramaniam 
et al. (2004, UK) [60] 

CT scan 27 AAA Raghavan et al. 
 12 ruptured and 15 non-ruptured 
 Area of PWS correlated with rupture site on CT scan 
 PWS significantly higher in ruptured AAA’s 

Vande Geest et al. 
(2006, USA) [61] 

CT scan 13 AAA 
Anisotropic model/ILT 

included 

 5 non-ruptured repairs vs 8 ruptured repairs.  
 Calculated rupture potential index from wall stress and 

strength 
 No significant difference in PWS (P = 0.62) 

Truijers et al. 
(2007, NL) [23] 

Routine CT scan for 
AAA (not done to  

measure PWS) 
30 (AAA < 5.5 cm)

patient specific 
3D/validated isotropic 
nonlinear hyperelastic 

material model28-31 

 Aim was to assess PWS at maximal systolic blood  
pressure as a promising technique to detect aneurysm 
rupture risk. 

 PWS analysis in asymptomatic, symptomatic and  
ruptured AAA (10 patients per group). 

 ILT and calcification were not included in PWS analysis.
 No significant difference between diameter of  

asymptomatic, symptomatic or ruptured aneurysms  
p = 0.57).  

 PWS at maximal systolic blood pressure is significantly 
higher in ruptured than asymptomatic aneurysms  
(p = 0.04). 

Speelman L et al.  
(2007, NL) [62] 

Location and extent 
of calcification was 

identified from  
CT-scans 

6 patients 

A model was created 
for each AAA and the 
areas of calcification 

were defined node-wise 
in the mesh. 

 Purpose was to evaluate the importance of material 
properties of calcified AAA wall and determine  
dependency of PWS on calcification. 

 Calcification increases AAA wall stress. 
 The stability of AAA is dependent more on the  

location of calcification than the relative amount  
of calcification. 

Vande Geest et al. 
(2008, USA) [63] 

CT scan 35 AAA 
Both anisotropic and 

isotropic model 

 21 elective and 14 emergency repairs (9 ruptured) 
 Anisotropic model shows higher PWS than isotropic 

model (p = 0.001) 
 PWS not a significant predictor of AAA rupture 

Heng et al. 
(2008, UK) [50] 

Routinely performed 
CT scans 

70 patients  
(30 acute, 40 

elective) 
blinded FEA 

 Purpose was to ascertain inter-operator and  
intra-operator reliability. 

 PWS was measured in acute/elective AAA. 
 Potential limitations of their study which include: blood 

pressure analysis, wall thickness, ILT, AAA tissue  
properties, AAA decompression and site of rupture. 

 PWS, but not maximal diameter, was significantly higher 
in acute AAAs than in elective AAAs. 

 Operator reliability acceptable. 
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Li ZY et al. 

(2008, UK) [64] 

Patient-specific 3D 
AAA geometries 

were reconstructed 
from CT images 

20 patients 
Non-linear large-strain 
finite element model

 Purpose was to see change in PWS in presence or  
absence of ILT or calcification. 

 Calcification increases AAA wall stress. 
 In contrast, intra-luminal thrombus reduces the  

maximum stress in AAA. 

Bluestein D et al. 

(2009, USA) [54] 

Patient-specific 3D 
AAA geometries 

were reconstructed 
from CT images 

2 patients 

Uncoupled fluid  
structure interaction 
(FSI) approach was 

applied in the presence 
and absence of ILT.

 Purpose was inclusion of ILT in stress analysis as it may 
increase the accuracy of predicting AAA rupture risk. 

 Two patients, with varied AAA geometries and ILT 
structures were compared in detail. 

 ILT appears to reduce stress. 

Gasser TC et al.  
(2010, Sweden) [65] 

CT scan 50 Structural FE model

 20 ruptured and 30 elective AAA 
 PWS and peak wall rupture risk 1.17 (p = 0.021) and 

1.43 (p = 0.016) times higher in ruptured than  
diameter-matched non-ruptured aneurysms,  
respectively. 

Reeps C et al.  
(2010, Germany) [66] 

CT scan 4 patients 
High-density hexahedral 

FE model 

 3 asymptomatic  
 Purpose was to see impact of model assumptions on 

PWS results  
 Models with range of complexity (1-7) 
 PWS could differ up to 210% individually and 170% on 

average between simplistic and realistic models. 

Larsson E et al. 
(2011, Sweden) [67] 

CT scan 30 patients Structural FE model
 15 men and 15 women 
 PWS did not differ in genders 

 
Table 4. Studies reporting PET/CT in assessing aneurysm expansion and rupture. 

Author, year, Country 
Number of  

patients 
Key results Comments 

Sakalihasan et al.  
(2002, Belgium) [72] 

26 AAA 
Uptake in AAA in 10 subjects and 9 required  

emergency repair 
Possible correlation between FDG uptake and 

triggering process leading to rupture 

Sakalihasan et al.  
(2004, Belgium) [73] 

26 AAA 
Uptake in AAA in 10 subjects and 9 required  

emergency repair 
Possible correlation between FDG uptake and 

triggering process leading to rupture 

Truijers et al.  
(2008, Netherlands) [77] 

34 AAA 

Aneurysmal uptake of FDG was higher then normal 
aorta in controls (SUV 2.5 ± 0.52 versus 1.78 ± 0.45, 

respectively; p = 0.001) There was no correlation  
between statin intake and FDG uptake There was not 

correlation between maximal aneurysmal diameter and 
FDG level (r = 0.09, 95%CI -0.42 - 0.56; 0.7) 

FDG uptake identifies inflammation of  
aneurysm wall irrespective of aneurysm size. 

Asymptomatic aneurysms have more FDG and 
inflammatory activity in wall than normal aorta.

Reeps et al.  
(2008, Germany) [75] 

15 AAA 

Symptomatic aneurysms had higher PET uptake vs. 
asymptomatic (SUVmax, 3.5 ± 0.6 vs 7.5 ± 3;  
P < 0.001) FDG uptake was related to higher  

inflammatory cell infiltrate, specifically  
macrophage/T-cell infiltration, MMP9 expression, 
 decreasing collagen content and VSMC density. 

FDG PETCT correlates to histopathological 
characteristics of aneurysm wall instability and 
inflammation. It may allow improved prediction 

of individual risk of rupture. 

Kotez et al.  
(2009, UK) [78] 

N = 14 AAA 

12/14 (85.7%) aneurysms had high FDG uptake  
SUV > 2.5 There was no correlation between FDG  

uptake and calcification 2/14 patients had inflammatory 
aneurysms (P = 0.04). 

There is In vivo evidence demonstrating PET 
tracer uptake correlates with increased glucose 

metabolism in aneurysms. This may predict 
aneurysm development. 

Xu et al.  
(2010, UK) [57] 

5 AAA 
High wall shear stress co-localized with areas of  

18F-FDG uptake 2 patients ruptured the aneurysm at 
site of highest metabolic activity and wall stress. 

Metabolically active aneurysms have high wall 
stress and this correlates to clinical progression. 
Further larger studies are needed to validate this.

Kotez et al.  
(2011, UK) [79] 

34 patients

Full data available on N = 25/34 (73.5%) Median aortic 
SUVmax was 1.70, with aortic target to background 

ratio of 1.15. Over 12 months median aneurysm growth 
was 2.0 mm. Correlation (r) between PET tracer F-FDG 

SUVmax and aneurysm expansion at 12 months was 
−0.501 (p = 0.011) 

The observational longitudinal study  
demonstrated an inverse trend between FDG 

uptake and AAA expansion. 
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tudinal pilot study suggest that there is an inverse trend 
between FDG uptake on PET and future AAA expansion. 
Aortic aneurysms with lower metabolic activity may 
therefore be more likely to expand [79]. 

More accurate studies with larger numbers of patients 
are needed to determine the true value of FDG uptake. 
New PET/CT tracers that are more specific are being 
developed and will be available in the future for human 
use. These will be targeted towards processes known to 
be important the aneurysm development and rupture, for 
example to image MMP activity or specific cellular infil- 
tration of the wall, and may therefore become powerful 
In vivo tools to assess the mechanisms and progress of 
the disease.  

6. Role of Magnetic Resonance Imaging 
(MRI) to Measure Aortic PWV, 
Distensibility and Compliance 

Pulse wave velocity is a measure of the time taken by the 
pulse pressure wave to travel over a specific distance of 
artery [10]. The more stiff the wall of the artery, the 
faster the wave moves. It is calculated as the distance 
between two measurement points (usually the common 
carotid and femoral arteries) divided by the time shift to 
the waveforms from these two points [10]. The meas- 
urement of PWV is a simple, non-invasive and repro- 
ducible method to determine arterial stiffness [10]. Stiff- 
ness of the arterial wall is mainly determined by the ma- 
trix components of the wall, i.e., the elastin, collagen, 
and smooth muscle cells [11]. It is discussed above how 
PWV is distinct from pressure strain modulus (Table 1). 
A study on aneurysm specimens showed that aortic wall 
thickness or stiffness may be a better predictor of rupture 
for large AAAs [80].  

Carotid femoral PWV (or aortic PWV) is considered 
the gold standard measurement of arterial stiffness [10]. 
Alternatively brachial-ankle pulse wave velocity (baPWV) 
can be measured and this provides qualitatively similar 
information as aortic PWV and is a well-established in- 
dex of central arterial stiffness [12]. PWV can be meas- 
ured by non invasive methods based on pressure sensors 
[81] or Doppler probes [10] and MRI [13]. Aortic PWV 
is now known to be an independent predictor of cardio- 
vascular mortality in subjects older than 70 years; a 1 m/s 
increase in PWV increased cardiovascular mortality by 
19% [82]. 

The propagation of the pulse wave is inversely related 
to the distensibility of the arterial tube. In a dilated vessel 
the PWV is decreased and this corresponds to an increase 
in compliance. PWV is more easily measured property 
than true compliance, which requires an intra-arterial 
pressure measurement to relate to the corresponding 

change in arterial cross sectional area and this cannot be 
obtained non-invasively. Peripheral blood pressure can 
be used to calculate compliance but this underestimates 
the true intra-aneurysmal systolic pressure by 5% and 
overestimates diastolic blood pressure by 12% [15].  

A change in pulse wave velocity along the segments of 
aorta may detect changes in local compliance that are a 
precursor of aneurysm formation even before a change in 
aortic diameter or other anatomical changes occur [11]. 
In one small study, a high thoracic aortic compliance was 
related to faster growth of the AAA and earlier rupture 
[37]. Phase contrast MRI can also be used to measure 
compliance in aortic aneurysms [83,84]. The role of 
PWV, distension and compliance measurements are yet 
to be validated in prediction models of AAA. MRI how- 
ever is a reliable tool in AAA evaluation, 3D contrast 
enhanced MR angiography is accurate in defining the 
location, extent, diameter and exact morphology of an- 
eurysms and the relationship to aortic branch vessels and 
surrounding structures. MRI also displays ILT as inter- 
mediate signal change on standard T1-weighted images 
but not aortic calcification. However, slow intra-luminal 
flow may be difficult to differentiate from ILT. This may 
be over come with the use of spin-echo with gradient 
recalled echo (GRE) cine MR or MRA with gadolinium 
contrast [85]. Other recent MR techniques that may pro- 
vide enhanced resolution and flow information include 
fast imaging employed steady-state acquisition (FIESTA) 
and balanced steady state free precession [86]. The con- 
trast enhancement is performed on the basis of T2 to T1 
ratio rather than inflow effects or gradient echo methods. 
MRI is beneficial in terms of lack of ionizing radiation 
and this specially applies to patients who are severely 
allergic to iodinated contrast media used for CT, or at a 
high risk of developing renal failure due to contrast 
nephropathy. MRI also provides ideal image modality in 
terms of reproducibility with low inter-observer error for 
diagnosis and monitoring AAA expansion overtime. 

6.1. The Emerging Role of Functional Imaging in 
Aneurysm Progression 

As discussed above, aneurysm enlargement has been 
associated with growth of intra-luminal thrombus [47]. 
This thrombus is biologically active with constant turn-
over due to platelet activation and phosphatidylserine 
exposure at the interface with circulating blood [87]. 99 
mTc-annexin-V (ANX) is a tracer that binds to phos- 
phatidylserine on the surface of activated platelets dem- 
onstrated in experimental aneurysms and ex vivo in hu- 
man AAA thrombus samples following open repair [88]. 
ANX imaging may become a non-invasive tool for pro- 
viding functional information on mural thrombus activity, 
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which may be relevant to subsequent AAA growth.  

6.2. Nano-Particles and Aneurysm Progression 

Nano-particles, for example ultra-small super paramag- 
netic iron oxide particles (USPIO), have a variety of ap- 
plications in molecular and cellular imaging but so far 
these have not been used in human AAA imaging. US- 
PIO enhanced MR imaging has been used in vivo to 
identify inflammation in human carotid plaques with 
increased accumulation of USPIO within macrophages 
[89]. USPIO may be useful as a surrogate for detecting 
the acute inflammatory activity involved in the develop- 
ment of abdominal aneurysms [90]. In a pilot study, up- 
take of USPIO in abdominal aortic aneurysms appears to 
distinguish those patients with more rapidly progressive 
abdominal aortic aneurysm expansion [91]. 

7. Conclusions 

Aneurysmal disease has a complex natural course and 
our knowledge of the events that lead to aneurysm rup- 
ture is incomplete. AAA enlargement is related to re- 
modeling of the extracellular matrix, particularly colla- 
gen and elastin metabolism whilst there is general con- 
sensus that ruptures are a multi-factorial process involve- 
ing both mechanical forces and local cellular activity and 
remodeling. Non-invasive imaging modalities offer the 
possibility of more accurate risk assessment than simply 
diagnosis and periodic size measurement. Some of these 
additional assessments could be included with aneurysm 
size surveillance but more evidence is needed to know 
whether this will offer any survival benefit and whether 
they would be cost-effective. The non invasive and func- 
tional imaging techniques discussed in this review offer 
highly promising methods to improve our ability to ac- 
curately identify aneurysms at risk of rupture.  

The techniques outlined in this review allow not only 
delineation of aneurysm morphology but also allow as- 
sessment of physiological and metabolic activity. These 
imaging modalities need to be incorporated in the clinical 
management algorithm for aneurysm patients. Further 
work is required to understand the multiple factors asso- 
ciated with aneurysm rupture because some patients with 
small aneurysms in screening programmes still face the 
threat of aneurysm rupture and mortality. 

8. Message for the Clinic 

Abdominal aortic aneurysm screening is being adapted in 
many countries and this will increase the number of 
known small AAA. We cannot predict outcome of small 
AAA and current literature supports surveillance as a 
safest option. Wide large-scale validation of physiologi-
cal measurements of aneurysms (including finite element 

analysis, intra-luminal thrombus, distensibility and com- 
pliance), PET/CT and fMRI is now awaited.  
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