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1. Introduction

Formation and growth of abdominal aortic aneurysms (AAA) may lead to rupture resulting
in life threatening haemorrhage. Elective treatment of asymptomatic AAA, either as open
surgery or endovascular repair, is recommended when the maximum diameter of the
aneurysm exceeds 50-55mm or increases rapidly (Brewster et al., 2003), whereas smaller
aneurysms are recommended kept under surveillance. Risk factor modification, such as
cessation of smoking, treatment of hypertension and pharmaceutical inhibition of
inflammation and protease, could reduce growth in aneurysms kept under surveillance
(Baxter et al., 2008; Chaikof et al., 2009; Moll et al., 2011).

The size and growth of the aneurysm is monitored using different radiological imaging
modalities. Imaging is also important during image guided endovascular repair, and in
follow-up examinations after treatment. In this chapter, we describe how ultrasound is
currently used in management of abdominal aortic aneurysm, and discuss future potential
and challenges of ultrasound for assisting in improved clinical management with regard to
patient selection, treatment alternatives and follow-up.

2. Ultrasound

Ultrasound does not depend on ionizing radiation, and it is relatively inexpensive compared
with other imaging modalities. Ultrasound equipment is also portable, and can be used both
bedside as well as outside of hospitals. Ultrasound is a fast imaging modality, and presents
images in real-time. Therefore, in addition to imaging anatomical structures, ultrasound can
also be used for studying function by investigating blood flow or organ motion, e.g.
dynamics of the heart. Being a real-time imaging modality, ultrasound further provides an
opportunity to interactively investigate the anatomy and potential pathologies. Ultrasound
has a certain operator dependency; specifically that it requires skills both to obtain good
images, and to interpret the images. Also, in some cases, the image quality suffers from
limited view due to bowel gas or obesity. Practical training and knowledge of principles and
artefacts is therefore beneficial for successful application of ultrasound.

The physical foundation for medical ultrasound is high frequency waves that are
transmitted into the body. The waves are reflected from structures within the body, and the
echoes are analysed for retrieving diagnostic information. Structural imaging was first
obtained using amplitude (A) mode, directly visualizing the amplitude of the echo as a
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function of depth. Brightness (B)-line displays the amplitudes as grayscale values. In motion
(M) mode imaging, several B-lines in the same direction are drawn consecutively as a
function of time for examination of dynamical properties. By combining spatially adjacent
B-lines, two-dimensional (2D) B-mode images are obtained and can be visualized in real
time. More recently, new ultrasound probes and visualization techniques have made three-
dimensional (3D) imaging of anatomical structures possible. 3D images (or volumes) are
obtained either by mechanically sweeping the scanplane in the elevation direction to cover a
3D sector, or in real-time by steering the ultrasound beam in 3D using 2D transducer arrays.
In addition to structural imaging, ultrasound can be used for extracting information about
function. One example is imaging of blood flow. The Doppler effect can be measured with
ultrasound to quantify the velocity of blood and moving tissue. In short, the Doppler effect
refers to a shift in frequency of a signal that is transmitted (or reflected) from a moving
object. The frequency shift is proportional to the velocity of the moving object. By detecting
the shift in frequency content of a reflected ultrasound signal relative to the transmitted
signal, the velocity of the moving object can therefore be estimated. The velocity information
can be presented either by visualizing the Doppler frequency spectrum as a function of time,
or by visualizing the velocity as a colour-coded overlay on the B-mode image (Colour
Doppler or Duplex imaging). Another example of functional imaging is strain imaging or
elastography, which displays a quantitative measure of the response of tissues under
compression (Garra, 2007; Ophir et al., 1991). The compression can be due to natural motion,
e.g. heart contractions or pulsating arteries, or enforced by an external compression, e.g.
movement of the ultrasound probe. The ultrasound pulse itself can also be used for
enforcing compression, in which case the method is often referred to as artificial radiation
force imaging (ARFI) (Nightingale et al., 2002). Clinical applications of strain imaging and
elastography include assessment of left ventricular myocardial function, and differentiation
of stiff tumours from surrounding normal tissues. Examples of B-mode and colour Doppler
images of an abdominal aorta are shown in Fig. 1.

For some applications, it is beneficial to use contrast imaging by injecting contrast agents
(microbubbles) in the blood to increase the echo obtained from blood. The microbubbles
respond differently than human tissue under influence of the ultrasound pulse, thus
allowing for specialized detection methods separating the contrast agents from surrounding
tissues (Frinking et al., 2000; Hansen & Angelsen, 2009). Contrast agents may provide better
images of the ventricles of the heart and larger blood vessels as well as visualization of
microcirculation, which is interesting for detection of e.g. myocardial perfusion (Lindner et
al., 2000). Targeted microbubbles that attach to specific molecular signatures may provide
new possibilities for diagnosis of various diseases, e.g. tumours or atherosclerosis
(Anderson et al., 2011; ten Kate et al., 2010).

Ultrasound is most commonly used for diagnostic purposes, but may also be used
therapeutically. One application is ultrasound imaging for guidance during surgery, biopsy
or needle insertion. Another therapeutic use of ultrasound is high intensity focused
ultrasound (HIFU), exploiting that ultrasound, being mechanical waves, can be used for
focused delivery of high energies. Sonic waves (extracorporeal shock wave lithotripsy) can
be used for destruction of kidney stones (Gallucci et al., 2001). Other applications include
focused ultrasound surgery (FUS), thrombolysis and hemostasis (Kim et al., 2008; Vaezy et
al., 2001). Burgess et al. (2007) reported HIFU for hemostasis in the posterior liver of 17 pigs.
The probe was placed on the anterior surface of the liver and aimed at the bleeding. 17
became hemostatic, whereas 7 controls (sham-HIFU) did not become hemostatic, illustrating
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the potential of HIFU as a pro-coagulant. Local treatment of various diseases may be
possible by using nanotechnology for producing targeted microbubbles, which may be
loaded with drugs or genes. The microbubbles can be monitored by ultrasound and
destructed for local drug release. Bio-effects of the destruction can be used for disrupting
cell membranes for killing malicious cells, or for increased drug uptake.

Fig. 1. Ultrasound images of abdominal aorta. Upper row: Cross-sectional view, 2D B-mode,
colour Doppler (duplex) and zoomed B-mode image, respectively. Mid row: Same as upper
row, but with longitudinal view. Lower row: M-mode (left) and Doppler velocity spectrum.

3. Ultrasound in AAA management

Use of ultrasound in the management of AAA was reported in the late 1960ies. Segal et al.
(1966) published a case report of ultrasound for detection and size measurement of an AAA,
and Goldberg et al. (1966) investigated 10 normal and 10 aneurysmal aortas. It was
recognized that ultrasound could be used for detection of AAA, determination of size and
monitoring of growth. During the following decade, several reports demonstrated
favourable results for ultrasound in assessment of AAA, including analysis of pulsation,
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detection of aneurysms, measurement of diameter and amount of thrombus (Brewster et al.,
1977; Hassani & Bard, 1974; Lee et al., 1975; McGregor et al., 1975, Mulder et al., 1973;
Wheeler et al., 1976, Winsberg & Cole, 1972). Bernstein et al. (1976) used ultrasound for
studying growth rates of small AAA. During the recent decades, ultrasound has been
dramatically improved through development of new technology and processing methods
assisting in improved patient management in several clinical areas. We present an overview
of the current clinical use, and discuss potential future use related to ultrasound in detection
and monitoring of AAA, prediction of growth and rupture, and treatment and follow-up.

3.1 Detection and monitoring

AAA is most often asymptomatic until rupture, and coincidentally detected during
examination for other diseases. Ultrasound has been recommended for detection of AAA in
symptomatic patients and for asymptomatic patients in risk groups. A number of studies
suggest that population screening reduces AAA mortality in subgroups with increased
AAA susceptibility (Cosford & Leng, 2007; Ferket et al., 2011; Takagi et al., 2010). Screening
may still represent an ethical dilemma because growth and rupture is difficult to predict,
and it is therefore disputable when to recommend repair on a patient-specific basis,
considering the risk involved in surgical or endovascular treatment.

High degree of validity of ultrasound for detection of AAA has been reported. Numbers
indicate a sensitivity and specificity of almost 100% (Cosford & Leng, 2007; Lindholt et al.,
1999). The accuracy and operator dependencies of size measurements are especially
important in order to reliably monitor growth. Fig. 2 shows cross-sectional and longitudinal
images of AAA. Singh et al. (1998) reported intra- and inter-observer variability less than
4mm, and concluded that maximal diameter could be measured by ultrasound with high
degree of accuracy. Also Thomas et al. (1994) concluded that ultrasound diameter
measurements were reproducible between ultrasonographers. However, compared to
measurements from X-ray computed tomography (CT), ultrasound was found to
consistently give lower values for maximum AAA diameter, with a mean underestimation
of 44mm. Similar results were reported using duplex ultrasound (Dalainas et al., 2006;
Manning et al., 2009). Sprouse et al. (2004) suggested that ultrasound is more accurate than
axial CT in determining the true perpendicular diameter. This was based on use of
orthogonally reconstructed CT, which varied insignificantly from US, while axial CT
overestimated the diameter when the aortic angulation was high. It has also been noted that
the variation using internal or external wall diameter would give discrepancies of 5-6mm
(Thapar et al., 2010). It is important that measurements be carried out consistently, and
being aware of differences between imaging modalities compared to evidence from different
clinical trials (Lederle et al., 1995). When care is taken to adjust the critical limits for
intervention for a modality, reproducibility is the most important characteristic.

Detection of AAA in emergencies

Emergency ultrasound is becoming more widespread as the development in ultrasound
technology provides more portable and even handheld ultrasound scanners at an affordable
cost. Ultrasound can be used bedside or in the ambulance for fast examination and early
decision making. This development has a potential for reducing AAA mortality by early
detection of ruptured (or otherwise symptomatic) aneurysms, allowing early surgery
without having to use time for additional examinations in the emergency entrance. Sebesta
et al. (1998) investigated the importance of fast treatment of ruptured aneurysms by
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studying 103 patients with ruptured AAA. They concluded that “delay in surgical treatment
caused both by time consuming confirmative evaluation and patient's lengthy transfers is
responsible for ominous protraction of the original shock”. Further, renal failure was found
to be a leading cause of postoperative mortality. In combination with hemorrhagic shock, it
should be considered that X-ray contrast material cause additional burden to renal function.

Fig. 2. Ultrasound images of AAA. Cross-sectional (A) and longitudinal (B) views. Courtesy
of Asbjern @degard, St. Olav’s Hospital, Trondheim, Norway.

The sensitivity and specificity of detection of AAA in emergency medicine ultrasound is
almost 100% (Kuhn et al., 2000). With appropriate training, emergency residents accurately
determine both presence as well as size of AAA (Bentz & Jones, 2006; Costantino et al.,
2005). Hoffmann et al. (2010) concluded that more experienced emergency department
sonographers perform better in detecting aneurysms, and suggested training on more than
25 cases, including technically difficult cases, for credentialing personnel for the process.
Although rupture of AAA could be indirectly diagnosed from clinical signs and symptoms
and presence of an aneurysm, B-mode ultrasound can also reveal direct and indirect signs of
rupture (Catalano & Siani, 2005a). Also, Catalano et al. (2005b) further examined 8 ruptured
AAA using contrast-enhanced ultrasound, concluding that contrast-enhanced ultrasound
may be as effective as CT in detecting rupture, and does not delay surgery significantly.
Further considerations on AAA emergency ultrasound can be found in Reardon et al. (2008).
The appearance of rupture in different modes of ultrasound images is shown in Fig. 3.

3.2 Prediction of growth and rupture

The validity of aneurysm size and growth as prognostic parameters has been questioned.
Specifically, rupture does occur in aneurysm with diameter less than 5 to 5.5 cm, while on
the other hand, several aneurysms with diameter larger than 5.5 cm are observed without
rupture. Brewster et al. (2003) summarized findings from several studies, and estimated
annual rupture risk versus size to be 0% (<4cm), 0.5-5% (4-5cm), 3-15% (5-6cm), 10-20% (6-
7cm), 20-40% (7-8cm) and 30-50% (>8cm). Women appeared to have higher risk of rupture
for a given diameter. These population-based values should be balanced against the
expected risk associated with repair to determine appropriate time for intervention.
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Fig. 3. Ultrasonic appearance of rupture. Left: Longitudinal B-mode image demonstrating a
“tubular hypoechoic structure (arrows), which is continuous with the lumen of the
aneurysm sac”. The hypoechoic area in the thrombus (arrowhead) is a sign of aortic wall
rupture. Right: Corresponding duplex image demonstrating an active bleeding. In Bhatt et al.
(2007), used with permission.

Although diameter is currently the dominating population based indicator of rupture risk,
additional indicators are warranted to predict rupture on an individual level. Improved
patient specific assessment of rupture risk would provide better patient selection and reduce
harm to patients as well as reducing societal cost. In a study by Hafez et al. (2008), 4308
patients were followed for research purpose after ultrasound screening showing a normal
aorta. 3.9% (166/4308) were found to later develop AAA. Improved prediction of growth
and rupture (prognostic monitoring) would 1) reduce the number of unnecessary
examinations and interventions, and 2) make screening programs more favourable. Both
would contribute to reduce AAA mortality.

Substantial efforts have been devoted to improved selection of patients for AAA repair
through systematic assessment of risk factors of AAA growth and rupture, as well as
individualized risk associated with repair. In this text, we will focus on image-based
assessment of growth and rupture risk, specifically ultrasound imaging. Several groups
have for more than a decade developed increasingly sophisticated numerical simulation
tools for analysing the mechanical state of aneurysms, based on patient specific geometries.
By applying solid-state stress analysis, Fillinger et al. (2003) found that peak wall stress was
a better predictor of rupture than was maximum diameter. Further details on biomechanical
analysis of AAA can be found in e.g. the reviews by Malkawi et al. (2010) and Vorp (2007).
Patient specific geometries applied for numerical analysis are most often based on CT,
which is easily obtainable for AAA patients, and gives a good representation of the full 3D
geometry of the aneurysm and blood vessels. Ultrasound imaging may be beneficial for
early and consecutive measurements (i.e. screening/ detection and repeated monitoring).
Real time 3D ultrasound imaging is used in cardiology, but gives a limited sector, and is not
yet adapted to abdominal imaging. A possible alternative would be to obtain 3D volume by
reconstruction of 2D ultrasound slices acquired with position tracking (Solberg et al., 2007).

www.intechopen.com



Ultrasound in Abdominal Aortic Aneurysm 109

An interesting application of ultrasound in analysis of AAA mechanics is due to the
dynamical properties of ultrasound. Ultrasound is a fast imaging modality, which makes it
possible to study the dynamical behaviour of the aneurysm when exposed to the blood
pulse. Imura et al. (1986) presented a method using ultrasound for tracking the dynamic
diameter of the abdominal aorta over the cardiac cycle in order to quantify the elastic
properties of human abdominal aorta in vivo.

Analysis of the dynamical properties of the AAA may be motivated by the association
between evolution of aneurysms and alteration of the elastic properties of the vessel wall.
This alteration has been linked to matrix-metalloproteinase (MMP) activity (Freestone et al.,
1995). It has been suggested that growth is associated with degradation of elastin, whereas
rupture may be caused by degradation of collagen (Petersen et al., 2002). 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).
Several authors have used ultrasound to study the elastic properties of AAA by tracking
dynamical change in diameter over the cardiac cycle, and obtained interesting, but to some
extent diverging, results. Wilson et al. (1998) reported results that might support the
hypothesis of aneurysms being stiffer than normal tissue, while less stiff aneurysms may be
more prone to rupture. Later studies reported that large aneurysms tended to be 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). However, Long et al. (2005) used tissue Doppler imaging, and
reported a trend toward increased distensibility with increased AAA diameter. Ultrasonic
tracking of diameter has demonstrated that the aorta is stiffer in men than age-matched
women, that stiffness increases with age, and that aneurysm tissue is much stiffer than normal
aorta (Lanne et al., 1992; Sonesson et al., 1993). However, Sonesson et al. (1999) studied 285
AAA patients and found no difference in “aneurysmal aortic wall mechanics in those AAAs
that subsequently ruptured compared with electively operated AAAs. The results indicate that
it is not possible to use aneurysmal aortic wall stiffness as a predictor of rupture.”

Measuring the dynamical change in diameter over the cardiac cycle gives a stiffness measure
representing an average over the cross section of the aneurysm wall. The mechanical
properties of the wall are however known to vary heterogeneously over the wall (Thubrikar et
al., 2001). Ultrasound strain imaging estimates local deformation of tissue due to applied load,
and may therefore have a potential for better assessment and characterization of the local
properties of the wall. In a study by Brekken et al. (2006), 2D cross-sectional ultrasound data
with high frame rate (~40-50 fps, depending on the size of the aneurysm) was used to derive
patient-specific information about in-vivo elastic properties of the aneurysm wall of 10
patients. For each dataset, points were semi-automatically selected along the aneurysm
circumference in one ultrasound image. These points were then automatically traced over the
cardiac cycle. A measure of cyclic circumferential strain was estimated by calculating the time
varying distance between the points relative to the initial (diastolic) distance. (Fig. 4.) The
preliminary patient study showed that the strain values were inhomogeneous along the
circumference, thus indicating that additional information could be obtained as compared to
maximum diameter alone. Further clinical trials are necessary to investigate the method’s
potential for improved prediction of growth and rupture.

In addition to potentially carry clinically relevant information in itself, the strain estimates
could be integrated with computational methods to contribute to more patient specific
analysis of wall stress. In order to relate the strain estimates to the geometry of the
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aneurysm, and hence relate to biomechanical simulations based on 3D geometries, Brekken
et al. (2007) reported attachment of a positioning sensor to the ultrasound probe for placing
the ultrasound cross-section in a 3D space. The ultrasound data were then registered to CT
data from the same patient, and strain was visualized together with the 3D geometry
segmented from the CT data. (Fig. 5.) This allows for direct comparison of ultrasound based
strain measurements with biomechanical simulations, and opens for more patient specific
simulations by including elasticity measures from ultrasound.

Fig. 4. Strain processing and ultrasound strain. Left: The aneurysm wall is manually
identified (red line). A number of points (green) are placed equidistantly along the curve,
and automatically traced over the cardiac cycle. Mid: Illustrating the points in diastole and
systole. Right: Colour-coded strain in systole relative to diastole. It is noted that one part of
the wall experiences elevated cyclic strain. In Brekken et al. (2006), used with permission.

Future research should be aimed at investigation also of longitudinal strain, and eventually
estimation of full 3D strain, e.g. by developing probes and methods for 3D ultrasound
acquisition and analysis. Also, low signal-to-noise ratio in abdominal ultrasound images
reduces accuracy of tracking and thus strain estimation. Methods for noise reduction should
therefore be explored. In addition, use of ultrasound Doppler for blood velocity estimation
could provide further information to be used as input to patient specific simulations.

Fig. 5. Left: CT and ultrasound in the same scene. Right: 3D visualization of strain. In Brekken
et al. (2007), used with permission.
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3.3 Endovascular treatment and follow-up
Ultrasound in endovascular treatment

Radiological imaging is used in pre-operative planning of endovascular aneurysm repair
(EVAR) and for intra-operative guidance and control. In pre-operative planning, imaging is
used to get a measure of the 3D anatomy for investigating eligibility of EVAR and for
choosing or customizing stentgrafts. A common imaging modality for this purpose is CT
angiography (Broeders & Blankensteijn, 1999). CT has the advantage of visualizing the
entire anatomical area of interest. Transabdominal 3D ultrasound offers only a limited
sector, and, in addition, parts of the relevant anatomy will be obscured by acoustical
shadows or absorption.

Some of these challenges are avoided in intravascular ultrasound (IVUS). IVUS has been
used for pre-operative planning in combination with CT, for guidance and for control after
device placement. (Fig. 6.) Several authors have concluded that IVUS gave accurate and
reproducible measurements of the geometry of the aneurysm, and assisted in correct
selection of stentgraft or final correction of stentgraft diameter or length. IVUS further
assisted in rapid identification of fixation sites, and assessment of accuracy and patency of
device placement (Eriksson et al., 2009; Garret et al., 2003; Tutein et al., 2000; van Essen et al.,
1999; White et al., 1997; Zanchetta et al., 2003).

Ultrasound guidance during minimally invasive therapy has been reported and is in regular
use within some clinical applications. Especially within neurosurgery ultrasound has been
found beneficial for intra-operative imaging (Unsgaard et al., 2011). Intra-operative
guidance during EVAR is usually performed with X-ray fluoroscopy. Both intraoperative
CT (Dijkstra et al.,, 2011) as well as fluoroscopy in combination with navigation using
electromagnetic sensors (Manstad-Hulaas et al., 2007) has been investigated for guiding
insertion of fenestrated grafts. Some investigators have also reported transabdominal
ultrasound for guidance of EVAR. Lie et al. (1997) studied the use of 2D transabdominal
ultrasound during EVAR. They found that ultrasound could be useful for guiding the
insertion of guidewire and control the wire position before connecting second graft limb to
the main limb of bifurcated grafts (Fig. 6.). Kaspersen et al. (2003) reported a feasibility
study registering ultrasound acquired during EVAR to pre-acquired CT data. This may be
useful for updating the CT data used for navigation due to e.g. respiratory motion and
deformation of the blood vessels during the procedure. With recent advances in ultrasound
technology, we believe that real-time 3D ultrasound has potential for further advancing
insertion of stentgraft, especially delivery of fenestrated stentgrafts. Specifically, it is easier
to track e.g. the tip of guidewires in 3D, while simultaneously visualizing a focused area of
the 3D anatomy in real-time, perhaps in combination with CT. Contrast-enhanced
ultrasound has also been used intraoperatively for localization of fixation sites and
identification of endoleaks (Kopp et al., 2010). The fixation sites were visualized in >80% of
the 17 patients investigated with contrast-enhanced ultrasound, and more endoleaks were
detected than with conventional EVAR. It was noted that ultrasound was especially
beneficial in case of patients with contraindications for usage of X-ray contrast material.
Percutaneous EVAR, i.e. minimally invasive femoral access, is an alternative to open
femoral access. A systematic review by Malkawi et al. (2010) concluded that percutaneous
EVAR was associated with fewer access related complications and reduced operating time.
In a study by Arthurs et al. (2008), it was shown that use of ultrasound guided access
significantly reduced access-related complications compared to percutanous access without
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ultrasound guidance. Successful ultrasound guidance in secondary interventions, for sealing
endoleak after EVAR, has also been reported. Boks et al. (2005) described transabdominal
embolization using duplex ultrasound guidance, and Kasthuri et al. (2005) used ultrasound
for guiding percutaneous thrombin injection.

IS LBk PF
12: 18831

Guidewire

Fig. 6. Upper: IVUS during EVAR, left: incomplete stent expansion, right: stent correctly
placed after additional dilation. In White et al. (1995), used with permission. Lower:
Transabdominal ultrasound guidance during EVAR. Guidewire and stentgraft is visible
inside the aneurysm. In Lie et al. (1997), used with permission.

Ultrasound in post-operative surveillance

Due to incidences of complications such as endoleak or continued growth after EVAR, it is
necessary to conduct long-term follow-up. CT is in widespread use, but due to the repeated
investigations, there is a significant radiation dose involved. Also, for some patients, the use
of X-ray contrast material may cause allergic reactions or impair the renal function.
Ultrasound has been suggested as an alternative that reduces these risks as well as the cost
associated with follow-up of EVAR patients.

Several authors have investigated duplex ultrasound for detection of endoleak. In
comparison with CT, duplex ultrasound is by some authors considered not to be sensitive
or specific enough for replacing CT (Mirza et al., 2010; Sun, 2006). Other authors have
found that duplex ultrasound may be sufficient in groups of patients, specifically those
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with a stable aneurysm (Bargellini et al., 2009; Chaer et al., 2009; Nagre et al., 2011). Patel
& Carpenter (2010) suggested that duplex ultrasound could be sufficient for long-term
follow-up if the initial postoperative CT angiogaphy was normal. Collins et al. (2007) also
compared duplex ultrasound with CT, and found that three endoleaks determined from
CT could not be seen with ultrasound due to bowel gas, body habitus or hernia, whereas
out of 41 endoleaks discovered by ultrasound, only 14 were visible on a CT scan. A
number of studies have reported use of contrast-enhanced ultrasound for detection of
endoleaks. Generally, it is considered to be more accurate than ultrasound without
contrast, and similar to magnetic resonance imaging (MR) and CT (Cantisani et al., 2011;
lezzi et al., 2009; Mirza et al., 2010; Sun 2006). McWilliams et al. (2002) investigated 53
patients and found contrast enhanced ultrasound to be more sensitive than unenhanced
ultrasound in detection of endoleak when compared to CT, but concluded that ultrasound
(with or without contrast) was less reliable than CT. On the contrary, several other
authors have concluded that contrast enhanced ultrasound may perform better than CT in
detection of endoleak (Carrafiello et al., 2006; Clevert et al., 2008; Henao et al., 2006; Ten
Bosch et al., 2010). Bakken & Illig (2010) presented a review summarizing use of
ultrasound for detection of endoleak. They concluded that ultrasound was suitable for
“monitoring the evolution of aneurysm sac post-EVAR and, in combination with endoleak
evaluation, seems to provide follow-up comparable to CT and sufficient to identify
complications requiring intervention”. In addition to capture the majority of endoleaks,
the authors suggested that ultrasound could also provide better characterization and
localization of the endoleak than with CT. The sensitivity of ultrasound for endoleak
detection is likely to be underestimated by comparing it to CT as the reference standard
because some endoleaks are missed also by CT. Therefore, the validity of ultrasound for
endoleak detection should ideally be tested against clinically relevant outcome measures
rather than to CT. Operator dependency of ultrasound may be an additional cause for
diverging results. The introduction of 3D ultrasound could provide simpler protocols for
detection of endoleak, and reduce user dependency. Fig. 7 shows examples of endoleak
appearance in duplex and contrast-enhanced ultrasound.

o
ENDCOLEAKS

Fig. 7. Ultrasound for detection of endoleak. Left: Type II endoleaks with duplex ultrasound.
In Beeman et al. (2010), used with permission. Right: Contrast-enhanced ultrasound illustrating
flow inside the aneurysmal sac. In Henao et al. (2006), used with permission.
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Another use of ultrasound in follow-up after EVAR is to study the pulsatile diameter.
Malina et al. (1998) found that pulsatile wall motion was significantly reduced after EVAR
as compared to before, and that endoleak was associated with smaller reduction. However,
Lindblad et al. (2004) reported a similar study with more patients, and concluded that the
reduction in pulsatile motion was not significantly different in the presence of endoleak.
Using the ultrasound strain method previously described, Brekken et al. (2008) measured
strain before and after insertion of stentgraft, confirming that the method detected a
reduction in strain after endovascular repair. Pulsatility was observed after EVAR, and the
strain values were heterogeneous along the circumference also after EVAR. It remains to
investigate if the method is sensitive and accurate enough for detecting possible changes
due to endoleak. Also, some aneurysms continue to grow without evidence of endoleak
(Gilling-Smith et al., 2000). It is uncertain whether this is because of imaging modalities not
being sensitive enough to detect all endoleaks, or other reasons. Therefore, in addition to
monitor size, it is worth investigating if ultrasound strain could be used to predict growth or
rupture, with or without endoleak, during follow-up after endovascular repair.

3.4 Functional and molecular imaging

The main pathophysiological mechanisms in development and progression of AAA are
inflammation, proteolysis and apoptosis (Zankl et al., 2007). As these mechanisms and their
role in AAA become more clear, new alternatives for detection, risk prediction and
treatment may become available.

Compared to traditional imaging modalities, there is a need for alternative imaging to
investigate pathophysiological mechanisms in-vivo, which could eventually identify high
risk patients and monitor results of treatment. Hong et al. (2010) reviewed different
modalities for imaging of AAA. They classified the modalities into anatomical, functional
and molecular imaging. Anatomical imaging displays the structure of organs, whereas
functional imaging can reveal physiological activities by detecting “changes in the
metabolism, blood flow, regional chemical composition and absorption”. Molecular imaging
“introduces molecular agents (probes) to determine the expression of indicative molecular
markers at different stages of disease.” Functional and molecular imaging may be
performed using SPECT, optical imaging and PET in combination with the appropriate
contrast agents.

In addition to imaging functional properties using ultrasound Doppler or strain imaging,
the use of ultrasound contrast agents constitutes a research area of great interest for imaging
both functional and molecular properties. By injection of microbubbles in the blood stream,
microcirculation has been imaged for investigation of myocardial perfusion and detection of
neovascularization in relation to tumours and atherosclerosis (Fig. 8). (Anderson et al., 2011;
Lindner et al., 2000 ; ten Kate et al., 2010). Staub et al. (2010a) demonstrated that adventitial
vasa vasorum and plaque neovascularization of the carotid artery correlated with
cardiovascular disease and past cardiovascular events using contrast-enhanced ultrasound
in a retrospective study of 147 patients. Neovascularization or angiogenesis 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.
Assessment of neovascularization by contrast enhanced ultrasound may therefore have a
significant potential for assisting in more accurate prediction of rupture.
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Fig. 8. Left: Contrast-enhanced ultrasound showing neovascularization in carotid artery
plaque. Microbubbles within the plaque are indicated by arrows. Right: Corresponding B-
mode ultrasound image without contrast. In Staub et al. (2010b), used with permission.

With recent advances in nanotechnology (nanomedicine), it is possible to produce targeted
contrast agents, which connect to specific receptors. Due to current investigation of markers
associated with AAA, targeted ultrasound imaging may be a future option (Moxon et al.,
2010; Villanueva 2008). With increased knowledge of pathophysiological mechanisms,
pharmacotherapy or gene therapy may be available for stabilization of aneurysms (Baxter et
al., 2008; Cooper et al., 2009; Golledge et al., 2009; Raffetto & Khalil, 2008; Twine & Williams,
2011). It may then be interesting to apply drug- or gene-loaded contrast agents, which could
be monitored and destructed using ultrasound for local drug delivery. Targeted drug
delivery might benefit higher doses (locally) without increased risk of side effects.

4. Conclusions

The general aim of AAA research is to provide cost effective management for reducing
mortality of AAA. Management includes screening/detection, monitoring, risk prediction,
treatment and follow-up. We have described current and future potential of ultrasound for
assisting in clinical management of AAA. Advantages of using ultrasound are that it is
inexpensive, safe and portable, and allows for real-time dynamic imaging. New techniques,
along with more widespread use of ultrasound, could contribute in several manners to
improved AAA management.

Ultrasound is highly suitable for detection and monitoring of AAA size for screening and
surveillance. In emergencies, ultrasound should be used for AAA detection and assessment
of rupture as early as possible and preferably pre-hospital. Contrast enhanced ultrasound
may be beneficial in detection of ruptured aneurysms. Early detection can provide early
treatment and thereby reduce mortality of ruptured AAA. Ultrasound, and especially
contrast enhanced ultrasound, is also a good alternative for detection of endoleak after
EVAR. Ultrasound is cost-effective, does not include ionizing radiation or X-ray contrast
material, and sensitivity may be better than CT. IVUS may be beneficial during EVAR for
optimal measurement of stentgraft diameter, length and fixation site, as well as for post-
operative control. Further research may find both IVUS and 3D transabdominal real-time
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ultrasound guidance during EVAR to be useful in insertion of stentgrafts, especially
fenestrated grafts. Ultrasound could also be used for guiding access to femoral artery in
percutanuos EVAR.

A potential new application is to use ultrasound for analysing in-vivo mechanical properties
of the aneurysm wall. This could provide additional parameters in predicting growth and
rupture, or contribute to more patient-specific adaptation of numerical simulations both
before and after EVAR. Improved prediction of growth and rupture would reduce the
number of unnecessary examinations and interventions, reduce mortality and further
benefit screening for detection of AAA. Another potential use of ultrasound in AAA
management is in detection of neovascularization or other relevant markers by using
general or targeted contrast agents. Contrast agents may also have a potential in treatment
as drug carriers. Drug-loaded contrast agents can be monitored and destructed using
ultrasound for local drug-delivery.

Obstacles for further use of ultrasound may be that ultrasound to some extent is operator
dependent, and that abdominal ultrasound often is obscured from bowel gas, obesity and
noise due to ultrasound propagation through the abdominal wall. Technology development
will hopefully advance ultrasound image quality. An improvement was obtained with the
introduction of tissue harmonic imaging (Caidahl et al., 1998). Several research groups are
working on techniques for further improving quality of ultrasound images, such as
suppression of reverberation and aberration correction. Due to operator dependencies, it
might be necessary to investigate validity of ultrasound in the individual clinical
surroundings before implementation in AAA management. Further, for ultrasound to
become a widespread useful tool for AAA assessment, health personnel should be trained in
focused assessment of presence and size of aneurysms, and detection of rupture and
endoleak. Experts should be trained for more sophisticated examinations, such as analysis of
wall mechanics and studies of microcirculation using contrast agents.
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