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Cardiovascular disease is a leading cause of death in the Western world. Therefore, detection
and quantification of atherosclerotic disease is of paramount importance to monitor treatment
and possible prevention of acute events. Vascular ultrasound is an excellent technique to assess
the geometry of vessel walls and plaques. The high temporal as well as spatial resolution allows
quantification of luminal area and plaque size and volume. While carotid arteries can be
imaged non-invasively, scanning of coronary arteries requires invasive intravascular catheters.
Both techniques have already demonstrated their clinical applicability. Using linear array tech-
nology, detection of disease as well as monitoring of pharmaceutical treatment in carotid
arteries are feasible. Data acquired with intravascular ultrasound catheters have proved to
be especially beneficial in understanding the development of atherosclerotic disease in coronary
arteries. With the introduction of vascular elastography not only the geometry of plaques but
also the risk for rupture of plaques might be identified. These so-called vulnerable plaques are
frequently not flow-limiting and rupture of these plaques is responsible for the majority of
cerebral and cardiac ischaemic events. Intravascular ultrasound elastography studies have
demonstrated a high correlation between high strain and vulnerable plaque features, both
ex vivo and in vivo. Additionally, pharmaceutical intervention could be monitored using this
technique. Non-invasive vascular elastography has recently been developed for carotid appli-
cations by using compound scanning. Validation and initial clinical evaluation is currently
being performed. Since abundance of vasa vasorum (VV) is correlated with vulnerable
plaque development, quantification of VV might be a unique tool to even prevent this from
happening. Using ultrasound contrast agents, it has been demonstrated that VV can be ident-
ified and quantified. Although far from routine clinical application, non-invasive and
intravascular ultrasound VV imaging might pave the road to prevent atherosclerotic disease
in an early phase. This paper reviews the conventional vascular ultrasound techniques as
well as vascular ultrasound strain and vascular ultrasound VV imaging.
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contrast-enhanced ultrasound
1. INTRODUCTION

The vascular system is the crucial transportation mech-
anism of the body: the arterial system delivers oxygen
and nutrients to the organs and the venous system is
responsible for the removal of waste products. Owing
to genetic factors and Western lifestyle, the function
of the vascular system is seriously threatened. A sub-
stantial number of people develop atherosclerotic
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disease when they age. It has been observed that the
global stiffness of the vascular system increases with
age. An increasing stiffness leads to chronic pressure
overload of the left ventricle and may eventually
result in heart failure. Consequently, assessment of
the global stiffness of the arterial system is of diagnostic
value. Furthermore, not only the global stiffness is
affected but also local disease may occur. Initially,
fatty streaks may develop that in time may grow into
atherosclerotic plaques. The size and composition of
these plaques is a major determinant of the risk for
the patient. A small fibrous plaque is most of the time
not flow-limiting owing to the fact that the artery
This journal is q 2011 The Royal Society
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remodels: the luminal area is kept similar by compensa-
tory expansion of the vessel [1]. But with increasing
plaque size the vessel wall is unable to compensate
further and narrowing of the lumen occurs. This nar-
rowing results in complaints especially when the need
for oxygen and nutrients is increased, for example,
during physical effort. A life-threatening situation
occurs when the main constituents of the plaque are
not fibrous and/or calcified tissue but when it is com-
posed of a large lipid core that is shielded from the
blood by a thin fibrous cap. This so-called vulnerable
plaque or thin cap fibro atheroma has a high risk for
rupture [2]. The risk for rupture is further increased
by the presence of macrophages in the fibrous cap [3].
After rupturing, the contact between the core and
blood will result in a thrombogenic reaction. Rupture
of a vulnerable plaque is responsible for 60–80% of all
myocardial infarctions and strokes [4–6]. Therefore,
early detection and recognition of such plaques before
rupture is important to prevent the occurrence of
stroke and myocardial infarction.

In past years, ultrasound research primarily focused
on improving the quantification of the stiffness of
the arterial wall. By assessment of the luminal area or
diameter over the pressure cycle, an indication of the
local wall stiffness was obtained (distensibility). The
global stiffness can be determined from the velocity
with which the arterial pulse wave travels over the
arterial wall. The pulse wave velocity can be measured
between two sites a known distance apart using a
specific feature of the pressure waveform to calculate
the transit time. Furthermore, Doppler techniques are
used to estimate the blood velocity and flow. In this
way, a haemodynamic quantification of the grade of ste-
nosis can be obtained which is of crucial importance for
planning surgical or interventional therapy. Echogra-
phy is also the most used technique to quantify the
geometry and size of the plaque. Geometry and size of
the plaque are usually quantified by measuring the
thickness of the two innermost layers of the vessel
(the intima media thickness; IMT) or the luminal area
reduction. Recently, more emphasis has been put on
characterization of the composition of the plaque. It is
known that standard echography has a poor sensitivity
and specificity to identify the composition of plaques.
However, by using more sophisticated techniques like
spectral analysis [7] and elastography [8,9], the
composition can be determined. In spectral analysis
techniques, not only the amplitude of the reflected
ultrasound signal is used, but also the frequency con-
tent of the reflected signal and the attenuation of the
ultrasound signal as a function of echo depth are deter-
mined. In elastography, the acoustic amplitude or a
parameter related to that is not visualized, but ultra-
sound is used to quantify the deformation of tissue.
Initially, this technique was developed for tumour
detection since these are predominantly much stiffer
than the surrounding tissue. For this application, an
ultrasound dataset is acquired and subsequently the
tissue is deformed and a second dataset is captured.
The local displacement and the local strain of the
tissue are derived from comparison of the two datasets.
For vascular applications, the pulsatile intraluminal
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pressure is used as deformation force and therefore
application of elastography in arteries is feasible
without the need for applying an external force.

Prevention of cardiovascular disease is more effective
than treating it. Hunting for vulnerable atherosclerotic
plaques is an approach, but detecting the processes that
are crucial in the pathogenesis of vulnerable plaques
might be even more effective. When the vessel wall
thickens, it will have more problems getting all the
nutrition into its cells. Caused by hypoxia, a network
of very small vessels (approx. 20–100 mm in diameter)
will grow into the vessel wall and into the atherosclero-
tic plaque [10]. This network of vessels is referred to as
vasa vasorum (VV). VV delivers oxygen, but is primar-
ily a cleaning mechanism to get low-density lipoprotein
out of the plaques back into the blood [11]. The main
problem though is that these vessels are immature.
Their endothelial cells are not well aligned and there
are holes between them. As a result they can leak red
blood cells. These red blood cells cause inflammation
leading to vulnerable plaques [12].

In this paper, conventional vascular and intravascu-
lar ultrasound techniques are described. Furthermore,
elastography and VV imaging using invasive as well
as non-invasive echography will be discussed and their
potential to identify the development and presence of
vulnerable plaques.
2. ULTRASOUND IMAGING

Ultrasound scanning is always a compromise between
resolution and penetration. With increasing frequency,
the resolution is improved: a resolution of 500 mm is
obtained for an ultrasound system using a 5 MHz
pulse whereas this resolution improves to 125 mm for a
20 MHz pulse. Nowadays, non-invasive imaging of
superficial arteries and veins is performed with linear
array transducers operating at frequencies between 5
and 18 MHz. However, since the penetration depth of
the ultrasound pulse decreases with increasing fre-
quency arteries located deeper in the body like
coronary arteries cannot be imaged using these high fre-
quencies. The disadvantage of using a 5 MHz system
conventionally used for cardiac imaging is that it is
not capable of adequately imaging coronary arteries
because of the poor resolution. Especially, when intimal
thickening and early plaque development is studied,
another approach is required. Therefore, invasive intra-
luminal echocatheters operating at 20–40 MHz are used
for imaging coronary arteries.
3. VASCULAR ULTRASOUND SCANNING

Linear array transducers are composed of 64 up to
256 and more elements to generate a high resolution
image in both the axial direction (determined by the
frequency and bandwidth) and lateral direction (deter-
mined by the frequency, number of elements and
distance between the elements). When 256 ultrasound
lines per frame are scanned, typically 50 f s–1 can be
obtained. This not only allows assessment of the
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Figure 1. Echogram of the longitudinal view of a common carotid artery using (a) conventional scanning and (b) scanning using
spatial compounding. The speckle pattern is diminished while the specular reflections are preserved.
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geometry, but also visualization of the dynamics of the
arterial wall and plaque.

3.1. Non-invasive vascular ultrasound scanning

For carotid applications, the common carotid artery as
well as the internal and external carotid artery can be
imaged. During a routine evaluation of the supraortic
vessels, the array transducer is positioned in the longitudi-
nal direction of the artery. The carotid wall as well as the
eventually present intimal thickening or plaque can be
quantified. Since the acoustic impedance of blood and
the intimal layer is different, this transition is characterized
by a bright reflection. Additionally, the transition between
the medial and adventitial layer is characterized by a
bright reflection. Furthermore, the echogenicity of the
intima-media layer is characterized by a low echogenicity
whereas the adventitial layer has an increased echo-
genicity. The relatively high resolution with respect to
magnetic resonance imaging (MRI) and the ability to pro-
vide adetailed imageof the arterialwall andplaque instead
of the lumen only as provided by the gold standard com-
puted tomography (CT) make ultrasound imaging an
excellent technique for studying the presence and pro-
gression of plaque. Multiple serial measurements can be
made to accurately monitor changes in atherosclerosis.
Furthermore, no X-ray radiation exposure is present and
the procedure is relatively simple and inexpensive.

There is a wealth of data indicating that the carotid
IMT as non-invasively measured with a linear array
transducer is an excellent surrogate marker for cardio-
vascular disease. Since development of atherosclerosis
is a systemic disease, carotid plaques are also indicative
for the risk for coronary events [13] and the severity of
coronary artery disease [14,15]. Observational studies
have demonstrated that carotid IMT is a strong predic-
tor of future stroke and myocardial infarctions [16], for
future myocardial infarctions [17] and increased risk
for clinical coronary events [18].

The image quality as provided by linear array scan-
ning has improved considerably over the last decade.
Owing to an increasing bandwidth of the transducers,
the resolution in especially the axial direction has
increased. Furthermore, since the sensitivity of the
used transducer materials has been improved, higher
frequencies can be employed also resulting in better
Interface Focus (2011)
resolution. The image quality has also been improved
by reducing the speckle. Since the speckle pattern can
be characterized as spatial noise, a different pattern is
observed when scanning the same region from another
position. By using electronic beam steering, one region
can be imaged from multiple angles without moving
the transducer itself. The combination of the various
angular acquisitions is called spatial compounding. It
results in images that preserve the specular reflection
of the arterial wall and other tissue boundaries by aver-
aging the speckle pattern. In this way, smoother images
are obtained without deterioration of the tissue features
(figure 1).
4. INTRAVASCULAR ULTRASOUND
SCANNING

Intravascular ultrasound (IVUS) is a technology that
was invented in 1972 [19]. An ultrasound unit is
mounted on the tip of a catheter. This unit can consist
of a single element piezoelectric material with a fre-
quency range between 30 and 45 MHz or of an array
of 64 elements with a centre frequency of 20 MHz [20].
For the single element catheters, the beam will be
steered by mechanically rotating the element and for
the array the beam will be steered electronically.
These catheters can be advanced through the groin,
through the aorta all the way into the coronary arteries.
In this way, a tomographic image of the vessel, vessel
wall and atherosclerosis can be created.

Ab initio it was used for a more accurate diagnosis of
atherosclerosis. The gold standard still is X-ray angio-
graphy, which can display a shadow image of the free
lumen. The disadvantage of X-ray imaging is that the
lumen is imaged and not the diseased artery wall. Dis-
sections are easily missed by angiography and can be
easily found by IVUS [21]. IVUS has played an impor-
tant role in the development of standard of care in
treatment by balloon angioplasty and by stents. The
exact size of balloon and stent needed can be carefully
determined and stent malapposition can be easily
assessed [22] (figure 2). In this way, IVUS has taught
us to which pressure the balloons should be inflated to
get optimal stent deployment [23]. With the advent of
the drug-eluting stent, this became even more
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Figure 2. (a) Angiogram with corresponding IVUS echograms (b– f ) of a coronary artery demonstrating that the luminal area as
provided by the echogram does not provide information on the presence of plaque (b,c). Furthermore, the presence of (d) a
dissection and (e) the adequate positioning and ( f ) malapposition of a stent can be visualized by IVUS.
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important since the dosage of the drugs is dependent on
the contact between the stent struts and the vessel wall
[24]. IVUS plays a major role in clinical trials. Plaque
progression and regression can be accurately measured
using IVUS and in such manner the efficacy of new
cardiovascular drugs can be assessed [25]. For the assess-
ment of the risk for acute cardiovascular events, plaque
composition is more important than plaque volume [3].
Plaque composition cannot be directly assessed from ultra-
sound, but additional data processing as described below
provides tools to determine relevant plaque components.
5. VASCULAR STRAIN IMAGING

With ultrasound strain imaging, an indication of the
mechanical properties of the vessel wall and plaque can
be obtained. The technique is based on the principle
that soft tissue deforms more than hard tissue when an
external force is applied. To measure strain, an image
of the tissue in an initial condition is made and a
second image is made after applying a force. Comparison
of the pre- and post-deformation registration produces
the local tissue displacements. These displacements can
be converted into tissue strains by spatial derivation.

Ophir et al. [26] were first to describe the concept of
strain imaging using ultrasound data. Ultrasound data
are very suitable for strain imaging, since the periodicity
of ultrasound allows very accurate estimation of the
displacement. Ophir et al. determined the local tissue
displacements by cross-correlating one-dimensional win-
dows of pre- and post-deformation radiofrequency (RF)
data. The location of the peak of the normalized cross-
correlation corresponds to the time shift between the
two RF signals caused by the displacement of the
tissue. Since time corresponds to depth in ultrasound,
the time shift can be translated into a local tissue displa-
cement for the tissue in the window of interest. By
repeating this cross-correlation procedure for multiple
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depths the displacement profile along the ultrasound
beam can be estimated. In the next step, spatial deri-
vation can be applied to obtain strains. Instead of
direct point-to-point spatial derivation often a least
squares strain estimator (LSQSE) is applied [27]. An
LSQSE calculates a least squares linear fit through the
displacement values. The slope of this fit corresponds
to the strain. This is done to reduce the error in displace-
ment estimates caused by high frequency noise. RF-
based techniques have optimal performance when the
strain is measured along the ultrasound beam. Perpen-
dicular to this direction, the displacement estimate is
primarily based on the envelope information and conse-
quently less accurate [28].

Based on speckle-tracking techniques as developed
for cardiac strain imaging, these techniques have
recently also been evaluated for vascular strain imaging.
The advantage of these optical flow-based techniques is
the limited computational load and consequently the
possibility for real-time implementation. However,
since these techniques are based on using the envelope
of the ultrasound signal only, the accuracy will be
worse than for RF-based techniques [28].
5.1. Non-invasive vascular strain imaging

Linear array transducers are used to non-invasively
obtain ultrasound images of superficial arteries, like
the carotid and femoral arteries. The images can be
acquired both for longitudinal and transverse cross sec-
tions of the arteries at frame-rates of 50–100 Hz. When
imaging in the longitudinal direction, the ultrasound
beams are aligned with the radial deformations of the
vessel. Non-invasive strain imaging in the longitudinal
direction was described by Bonnefous et al. [29] using
cross-correlation analysis and later by Hasegawa [30]
and Kanai et al. [31] using the phase tracking method.
The method of Bonnefous et al. [29] was tested in
vitro in cadaverous human arterial samples. A pulsating
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Figure 3. Beam steering methods for vascular strain imaging in transverse planes. (a) Method by Nakagawa et al. and (b) method
by Hansen et al.
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blood flow was generated through the arterial segments
and ultrasound data were obtained in a longitudinal
plane. The obtained radial strain images were compared
with histology data. Low strains were found in hard
lesions and high strains were observed in soft lesions.
The phase shift approach of Hasegawa & Kanai [32]
was experimentally validated using a pressurized homo-
geneous vessel-mimicking phantom. The technique was
also applied to in vitro recordings of a femoral artery
and to in vivo recordings of carotid arteries [33,34].
For the femoral artery, again low strains were observed
for the calcified, stiff regions and higher strains were
observed in regions that contained mainly smooth
muscle cells and collagen. For the in vivo carotid record-
ings, systolic and diastolic pressures were combined
with the strain estimates to derive elastic moduli.
These ‘elasticity’ images revealed lower elastic moduli
for lipid rich regions compared with regions that
mainly contained collagen and smooth muscle cells
[35]. This method was recently extended and now also
allows estimation of the lateral strain component
(along the vessel axis) [36].

Since longitudinal scanning does not provide infor-
mation on the whole plaque, transverse scanning is
required. In this case, the ultrasound beams and the
radial strain are not aligned anymore. Consequently,
the radial strain can only be determined by using
two-dimensional strain estimation (along the ultra-
sound beam as well as perpendicular to the beam).
Different methods are available to estimate strains in
two dimensions. Ribbers et al. [37] applied a two-
dimensional multi-step algorithm to derive axial and
lateral strains and composed radial and circumferential
strain images out of the axial and lateral strain esti-
mates. Based on the strain values a soft and a hard
plaque were identified in phantoms. The initial clinical
applicability was demonstrated using in vivo recordings
in longitudinal and transverse cross sections of 12
carotid arteries. This technique was further extended
by Hansen et al. Instead of cross-correlating the data
once for fixed window sizes, it is repeated iteratively
with decreasing window sizes [28,38]. In the first iter-
ation, global motion and small strains are detected.
In the following iterations this initial guess is used
and strains are estimated more locally. The use of
shorter windows is needed to be able to detect larger
strains. Large strains cause the signals to decorrelate
fast and therefore window sizes must be restricted [39].

A different method for strain imaging is the Lagran-
gian speckle motion estimator (LSME) as introduced by
Maurice et al.: one ultrasound frame is deformed in
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multiple iterations until it matches the next frame
best. The translations and deformations of the pre-
deformation image that are required to find the optimal
match correspond to the two-dimensional displace-
ments and strains that occurred between pre- and
post-deformation situation. The LSME approach
allows estimation of the radial and circumferential
strains in transverse imaging planes, although in this
case isotropy and incompressibility are assumed. The
method was validated using several vessel-mimicking
phantoms with varying stiffness [40]. The results demon-
strated the potential of the technique to differentiate
between hard and soft tissue. In Schmitt et al. [41], the
technique was applied in vivo: four subjects were imaged
during five to seven heart cycles in a longitudinal plane.
Two of the subjects were young and healthy, the other
two subjects were 75-year-old asymptomatic patients
with severe carotid stenosis. It was illustrated that the
hard calcified stenotic tissue strained less than the wall
tissue. Furthermore, it was found that the strain pattern
in the stenotic region was more heterogeneous than the
strain pattern for the vessel walls of the healthy subjects.

There are several ways to circumvent the use of the
lateral strain component when using RF-based strain
estimation for strain imaging in transverse imaging
planes. Nakagawa et al. [42] changed the time delays
of adjacent transducer elements to electronically steer
the ultrasound beam through the centre of the lumen
to obtain radial strains for a larger segment of the
cross section (figure 3a). The method was applied to a
pressurized rubber tube and in vivo ultrasound regis-
trations of a carotid artery. The disadvantage of this
method is that only a part of the arterial cross section
can be imaged. Hansen et al. [38,43] used beam steering
of entire image planes to acquire axial strain data for
various regions of the cross section. These methods for
radial and circumferential strain imaging in transverse
planes show significantly improved radial and cir-
cumferential strain estimates compared with strain
imaging without beam steering. By correcting for the
angle between the axial and radial strain, radial strains
are acquired for various circle segments of the cross sec-
tions which were combined afterwards (figure 3b). More
recently, Hansen et al. [44] proposed a new method in
which radial and circumferential strains were obtained
by projection of axial strain data only from two or
more acquisitions at multiple steering angles. Phantom
experiments were performed to validate the technique
and revealed an even better performance when com-
pared with the initial beam steering technique. In
figure 4, the improvement in performance when using
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Figure 5. IVUS palpogram of a non-culprit lesion. The patient had a myocardial infarction caused by an occlusion of the left
anterior descending coronary artery. Recordings were made at the same location in the right coronary artery, (a) directly
after infarct and (b) at three months follow up. The eccentric lesion was not occluding, but characterized by increased strain,
which was worse after three months.
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Figure 4. Circumferential strain reconstructions for a vulnerable plaque model. (a) The theoretical strain image is shown which
was derived by finite element modelling. Ivory, lipids (25 kPa); orange, vessel wall (1000 kPa); yellow, centre of fibrous cap
(1250 kPa); red, shoulders of cap (1500 kPa). (b) Strain images derived from simulated ultrasound data are shown. The left
image was derived using conventional single angle data. The right image was estimated using beam steering at angles of
2308, 08 and 308.
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beam steering is illustrated for a vulnerable plaque
simulation. In vivo recordings of a healthy human caro-
tid artery demonstrated that the usage of two angles to
reconstruct radial and circumferential strain is possible
in a pulsating environment [45].
5.2. Intravascular strain imaging

For vascular applications, the pulsatile intraluminal
pressure is used as source for deformation. Since the
strains in the radial and circumferential direction are
the principal directions, there is a great benefit of
using intravascular catheters: the ultrasound beams
are more or less in the radial direction whereas the
circumferential strain can be determined from displace-
ments perpendicular to the ultrasound beams. For
acquiring an intravascular elastogram, an IVUS cath-
eter was inserted in a coronary artery and RF data
were recorded for the full circumference for a low and
a high intraluminal pressure. Next, radial displacements
were calculated by applying the aforementioned cross-
correlation technique to each separate ultrasound line.
From the displacements, the strain is calculated and
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plotted next to the IVUS echograms. A different way
of visualization is by plotting only the inner ring of
strain values (the eventually rupture prone region) in
the B-mode data at the lumen vessel wall boundary
[46]. Such an image is referred to as a palpogram
(figure 5).

The first reports on IVUS strain imaging came from
three different research groups [47–49]. The perform-
ance of the technique was first tested on homogeneous
vessel-mimicking phantoms and vessel-mimicking
phantoms with layers of soft or hard plaques. The
strain in the homogeneous vessel was in accordance
with theory. Furthermore, the harder and softer plaques
were correctly identified [47]. Next, the technique was
tested in vitro on excised coronary and femoral arteries.
The obtained radial strain maps were locally compared
with corresponding histology. It was shown that IVUS
strain imaging enabled differentiation between fibrous,
fatty and fibro-fatty plaques based on their strain
values [50]. Then, the step towards in vivo imaging
was taken. IVUS strain imaging also proved to be suc-
cessful for differentiating between fibrous and fatty
materials using data from atherosclerotic iliac and
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femoral arteries of a Yucatan minipig [51]. In a later
study, its ability to correctly classify vulnerable and
stable plaques was investigated. IVUS strain data from
54 cross-sectional recordings of excised coronary arteries
were compared with vulnerable plaque classification
based on histology. It was shown that the technique
identified vulnerable plaques in vitro with a sensitivity
of 88 per cent and specificity of 89 per cent [52]. Next,
the correlation between three-dimensional IVUS strain
imaging and clinical symptoms was investigated [53].
Three-dimensional IVUS palpograms were estimated
from RF data obtained during catheter pullback for 55
patients. A high correlation was found between the
number of high strain spots and the clinical symptoms
of the patients. Patients suffering from unstable
angina or from an acute myocardial infarction had sig-
nificantly more high strain spots than patients with
stable angina.

The number of studies that confirm the usefulness of
intravascular ultrasound strain imaging of the coronary
arteries for vulnerable plaque detection is still increas-
ing. In the Integrated Biomarker and Imaging Study
(IBIS), it was shown that the density of spots with
strain values above 0.9 per cent decreased significantly
in acute coronary syndrome patients using standard of
care treatment [54]. In IBIS-2, it was shown that
patients with vulnerable plaques that were treated
with Darapladib, an inhibitor of an enzyme associated
with inflammation activity, showed a significant
decrease in strain values in 12 months time [55].
Patients who were treated using standard of care also
showed a small decrease in strain values, resulting in
non-significant treatment effect.

However, a major drawback of IVUS elastography
will always remain its invasive nature, which implies
that the technique can only be applied to patients
who are already in the catheterization laboratory for
catheterization. In other words, the technique can
only be applied to people who already have clinical
symptoms. As explained before, most people who are
at risk of having a myocardial infarction or a stroke
are asymptomatic [56]. Since ultrasound is relatively
cheap and harmless compared with other imaging mod-
alities like MRI and CT, a non-invasive variant for
vascular ultrasound strain imaging would be ideal for
preventive screening of these populations as well.
Since atherosclerosis is a systemic disease the local find-
ings in the carotid artery might also serve as a surrogate
marker for overall disease in a certain patient [57].
6. VASA VASORUM IMAGING

Since the presence and size of the VV are related to plaque
vulnerability it is currently believed that early identifi-
cation and treatment of abundance of VV will prevent
many cardio- and neurovascular events. Vascular
ultrasound has potential to provide this information.

6.1. Non-invasive vasa vasorum imaging

Based on knowledge obtained from myocardial perfusion
measurements, echographic methods have been devel-
oped to identify the perfusion of atherosclerosis using
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vascular ultrasound in combination with ultrasound
contrast agents. As initially reported by Feinstein et al.
in 2004, ultrasound contrast agents revealed real-time
visualization of the carotid artery adventitial VV
network in patients undergoing routine carotid ultra-
sonography [58,59]. Several independent reports using
similar techniques confirmed the initial discoveries
including the observations that adventitial VV and
intra-plaque angiogenesis can be visualized [60–69].

6.2. Intravascular ultrasound vasa vasorum
imaging

With the recent interest in VV of the carotid arteries
using ultrasound contrast agents, there is accompany-
ing interest in developing an IVUS application for
measurement of coronary VV. However, since IVUS sys-
tems generally operate at acoustic frequencies in the
range of 20–50 MHz, these systems will provide high
spatial resolution (approx. 125 to 50 mm, respectively)
with cross-sectional images of the lumen and walls of
larger blood vessels, but these high frequencies may
not provide optimization of the harmonic contrast
effect resulting in visualization of the coronary artery
VV. Ultrasound contrast agents have primarily been
designed to be used at low frequencies, from 1 to
5 MHz. As identified above, commercial contrast
agents have been used clinically for carotid VV identifi-
cation with ultrasound systems that operate at
frequencies ranging from 7 to 12 MHz. Despite conven-
tional belief, Goertz et al. [70] have shown that it is
possible to identify contrast agent signals at the
higher frequencies used specifically for IVUS. Harmonic
IVUS seems a fruitful approach for this [71]. Conven-
tional IVUS elements have a bandwidth that is too
limited for optimal harmonic imaging though. A new
generation single crystal technology or composite trans-
ducers based on dual resonance layers (capacitive
micromachined ultrasound transducers or CMUTs)
are under development [72–74]. The harmonic IVUS
system that approaches current IVUS practice employs fil-
tered transmission and reception of signals. Granada &
Feinstein [75] showed enhanced adventitial signal in
coronary arteries in a swine model for atherosclerosis
using this system. A problem associated with filtering
is the inhibition of resolution. Methods that require
less steep filtering provide preserved resolution using
multi-pulse sequences, similar to pulse inversion and
power modulation and these processes occur prior to fil-
tering. In the near future, inherent tissue motion can be
compensated for by using novel sequence design [76].
Goertz et al. reported detailed detection and localiz-
ation of VV in an atherosclerotic rabbit aorta model
using a dual frequency IVUS element and pulse inver-
sion followed by filtering out of the harmonic [77] or
subharmonic signals [78]. Figure 6 shows an example
of VV detection in this model.
7. DISCUSSION AND CONCLUSION

Vascular ultrasound is an excellent technique to
frequently scan arteries. Owing to the use of non-
ionizing radiation, its excellent temporal and spatial
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Figure 6. In vivo results in an atherosclerotic rabbit aorta using an ultrasound contrast agent. (a) Fundamental mode at 20 MHz,
10 s after injection where changes in adventitial enhancement are not evident. (b) At 10 s after injection, the harmonic mode
(transmit at 20 MHz, receive at 40 MHz) shows significant adventitial enhancement, consistent with the detection of adventitial
microvessels. The white dots are contrast agents in the vasa vasorum and the bright ring contrast agents attached to the luminal
border. The dynamic range of the fundamental and harmonic images is 40 and 25 dB, respectively.
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resolution, the short acquisition time with real-time
visualization and its relatively low costs, vascular ultra-
sound is the imaging modality for screening a
population. However, the clinical use will strongly
depend on the sensitivity and specificity to identify
the rupture proneness of atherosclerotic plaques. IMT
as measured using ultrasound has proved to be associ-
ated with the risk for a cerebral event. However, this
association is found in large-scale studies and, at
present, it seems that the published evidence to quanti-
tatively support the use of a carotid IMT measurement
to help in risk stratification on top of a risk function is
limited [79]. Presently, risk prediction using three-
dimensional plaque volume as assessed by vascular
ultrasound in combination with CT and MRI is investi-
gated in a large cohort of normal individuals [80].
Although conventional echo features like echolucent
regions in carotid plaques are associated with the risk
for future strokes in symptomatic patients, the predic-
tion of future events in asymptomatic patients with
echolucent regions remains low [81].

With the introduction of vascular elastography,
information has become available potentially capable
of identifying plaque vulnerability. Ex vivo validation
studies using intravascular ultrasound elastography
[52] have demonstrated that an increased strain value
at the lumen vessel wall boundary has a high sensitivity
and specificity to identify plaques with typical vulner-
able plaque features [2]. Furthermore, in patients it
was demonstrated that the number and area of high
strain regions were associated with clinical symptoms
and blood serum markers [53]. With the implemen-
tation of elastography using non-invasive ultrasound,
screening of an asymptomatic population becomes feas-
ible. The recently started studies in patients are
required to demonstrate the effectiveness of vascular
elastography to identify vulnerable plaques and the
possibility to intervene for prevention of cardiovascular
events.

The current limitation of vascular elastography is the
huge computational load to calculate the elastograms.
Interface Focus (2011)
Especially, since frame-rates of the order of 50 per
second are required for RF-based elastographic tech-
niques, the current processing speed of ultrasound
machines is not sufficient. However, more and more
dedicated hardware is integrated in ultrasound
machines to address this problem. Using graphical pro-
cessing unit boards normally used in the gaming
industry, strain calculation speed can be improved
orders of magnitude. This principle is already used for
shear wave imaging (Aixplorer ultrasound system,
Supersonic Imagine, Aix-en-Provence, France).

Quantification of the VV remains a major issue con-
fronting the future development and implementation of
ultrasound contrast agent detection methods as a clini-
cally useful imaging technique. For good quantification,
it is crucial to understand the artefacts that are present
in the images [82]. Different pulse sequences will pro-
duce different artefacts. Designing pulse sequences
with minimal artefacts and taking the remaining arte-
facts into account will be an important step forward.
Additionally, three-/four-dimensional volumetric ima-
ging will be necessary for mapping and quantification
of VV within vascular systems. Currently, all the obser-
vational studies which use ultrasound contrast agents
for VV detection and quantification employ two-dimen-
sional ultrasound imaging and semi-quantitative
approaches [61,62,65,67,68]. IVUS VV detection is not
ready for clinical use yet. Quantification and a thought-
ful strategy for three-dimensional reconstruction of the
VV remain to be developed [83]. And once developed,
IVUS catheters and scanning methods require regulat-
ory approvals. Yet, there is promise for the
development of a significant extension of the functional-
ity of IVUS imaging. In the near future, IVUS imaging
of the coronary VV might serve as an additional bio-
marker of plaque vulnerability.

In conclusion, ultrasound is an elegant and relatively
cheap technology for vascular scanning. It reveals the geo-
metry of the artery as well as the presence of plaques.
Since the carotid artery can be scanned using non-inva-
sive techniques, its application is much more widespread
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than coronary artery scanning. The latter application
requires intravascular catheters and consequently the
clinical applicability is limited to the catheterization lab-
oratory and in patients undergoing an interventional
procedure. With the introduction of vascular strain ima-
ging and VV imaging, the presence and development of
plaque vulnerability might be identified paving the road
to prevention of cardiovascular events.
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