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Vasa vasorum and molecular imaging of
atherosclerotic plaques using nonlinear contrast

intravascular ultrasound

D.E. Goertz, M.E. Frijlink, R. Krams, N. de Jong, A.F.W. van der Steen

here is increasing evidence that presence and location of

neovascular vasa vasorum play an important role in
atherosclerotic plaque pathogenesis and stability. This paper
describes a method to detect vasa vasorum with high contrast
and high spatial resolution. It uses second harmonic or sub-
harmonic intravascular ultrasound, in combination with ultra-
sound contrast agents. The same technology in combination
with targeted contrast agents is suited for molecular imaging.
The potential for vasa vasorum imaging is illustrated using an
atherosclerotic animal model and the potential for molecular
imaging is illustrated using phantom experiments. While at
present these approaches are only available for animal ex-
periments, they are fully compatible with implementation on
commercial platforms, which will enable their widespread
clinical use. It is anticipated that they will ultimately be used
to gain further insight into the natural history of athero-
sclerosis, the guidance of novel therapeutic strategies, and
possibly as a marker of plaque vulnerability.
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Background

Intravascular ultrasound (IVUS) is an established clinical tool
for assessing coronary artery atherosclerosis. IVUS has
contributed to an improved understanding of the natural
history of atherosclerosis' and IVUS data are increasingly
being used as an endpoint in therapeutic trials.? For diagnostic
purposes it is employed as an adjunct to angiography, in order
to provide additional insight into the extent and severity of
atherosclerosis and frequently reveals the presence of angio-
graphically occult (i.e. nonstenotic) lesions.®* Such ‘non-
culprit’ lesions are now recognised to be responsible for a
high proportion of ensuing cardiac events resulting in either
fatalities or requiring further interventional treatment.* A
significant issue in cardiology is, therefore, developing imaging
methods to identify specific atherosclerotic lesions that are at
high risk, or vulnerable, to rupture and should therefore
receive therapy.> Candidate markers for lesion vulnerability
currently under investigation include plaque morphology,
volume, mechanical integrity, and composition (e.g. fatty or
calcified).” IVUS is well suited to indicate morphology and
plaque burden, which has been the primary form of image
analysis.> Mechanical properties relevant to plaque vulnerabil-
ity can be derived using IVUS elastography techniques,® and
efforts are being made to perform radiofrequency (RF) IVUS
signal analysis to gain insight into plaque composition.” More
recently, there is a growing recognition of the significance of
two other potential markers of plaque vulnerability: molecular
expression and neovascular vasa vasorum. These are areas of
coronary plaque assessment that have yet to be addressed by
imaging, and where IVUS in combination with microbubble
contrast agents has the potential to play a significant role.

Microbubble contrast agents have been employed extensively
at lower diagnostic ultrasound frequencies (~2 to 5 MHz),'?
where they have enabled microvascular flow detection in a
range of applications such as myocardial perfusion imaging.
While microbubbles can in some circumstances be visualised
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through simple echogenicity enhancement, the sensitive and
specific detection of agent is invariably achieved with the use
of techniques that cause the echoes from bubbles to be
substantially different to those from tissue.!! These approaches
are generally referred to as nonlinear imaging. One means of
achieving this is through ‘harmonic’ imaging, which stimulates
resonant bubble vibrations to emit energy at twice the trans-
mitted frequency. A second technique is called ‘subharmonic’
imaging, whereby images are formed from bubble echoes at
half the ultrasound transmit frequency. Commercial contrast
agents are therefore designed to be comprised primarily of
bubble sizes that resonate in the 2 to 5 MHz diagnostic ultra-
sound frequency range (~2 to 6 microns in diameter).'? It
has been widely assumed that it is not possible to conduct
harmonic imaging at high ultrasound frequencies.'* However,
contrast harmonic imaging of microvessels was recently dem-
onstrated at 20 MHz" using instrumentation and extra-
corporeal transducers compatible with applications in
ophthalmology and small animal imaging.

We recently described a prototype nonlinear IVUS system
and showed the feasibility of harmonic and subharmonic
contrast IVUS imaging.'s The system was a modified version
of one developed to perform tissue harmonic imaging.'* With
these new approaches, two applications are possible with
IVUS: coronary vasa vasorum imaging and molecular imaging.

Vasa vasorum imaging
There is increasing evidence that the vasa vasorum play an
important role in atherosclerotic plaque pathogenesis and
stability.'”!® It is well established that pathological neovascular-
isation occurs during plaque development, and that the
resulting microvessels have abnormal spatial distributions and
branching patterns.'®?* Neovascular vasa vasorum are cor-
related with the presence of inflammatory cells and infiltrate
within plaques,*'*? and are implicated in a positive feedback
loop of inflammation and angiogenesis.?® Plaque neovessels
have been associated with intraplaque haemorrhage, and
thereby with rupture.*** Elevated plaque microvessel counts
have been found in the coronary arteries of patients with acute
myocardial infarctions***” and in the carotid arteries of those
with symptomatic carotid occlusive disease.?®

There is, therefore, a rapidly growing demand for the
development of sensitive, robust and quantitative techniques
for in vivo and clinical imaging of the vasa vasorum. Such
techniques can potentially contribute to the identification of
vulnerable plaques,” and in monitoring therapeutic response.
Due to the heterogeneous nature of plaque vasa vasorum and
the potential significance of localised measures of vascularisation
as markers of vulnerability,* high resolution imaging may also
be required. In an ex vivo setting, microCT techniques are
capable of generating high resolution images of coronary vasa
vasorum in animal studies, and have provided considerable
insight into their structure and function.?**? In the carotid
artery, contrast-enhanced MRI*® and transcutaneous contrast
ultrasound® have been shown to be sensitive to plaque neo-
vascularisation, though they do not have sufficient resolution
to directly image microvascular morphology. While signs of
plaque ‘blush’ are sometimes evident with angiography,* there
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Figuve 1. In vivo vesults in an athevosclevotic rabbit aovta using
decanted Definity™. A. Fundamental mode priov to agent injection.
B. Fundamental mode 15 seconds postinjection wheve changes in
adventitinl enbancement ave not evident, except for in a vegion at
4 o’clock and within the vena cava. C. Harmonic mode priorv to
injection shows the tissue signals to be lavgely suppressed. D. 15 second
postingection harmonic mode shows significant adventitial enbance-
ment, consistent with the detection of adventitial microvessels. Scale
of images is 12 mm across. The dynamic vange of the fundamental
and barmonic images is 40 and 25 dB vespectively. C=catheter,
VC=vena cava.

are no established clinical techniques for examining coronary
artery vasa vasorum with high resolution and sensitivity.

Due to the severe relative tissue-catheter motion and weak
signal strength from the microcirculation, coronary vasa
vasorum imaging is a challenging problem for imaging. As a
result, IVUS imaging systems developed to examine flow
within the lumen of larger arteries® are not be capable of
detecting vasa vasorum. It has recently been reported that
bolus injections of contrast agents can give rise to IVUS
echogenicity enhancement in the adventitia of coronary
arteries, consistent with the detection of vasa vasorum.” While
these results are encouraging, they ultimately rely upon the
assumption of similarity between images acquired at the same
point in the cardiac cycle and as such are susceptible to issues
such as noncyclical catheter-vessel motion or nonuniform
rotation of the transducer element. Since these issues can be
expected to reduce the sensitivity and robustness of such
measures, this motivates the development of contrast IVUS
detection techniques based on bubble-specific nonlinear
acoustic signatures. To this end, we have conducted phantom
in vivo feasibility studies for vasa vasorum imaging with
contrast harmonic IVUS with a 20 MHz transmit signal.*®

Animal studies were carried out to investigate the use of
microbubble contrast agents in combination with prototype
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Figuve 2. A. Overview haematoxylin/eosin stained section from the aovia examined by IVUS. A lavge eccentric plaque is evident, which
thins towards the vena cava. B. CD31 stained section highlights endothelinl cells (purple) and veveals the presence of numervous adventitinl
microvessels (many containing evythrocytes), some examples of which ave denoted with triangles. VC=vena cava, L=aovtic lumen, M=medin,

P=atherosclevotic plaque, A=adventitin.

nonlinear IVUS systems as a means of imaging vasa vasorum.®
In these experiments, the IVUS catheter was situated in a
region of interest in an atherosclerotic rabbit aorta and contrast
agent (Definity™, Bristol Myers Squibb) was released proximal-
ly in the form of a bolus through a delivery catheter. Agent was
first detected within the main lumen, and then (after 5-10 s
delay) within the adventia surrounding the plaque (figure 1).
A quantification of the enhancement was found to be
statistically significant. The general spatial pattern of agent
presence within the adventitia and not the plaque itself was
consistent with the microvascular distribution revealed by
histological sections (figure 2) taken in the vicinity of the
imaging planes. These results indicate that contrast harmonic
IVUS is a tool capable of imaging vasa vasorum.

Molecular imaging

The use of targeted microbubble contrast agents in con-
junction with IVUS holds considerable potential for gaining
insight into the molecular status of atherosclerotic plaques.
A number of reports have indicated the feasibility of imaging
microbubbles targeted to endothelial cell adhesion molecules®
and fibrin.*® These studies relied upon simple enhancement
of echogenicity to determine the presence of microbubbles

and as such require the accumulation of considerable amounts
of agent at the target sites. We have investigated the feasibility
of performing bubble-specific imaging of targeted agent using
a prototype nonlinear IVUS system.*'*? The agent examined
was an experimental biotinated, lipid encapsulated formulation
comprised substantially of micron and submicron sized
bubbles (BG3039; Bracco Research, Geneva) which were
targeted to an avidin coated agar substrate. Example images
are shown in figure 3. In fundamental (i.e. conventional
‘linear’ imaging) mode (figure 3A), the agent is difficult to
distinguish from background tissue signals. However, in
harmonic (not shown) and subharmonic (figure 3B) modes
the agent is clearly detected, with tissue signals being sup-
pressed to below the noise floor. These results demonstrate
the feasibility of harmonic imaging as a strategy for improving
the sensitivity and specificity of targeted contrast agent
detection at high ultrasound frequencies.

Conclusion

The development of nonlinear contrast IVUS has the potential
to provide unique information about the microvascular and
molecular status of atherosclerotic coronary plaques. Technical
advances continue to be made, and can be expected to further

A F40 : agent + tissue B

SH20: agent + tissue

Figure 3. Agent targeted to
tissue phantom in A. 40 MHz
fundamental (F40) mode and
B. in 20 MHz subbarmonic
(SH20) imaging modes. Image
size 10 mm latevally, display-
ing half of votational IVUS
image.
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improve sensitivity. While at present these approaches are
only available for animal experiments, they are fully compatible
with implementation on commercial platforms which will
enable their widespread clinical use.*® It is anticipated that
they will ultimately be used to gain further insight into the
natural history of atherosclerosis, the effects of novel
therapeutic strategies, and possibly as a marker of plaque
vulnerability.
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