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Abstract. Vulnerable plaques are dangerous atherosclerotic lesions that
bear a high risk of complications that can lead to heart attacks and
strokes. These plaques are known to be chronically inflamed. The vasa
vasorum (VV) are microvessels that nourish vessel walls. Proliferation
of VV is part of the “response to injury” phenomenon in the process
of plaque formation. Recent evidence has shown strong correlations be-
tween neovessel formation and macrophage infiltration in atheroscle-
rotic plaque, suggesting VV density as a surrogate marker of plaque
inflammation and vulnerability. We have developed a novel method for
imaging and analyzing the density and perfusion of VV in human coro-
nary atherosclerotic plaques using intravascular ultrasound (IVUS). Im-
ages are taken during the injection of a microbubble contrast agent
and the spatiotemporal changes of the IVUS signal are monitored us-
ing enhancement-detection techniques. We present analyses of in vivo
human coronary cases that, for the first time, demonstrate the feasibility
of IVUS imaging of VV.

1 Introduction

Vulnerable plaques are subsets of atherosclerotic lesions that rupture and cre-
ate blood clots resulting in acute coronary syndrome and sudden cardiac death.
Plaque inflammation plays a central role in its vulnerability to future complica-
tions (e.g., rupture, hemorrhage, distal emboli, and acute stenosis). The search
for an intracoronary technology capable of imaging both plaque morphology
and activity (inflammation) is currently a very active topic in the cardiology
community [1]. Despite major advances in the development of other intravas-
cular imaging techniques, intravascular ultrasound (IVUS) remains the most
widely-available technology to interventional cardiologists. However, the major
drawback of IVUS has been its inability to gauge plaque inflammation.

The vasa vasorum (VV) are microvessels that nourish vessel walls (Fig. 1(a)).
In conditions with extensive neovessel formations such as atherosclerotic plaques,
tumor angiogenesis, and diabetic retinopathy, most are fragile and prone to
leak or rupture. In the field of atherosclerosis, recent evidence indicates that
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(a) (b) (c)

Fig. 1. (a) Vasa vasorum histology (reprinted from [9]) in relation to (b) a typical IVUS
frame and (c) its labeled regions (from the center outward: the catheter; the echofree
lumen; the plaque area with the intima, its membranous leading edge; the echofree
media; and the adventitia)

proliferation of VV is a preceding or concomitant factor associated with plaque
inflammation and instability [2, 3].

We have developed a novel method which, for the first time, enables IVUS
imaging of atherosclerotic plaque inflammation based on quantification of VV
density and perfusion. Our primary contributions are: 1) an IVUS acquisition
protocol which utilizes a recently-developed ultrasound contrast agent to in-
duce echogenicity in the VV, and 2) an automated algorithm for the detection,
quantification, and visualization of VV in the resulting contrast-enhanced image
sequences.

Related work includes plaque characterization [4, 5] and the imaging of my-
ocardial perfusion [6] and angiogenesis [7]. Recent research into IVUS imaging
has been primarily aimed at automating the segmentation task for the major
IVUS features [8] (Figs. 1(b)-(c)). To the best of our knowledge, there have been
no previous reports of automated detection and imaging of VV.

2 Materials and Methods

IVUS System: We use both a solid-state phased-array 20 MHz scanner (Volcano
Therapeutics Inc. – InvisionTM) and a rotating single-crystal 40 MHz scanner
(Boston Scientific Inc. – GalaxyTM).

Microbubbles: We use OptisonTM, a new ultrasound contrast agent composed of
albumin microspheres filled with octafluoropropane gas.

VV Imaging Protocol: 1) Acquire IVUS frames for several minutes to obtain un-
enhanced signal (“pre-injection” period); 2) inject contrast agent, temporarily
washing out the frames due to luminal saturation (“during-injection” period);
and 3) acquire frames for several minutes further to obtain signal indicating po-
tentially enhanced areas due to perfusion into the VV (“post-injection” period).
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During all periods, the IVUS catheter is held fixed; 1 min into the final period,
5 cc normal saline is injected to flush out remaining microbubbles.

Imaging Vasa Vasorum Density: Following acquisition, our VV detection, quan-
tification, and visualization method consists of three steps.

• Step 1: Track cardiac motion throughout the sequence to allow compensation
for relative catheter/vessel movement (Sect. 2.1).

• Step 2: Perform enhancement detection using difference-imaging and statis-
tical techniques (Sect. 2.2).

• Step 3: Quantify and visualize the resulting enhancement (Sect. 2.3).

2.1 Step 1: Motion Compensation

In stationary-catheter IVUS studies, maintaining a fixed catheter position with
regard to an anatomic point of reference is impossible in practice due to the
periodic motion of the heart. Relative motion between the catheter and vessel
produces image sequences in which each frame deviates from its predecessors;
this deviation makes analysis of a specific anatomic region-of-interest (ROI)
difficult. Our studies were performed on IVUS sequences which lacked associated
electrocardiogram gating data. Consequently, to track cardiac motion, we have
developed a method inspired by Zhu et al. [10], in which cardiac phase is derived
from the IVUS sequence itself. This allows us, in subsequent processing, to select
frames according to their position in phase (and, by extension, their physical
orientation). Phase extraction is accomplished through ROI selection, intensity
metasignal generation, and filtering and signal reconstruction, as follows.

ROI Selection: We select a fixed ROI in the IVUS frame to monitor the changes
in intensity in this region over time. We do not analyze data from the entire
frame because the lumen/catheter region has little useful signal and the adven-
titial region has a very low signal-to-noise ratio. Instead, the intensity study is
concentrated on the region between the luminal border and the adventitia. The
ROI need not be a perfect segmentation of this region, however; we may simply
compute an average frame over a particular time range (e.g., one cardiac period)
and create a mask which on average contains the entire ROI.1

Intensity Metasignal Generation: To produce these metadata, we use one of two
techniques: average intensity or inter-frame difference. The average intensity g
at frame i over our ROI is given by gi = 1

n

∑

(x,y)∈ROI
Fi(x, y), where F is an IVUS

frame. The inter-frame difference d between frame i and the previous frame i−1
is given by di = 1

n

∑

(x,y)∈ROI
|Fi(x, y) − Fi−1(x, y)| (in both cases, n is the area in

pixels of the ROI). Here we use these techniques interchangeably; typically the
only difference in the methods is a phase shift between the resulting signals.

Filtering & Signal Reconstruction: Due to the spurious extrema present in the
signal (Fig. 2(a)), it is necessary to apply a filter to isolate those maxima and
1 As we rely on a fixed ROI here, we do not employ a segmentation algorithm.
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Fig. 2. (a) Plot of gi for the first 201 frames of Case 1 and (b) the filtered result

minima which represent the motion we are interested in. A Butterworth bandpass
filter is applied, H(ω) = 1

/√
1 + [2(ω − ωc)/∆ω]2m, where the filter frequency

ωc is centered at the dominant cardiac frequency, the width ∆ω = 0.6(ωc), and
the order m = 4. We have found stationary-catheter IVUS studies to be robust
with regard to automatic cardiac phase extraction as signals produced with this
method exhibit a prominent peak in the frequency domain; this makes algorith-
mic determination of ωc much more feasible than in previous pullback studies.
While this peak is generally obvious to the human viewer, we have noted two
other common sources of low-frequency noise which must be appropriately ig-
nored: these include a prominent DC component related to the mean intensity
or inter-frame difference, and other low-frequency components due to the mi-
crobubble washout during acquisition, which causes a varying mean grey-level
to occur in the ROI over time. Once the signal is collected, transformed to the
Fourier domain, ωc is determined, and the signal is filtered, it is returned to the
time domain (Fig. 2(b)). The set of frames associated with, e.g., the peaks in
this time-domain signal are considered correlated by our definition.

2.2 Step 2: Enhancement Detection

The goal of enhancement detection is to localize and quantify the subtle inten-
sity changes in the IVUS image sequence due to the presence of perfused VV in
the field of view of the IVUS sensor following microbubble injection. For detec-
tion to be reliable, it must be invariant both to motion and to the presence of
ultrasound (US) speckle noise in the image. The former issue was discussed previ-
ously (Sect. 2.1) while, to address the latter, our enhancement detection method
combines difference imaging with temporal averaging to attenuate speckle.

Difference imaging, broadly, involves a “before” image (Ib) and an “after”
image (Ia). Here, Ib is a baseline frame derived from a set of phase-correlated
pre-injection frames which are pixel-wise averaged for noise reduction. That is,
if we have a set of k phase-correlated pre-injection frames F ≡ {F1 . . . Fk}, then

Ib = 1
k

k∑

i=1
Fi. The number of frames averaged to produce this image may be
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fairly large as we are interested only in highly temporally-coherent features of
the sequence for this baseline. The image Ia is either a single post-injection
frame or an average of correlated post-injection frames. Single frames are useful
if producing a video sequence, while temporal averaging of the post-injection
set to produce Ia will suppress speckle noise along with temporally incoherent
enhanced regions (e.g., passing microbubbles).

Once Ib (baseline) and Ia (post-injection) images are available, a difference
image is produced by pixel-wise subtraction, Id = Ia − Ib, with negative values
thresholded to zero. This raw difference image shows areas of true enhance-
ment in addition to low-valued areas of false enhancement due to US artifacts.
Consequently, further thresholding must be applied to reduce the noisy appear-
ance of the image, but this is done conservatively to avoid suppressing rele-
vant enhancement. In this context, we have developed an automatic threshold-
ing technique inspired by classical expectation-maximization algorithms and the
work of Bruzzone and Prieto [11]. A grey-level threshold is determined for Id

under the assumption that it is a Bayesian mixture of probabilities p(X) =
p(X/υu)P (υu) + p(X/υe)P (υe) where p(X) is the overall probability density
function (PDF) of the difference image, p(X/υu) and p(X/υe) are the PDF’s of
the unenhanced (u) and enhanced (e) pixels respectively, and P (υu) and P (υe)
are the a priori probabilities of these classes (unknown quantities are initially
estimated from histogram statistics). Following global thresholding, a Markov
modeling technique is applied to account for spatial relationships. This takes
the strength of a point of detected enhancement into consideration along with
its neighborhood to determine whether the enhancement is salient; this has the
effect of reducing spot noise while refining the edges of enhanced regions. Note
that for the purposes of estimating probabilities and enhancement levels, only
the pixels in a ROI of the frame are taken into consideration: typically the
intimo-medial region where we expect to find VV. As per Sect. 2.1, this ROI is
fixed and need not perfectly segment the region.

Video sequences may be generated to show the changes in microbubble per-
fusion over time. In this case, the baseline Ib remains as defined previously, while
the comparison images are a sequence of running averages of phase-correlated
post-injection frames. That is, if a sequence of k correlated post-injection frames
C ≡ {C1 . . . Ck} is available and a p-frame running average is used (where p is
odd), an h-frame video sequence may be produced, where h = k − p + 1 and the

raw difference image for a particular frame i ∈ [1, h] is Id = (1/p
p∑

j=1
Ci+j−1)−Ib.

In addition, by binning the frames by cardiac phase into a convenient data
structure, it is trivial to extend this method to utilize all post-injection frames
by associating each frame in a sequence with its p − 1 correlated neighbors.

2.3 Step 3: Quantification and Visualization of Enhancement

To quantify enhancement over time, a signal is produced composed of the av-
erage enhancement per enhanced pixel (AEPEP) of each frame. This is defined
as follows. If P ≡ {P1, . . . , Pq} is the set of intensities of all pixels labeled “en-



348 S. O’Malley et al.

hanced” in the ROI of the difference image after thresholding and refinement,
then the AEPEP value for the frame is given by ε = 1

q

∑

p∈P
p. A useful feature of

the AEPEP metric is that it remains relatively constant in spite of changes in the
apparent area of the enhanced regions due to US distortion. Metrics utilizing the
entire ROI were found to be too noisy as measures of enhancement. In addition,
we fit an approximating spline to the resulting AEPEP signal to highlight trends
for the human observer. Where results are presented as color-coded images, the
unit of intensity is a percentage indicating an enhanced pixel’s difference level
divided by the maximum grey-level difference (255).

3 Results

We conducted microbubble contrast-enhanced IVUS imaging on seven patients
with coronary artery disease using the ACESTM (Analysis of Contrast-Enhanced
Sequences) software developed for this project. Due to space limitations, data
collected from one typical case is presented in detail and six cases presented in
summary.2

(a) (b) (c)

Fig. 3. Case 1: (a) raw difference image, and (b)-(c) thresholded difference images at
frames 600 and 800, respectively. Unit of intensity is %, as discussed in Sect. 2.3.

Case 1: This sequence consists of 1,073 frames sampled at 10 frames/s. Contrast
agent (CA) first appears in the lumen in frame 404, complete washout due to
lumen echo-opacity occurs from frames 452-490, and CA reaches a minimum
in the lumen around frame 530. Figure 3(a) illustrates a raw difference image
showing marked enhancement in the plaque region, particularly at 6 o’clock (note
relation to calcified plaque in Fig. 4(a)) and from 10-12 o’clock. Auto-thresholded
difference images (Figs. 3(b)-(c)) exhibit the changes in enhancement over time
due to diminution. A magnification of an area of enhancement is shown in Fig. 4;
this highlights the difficulty of imaging the echo-transparent VV under normal
circumstances. Enhancement is plotted over time in Figs. 5(a) and 5(b) for the
intimo-medial/plaque and adventitial regions respectively.
2 Additional figures are available from http://www.vcl.uh.edu/CARDIA.

http://www.vcl.uh.edu/CARDIA
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(a) (b) (c)

Fig. 4. (a) Unenhanced frame from Case 1, (b) a magnified ROI of the frame, and (c)
the ROI with an overlay showing enhanced features invisible in (b). Observe conceptual
agreement with histological observations reported in the literature (Fig. 1(a)).

(a) (b)

Fig. 5. Case 1: AEPEP over time for the (a) intimo-medial region and (b) adventi-
tia. Pre- and post-injection means are shown (dotted horizontal lines; graph has been
translated to 0% pre-injection mean). Injection start and peak are marked by vertical
lines. Solid areas indicate the injection and return-to-baseline periods.

Summary: Enhancement statistics for six additional cases whose analyses were
identical to that of Case 1 are presented in Table 1. The pre-injection mean
AEPEP (µpre) scores report a positive value due to random speckle events oc-
curring above each frame’s enhancement threshold. Hence, the most meaningful

Table 1. Representative results from seven case studies.

µpre µpost R

Case 1 2.41% 9.13% 3.79
Case 2 1.90% 2.80% 1.47
Case 3 1.53% 3.97% 2.59
Case 4 1.88% 3.35% 1.78
Case 5 1.48% 2.27% 1.53
Case 6 2.50% 2.70% 1.08
Case 7 4.00% 5.50% 1.37
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global enhancement metric we have found is the ratio of the post-injection mean
(µpost) to pre-injection mean, R = µpost

µpre
. This ratio appears to correlate well

with the strength and quantity of visible enhancement in our studies.

4 Discussion

We have described a novel method which, for the first time, enables IVUS imag-
ing of VV presence. Due to the inherent limitations of in vivo human coronary
IVUS studies, we were unable to correlate our findings with histopathological
evidence of VV density. However, the significant changes in the IVUS signal
after microbubble passage leave no doubt as to its ability to show contrast en-
hancement. Knowing that almost all blood perfusion in plaques comes through
VV capillaries, we hypothesize that the enhancement is related to the density of
VV in the vessel wall. A comparison of our images with the µCT and pathology
images of VV reported in the literature [9] shows a conceptual agreement.

In vitro studies are currently underway to further gauge the accuracy and
robustness of our technique. We are also investigating high-speed acquisition of
the raw radiofrequency signal in order to more effectively measure the subtle
changes in the backscatter from inside the plaque and adventitia. A clinical
discussion of our results may be found in [12].
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