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Aims The density of vasa vasorum within atherosclerotic plaque correlates with histologic features of plaque vulnerability in
post-mortem studies. Imaging methods to non-invasively detect vasa vasorum are limited. We hypothesized that con-
trast ultrasound (CUS) can quantify vasa vasorum during atherosclerosis progression.

Methods
and results

New Zealand white rabbits received a high-fat diet for 3 weeks, and bilateral femoral artery stenosis was induced by
balloon injury. Contrast ultrasound femoral imaging was performed at baseline and 2, 4, and 6 weeks post injury to
quantify adventitial videointensity. At each imaging time point 10 vessels were sectioned and stained with haematoxy-
lin and eosin and von-Willebrand factor. Adventitial vasa vasorum density was quantified by counting the number of
stained microvessels and their total cross-sectional area. Plaque size (per cent lumen area) progressed over time
(P , 0.001), as did adventitial vasa vasorum density (P , 0.001). Plateau peak videointensity also progressed, demon-
strating a strong linear correlation with histologic vasa vasorum density (P , 0.001). Receiver operating characteristic
analysis indicated that a three-fold increase in median adventitial videointensity had a sensitivity of 100% and speci-
ficity of 88% for predicting abnormal neovascularization.

Conclusion We have histologically validated that CUS quantifies the development of adventitial vasa vasorum associated with
atherosclerosis progression. This imaging technique has the potential for characterizing prognostically significant
plaque features.
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Introduction
Acute coronary syndromes (ACS) are a major cause of morbidity
and mortality, accounting for up to 70% of deaths in patients with
coronary artery disease.1,2 The causes of progression from an
asymptomatic fibroatheromatous plaque to a lesion at high risk
for rupture and thrombosis, also known as ‘vulnerable plaque’,
are not fully understood.3,4 Moreover, in over 60% of cases the
culprit lesions responsible for an ACS are not flow-limiting on cor-
onary angiography,5 underscoring the poor ability of current
imaging technologies to prospectively identify lesions that ulti-
mately become unstable.

Changes in the vessel walls that typically accompany rupture-
prone atherosclerotic lesions, such as plaque neovascularization,
are potential targets for imaging.6– 11 During atherogenesis, there

is abnormal adventitial vasa vasorum proliferation and intraplaque
neovascularization7,10– 12 that are associated with plaque rupture
and other features of vulnerable plaque, such as a thin fibrous
cap, a large necrotic core, and intraplaque hemorrhage.4,6,11,13 –15

Because vasa vasorum and plaque neovascularization may be
both markers of, as well as etiologic factors in, the development
of rupture-prone atherosclerotic plaque,6,13,16 its detection could
be of both diagnostic and prognostic importance.

Whereas the histologic features of plaques that rupture are well
characterized, methods for imaging them in vivo are limited.
Recently, contrast ultrasound (CUS) has emerged as a method
for imaging vasa vasorum.17–22 Observational CUS studies of
patients with carotid disease have shown acoustic activity within
and around plaques and a semiquantitative correlation with endar-
terectomy specimens.17,18,20 The ability of CUS, however, to be
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quantitative and to serially follow vasa vasorum density over the
time course of plaque evolution, has not been established.
Indeed, further validation of this method for quantifying vasa
vasorum is a pre-requisite to its clinical application.

Accordingly, in the present study, we tested the hypothesis that
CUS can quantify vasa vasorum during atherosclerosis progression.
Serial femoral artery CUS imaging was performed in a rabbit model
of atherosclerosis, with post-mortem histologic analysis as the
reference standard.

Methods

Animal model of accelerated atherosclerosis
A rabbit model of accelerated atherosclerosis was used.23 Twenty
New Zealand white rabbits (3.5–4 kg) were fed a high-fat, high-
cholesterol diet (peanut oil 2.5%, cholesterol 1%, fat 10%) for 3
weeks. One week after commencing this diet, rabbits were anaesthe-
tized with ketamine (150 mg IM) and xylazine (8 mg IM) and 2.5%
inhaled isofluorane. An ear vein was cannulated for ultrasound contrast
administration. A 2F Fogarty balloon catheter was introduced to the
superficial femoral artery, advanced into the common femoral artery,
inflated at 2 atm and advanced and withdrawn three times to induce
injury. This procedure was repeated in the contralateral femoral
artery, the catheter was removed, and the rabbits recovered.

Contrast ultrasound imaging
Contrast ultrasound of the femoral artery was performed using Defi-
nity (diameter 1–4 mm, Lantheus Medical Imaging) as the contrast
agent. Rabbits were intravenously administered a 0.2 mL contrast
bolus over 10 s during non-linear (10 MHz Contrast Pulse Sequence)
imaging of the femoral artery in the longitudinal plane (Sequoia,
Siemens). Contrast pulse sequencing is a multi-pulse imaging method
utilizing phase and amplitude modulation of the transmit ultrasound
combined with cancellation algorithms to detect microbubble-specific
signals. After a high power burst frame (mechanical index (MI) of 1.9)
to destroy microbubbles, real-time ultrasound imaging (MI 0.3) was
performed to capture microbubble reflow into the femoral artery
lumen and vasa vasorum. The resolution of our ultrasound imaging
system is 0.15 mm, with a dynamic range of 75 dB.

Digitally acquired ultrasound images were analysed off-line using
customized CUS software by an observer blinded to experimental
condition. Videointensity in each frame was measured in a region of
interest drawn in the adventitia of the injured vessel segment. Videoin-
tensity data, which relate to the concentration of microbubbles in
tissue, were plotted against time elapsed from the destruction pulse
and fit to a previously described monoexponential function:
Y ¼ A(1 2 e2bt), where Y ¼ videointensity, t ¼ time, b ¼ rate of
microbubble replenishment (red blood cell velocity), and A ¼ peak
plateau intensity (microvascular cross-sectional area).24 Adventitial
peak videointensity was normalized to the peak videointensity
measured in a luminal region of interest drawn proximal to the area
of balloon injury.

Histological analysis
On the final day of the experiment, both femoral arteries were
perfusion-fixed using paraformaldehyde infused into the abdominal
aorta, excised and paraffin-embedded, and cross-sections were
stained for light microscopy (IX81, Olympus) with haematoxylin and
eosin (H&E) and von-Willebrand factor (vWF) for endothelium.
Additional sections were frozen and stained for macrophages

(RAM11) and KDR receptors for vascular endothelial growth factor
(VEGF) (CVPath Institute, Inc.; Gaithersburg, MD). Vasa vasorum on
digitized images were quantified by counting the total number of
vWF-positive microvessels per femoral artery cross-section, as well
as their total cross-sectional area (CSA), which was measured by pla-
nimetry (Image J software, NIH). Plaque burden (per cent luminal ste-
nosis) was obtained by manual planimetry of vessel cross-sections and
defined as [(EEM area 2 lumen area)/EEM area] × 100, where EEM
area is the area inside the external elastic membrane.25 To account
for potential variability in vasa vasorum density measurements with
vessel size, we also normalized histological vasa vasorum density
measurements to EEM area.26

Experimental protocol
Contrast ultrasound was performed just before balloon injury (time 0,
control group), and at 2, 4, and 6 weeks after balloon injury. At each
time point, five rabbits (10 femorals) were euthanized for histologic
correlation.

Statistical analysis
Because the data were not normally distributed, non-parametric stat-
istical methods were used. Results are expressed as medians and inter-
quartile ranges (IQR). Uncorrelated variables were analysed with
Kruskal–Wallis rank-test to assess differences across the different
time points, and post-hoc individual comparisons were performed
with Mann–Whitney test, using Bonferroni’s correction for multiple
comparisons. Correlated variables were analysed with Friedman
two-way ANOVA, with post-hoc individual comparisons using Wil-
coxon matched-pairs test, with Bonferroni’s correction. Correlation
between peak videointensity and vasa vasorum density was performed
with Spearman’s rho correlation. Non-parametric receiver operating
characteristic (ROC) curves were derived to determine sensitivity,
specificity, and positive and negative likelihood ratios to characterize
the predictive value of CUS to diagnose abnormal vasa vasorum pro-
liferation. To assess interobserver variability for several of the histo-
logic and CUS parameters, two investigators (DM and XL) made
measurements on 15% of all data, and Spearman’s rho correlation
for continuous variables and the Kappa statistic for categorical vari-
ables, were derived. As there was no significant association of either
CUS or histologic data related to vessels obtained from the same
rabbit, a clustering analysis was not performed, and each vessel was
treated as an independent sample. Statistical significance was defined
as P , 0.05 (two-sided). Statistical analyses were performed with
Stata 10.0 (StataCorp, College Station, TX).

Results

Atherosclerosis progression: histologic
data (n 5 40 vessels)
Per cent luminal stenosis increased during the 6 week period:
0 weeks 42% (29–46%) (median and IQR); 2 weeks: 64% (42–
78%); 4 weeks: 98% (89–100%); and 6 weeks: 98% (91–100%)
(Kruskal–Wallis P , 0.001) (Figure 1). There was a significant
difference in per cent luminal stenosis between 0 and 4 weeks
(P ¼ 0.018), between 6 and 0 weeks (P , 0.001), and between 6
and 2 weeks (P , 0.01) time points. Femoral artery sections
from rabbits euthanized at time 0 and 6 weeks after balloon
injury are shown in Figure 2. The atherosclerotic lesions in this
model were characterized by progressive neointimal proliferation
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and macrophage infiltration, with immunostaining demonstrating
upregulation of angiogenic receptors (VEGF) (Figure 2F) and abun-
dant macrophages (Figure 2E). Vasa vasorum were visualized in the
adventitia (Figure 2B, D) and increased in number (P , 0.001)
(Figure 2D, 3A), and total CSA (P , 0.001) (Figure 3B) over time.
There was a significant difference in vasa vasorum density by
both total vasa vasorum number and vasa vasorum CSA
between 0 weeks and any of the other time points (P , 0.01),
and between 2 and 6 weeks (P ¼ 0.015).

Vasa vasorum number normalized to EEM area increased over
time: 19 mm22 (14–24) (median and IQR) at baseline and 67
(58–73) at 6 weeks (P , 0.001). Vasa vasorum CSA/EEM area
also increased over time: 2011 × 1026 (640–5504 × 1026)
(median and IQR) at baseline vs. 2074 × 1025 (1684–2157 ×
1025) at 6 weeks (P , 0.001).

Contrast ultrasound imaging
Figure 4 shows serial femoral CUS images obtained in one rabbit at
baseline (Figure 4A, B) and 6 weeks (Figure 4C, D) after balloon
injury. The images are displayed as maximum intensity projections
(MIP), in which the maximum intensity pixels for each frame are
retained in each subsequent frame, allowing for single-frame
display of the spatial distribution of contrast over time. Two MIP
frames are displayed for each time point, with the images on the
left (Figure 4A, C ) obtained immediately (,1 s) after the destruc-
tive imaging pulse, and the images on the right (Figure 4B, D) accu-
mulated over 7 s post-destruction after contrast replenishment. In
the baseline images, the vessel lumen fills early and completely
(Figure 4A), there is sparse adventitial contrast enhancement,
limited to a late-filling linear echodensity consistent with an adven-
titial vessel (Figure 4B, blue arrowheads). At 6 weeks, the early
post-destruction MIP images demonstrate the stenosis as a filling
defect in the vessel lumen (white arrows, Figure 4C). The full
replenishment MIP images of the same vessel (Figure 4D) depict
more adventitial contrast (blue arrowheads). There is more promi-
nent adventitial contrast at 6 weeks (Figure 4D) than 0 weeks
(Figure 4B). These findings are shown with greater resolution in
Supplementary material online, Movie files.

In the five rabbits with serial images during the entire 6 weeks,
normalized peak videointensity increased over time: 0 weeks 0.027
(0.020–0.056, median and IQR); 2 weeks: 0.037 (0.033–0.085);
4 weeks: 0.066 (0.051–0.073); 6 weeks 0.192 (0.144–0.249)
(P , 0.01) (Figure 5). There was a significant difference between
peak videointensity at 0 and 4 weeks (P ¼ 0.03), and between 6
weeks and any of the other time points (P ¼ 0.03).

Figure 6 plots the histology vs. concurrent CUS data obtained at
the four time points in all 20 rabbits (five rabbits euthanized per
time point). There were significant linear correlations between
CUS peak videointensity and histologic vasa vasorum CSA (Spear-
man’s rho 0.84, P , 0.001) (Figure 6A) and vasa vasorum number
(Spearman’s rho 0.76, P , 0.001) (Figure 6B). Similarly, there
were significant correlations between peak CUS videointensity
and vasa vasorum CSA/EEM area (Spearman’s rho 0.81, P ,

0.001) and vasa vasorum number/EEM area (Spearman’s rho
0.64, P , 0.001). Red blood cell velocity (b) did not predict histo-
logic vasa vasorum density.

Diagnostic utility of contrast ultrasound
for predicting abnormal
neovascularization
We defined abnormal neovascularization as vasa vasorum CSA
associated with severe stenosis (.70%). By ROC analysis, a five-
fold increase in median vasa vasorum CSA from baseline yielded
a 100% sensitivity and 94% specificity for detecting greater than
70% stenosis. Based on a five-fold increase in median vasa
vasorum CSA as the cut-off for abnormal neovascularization,
additional ROC analyses demonstrated that a three-fold increase
in median peak videointensity from baseline had the best diagnostic
accuracy for detecting abnormal neovascularization, and was used
to define a ‘positive’ CUS. A positive CUS predicted abnormal
neovascularization with a sensitivity of 100%, specificity of 88%,
and positive and negative likelihood ratios of 8.5 and 0, respectively
(P , 0.001). Whereas the pre-test probability of histologic abnor-
mal neovascularization was 58%, the post-test probability was 92%
after a positive CUS, and 0% after a negative CUS.

Interobserver variability assessment
There was excellent interobserver agreement on measurements of
normalized peak videointensity (Spearman’s rho 0.94, P , 0.001),
per cent luminal stenosis (Spearman’s rho 0.99, P , 0.001), total
vasa vasorum number (Spearman’s rho 0.94, P , 0.001), and total
vasa vasorum CSA (Spearman’s rho 0.87, P , 0.001) by histology.
When normalized peak videointensity was evaluated as a categorical
variable, there was perfect agreement between the raters (k ¼ 1)
regarding identification of elevated peak videointensity (defined as
three-fold median increase). Similarly, when total vasa vasorum
CSA was assessed as a categorical variable, there was perfect agree-
ment (k ¼ 1) between the raters regarding identification of abnor-
mal neovascularization (defined as five-fold median increase).

Discussion
The main finding of this study is that quantitative CUS predicts the
histologic extent of vasa vasorum proliferation. This is the first

Figure 1 Per cent luminal stenosis (medians and interquartile
ranges) from histologic sections of rabbit femoral artery.
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study to implement objective, quantitative measures of contrast
enhancement to measure vasa vasorum density. Furthermore,
this is the first study demonstrating in vivo, serial progression of
vasa vasorum proliferation within the same vascular segment as
atherosclerosis advances. As such, our data demonstrates the
utility of a quantitative approach to CUS of vasa vasorum along a
continuum of vasa vasorum densities, which allows serial tracking
of vasa vasorum proliferation as a function of time.

Pathophysiologic significance of vasa
vasorum
In the absence of atherosclerosis, vasa vasorum are limited to the
adventitia and outer media.13,27 Evidence linking abnormal plaque neo-
vascularization to plaque instability comes from pathology studies, as
there have heretofore been no in vivo methods for identifying vasa

vasorum. In histologic studies of advanced human aortic plaques, the
presence of adventitial vasa vasorum correlated with plaque
rupture.11 In human plaques obtained after sudden coronary death,
increased vasa vasorum density was also strongly associated with
plaque rupture.6,7 Vasa vasorum density is dynamic, increasing with
hypercholesterolaemia,28 and decreasing with statins28 and other
strategies of cholesterol lowering.29 Thus, the study of vasa vasorum
is of interest because of its possible etiologic role in plaque pro-
gression, as well its potential utility as a marker of plaque vulnerability.

Methods for imaging high-risk features
of plaque
Methods for identifying rupture-prone plaques are limited. Coron-
ary angiography provides a ‘lumenogram’, but underestimates true
atherosclerotic burden within the vessel wall. An intravascular

Figure 2 Rabbit femoral artery sections taken before (upper panels) and 6 weeks after (middle and lower panels) balloon injury. (A) Haema-
toxylin and eosin staining showing normal vessel wall before balloon injury. (B) von-Willebrand factor endothelial stains of the same vessel in
Panel A, showing scant vasa vasorum (arrows). (C) Six weeks after balloon injury, haematoxylin and eosin stained vessel showing advanced
plaque and stenosis. (D) von-Willebrand factor stain of the same vessel in Panel C showing numerous adventitial vasa vasorum (arrows).
(E) Immunostaining showing macrophage infiltration (brown) of an advanced lesion. (F) Vascular endothelial growth factor receptor KDR
stain (brown) in the adventitia of an advanced lesion, confirming neovascularization.
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ultrasound (IVUS) approach to identify the tissue composition of
plaque components has been developed based on pattern analysis
of raw radiofrequency signals from the ultrasound backscatter.30

Other intravascular techniques are under development for charac-
terizing plaque composition,31 such as optical coherence tomogra-
phy31 and intracoronary magnetic resonance.31 Unique infrared or
laser energy absorption properties of lipid-rich plaques are the
basis for plaque detection using near infrared spectroscopy and
Raman spectroscopy,31 while intravascular elastography measures
plaque mechanical properties.31 These investigational methods

have limitations, including low far-field resolution, low molecular
sensitivity, interference by blood, lack of structural definition, and
motion and flow artefacts.

Because atherosclerosis is a diffuse disease, a patient-specific,
rather than plaque-specific approach to coronary stratification uti-
lizing assessment of systemic plaque characteristics has also been
suggested.10,32 These strategies have employed whole-body
MRI33 or PET imaging34 to quantify total plaque burden or inflam-
matory activity within plaque, respectively. Like intravascular
methods, such approaches require new technology development

Figure 3 Histologic vasa vasorum number (A) and cross-sectional area (B) in femoral artery specimens vs. weeks after balloon injury in all 20
rabbits (n ¼ 10 vessels per time point).

Figure 4 Contrast ultrasound of the same femoral arteries in Figure 2, displayed as maximum intensity projection images, before (A, B) and 6
weeks after (C, D) balloon injury. Early post-destruction images are on the left, and late post-destruction (replenishment) images are on the
right. Before balloon injury, there is rapid refill of the femoral artery immediately after microbubble destruction (A), and adventitial contrast
enhancement can be seen in the delayed maximum intensity projection images (B, blue arrowheads). Six weeks after injury, the early post-
destruction image (C) shows a filling defect in the vessel (white arrows), and the delayed maximum intensity projection image (D) shows
greater accumulation of adventitial contrast (blue arrowheads), compared with that seen at 0 weeks (B). Yellow arrows point to a branch
vessel moving out of the imaging plane. The red arrowhead indicates the skin. The images shown in Figure 4 are also available in two
movies (Supplementary material online, Movies).

D. Moguillansky et al.650

http://eurheartj.oxfordjournals.org/cgi/content/full/ehq197/DC1


and complex instrumentation, and spatial resolution remains a
challenge.

Contrast ultrasound to image plaque
neovascularization
Our data suggest that CUS offers a strategy for either plaque-
specific or patient-specific risk stratification of atherosclerotic
activity. Because microbubble contrast agents act as red blood
cells tracers, the blood-pool within the microcirculation compris-
ing plaque neovascularization can be ultrasonically visualized. Post-
mortem histologic data indicate that in patients dying from ACS,
vasa vasorum density is abnormally increased even at peripheral
arterial sites remote from the culprit coronary lesion,10 suggesting
that measurement of carotid vasa vasorum density may provide a
‘window’ to the patient’s overall cardiac risk.

Contrast ultrasound evaluation of coronary neovascularization
would require an invasive approach using IVUS sensitive for micro-
bubble detection. Recent reports of a harmonic IVUS system

suggest that it may be possible to interrogate individual coronary
plaques for their neovascular content.35

In the present study, we posited that a pre-requisite to the appli-
cation of CUS to plaque characterization would be the validation
of its ability to quantify neovessel proliferation against a histologic
gold standard. We conducted studies in which a spectrum of ather-
osclerotic severity was represented, and where atherosclerotic
progression could be modelled. Contrast ultrasound was serially
performed up to 6 weeks after endothelial injury, and at pre-
defined time points, a subset of rabbits was euthanized to obtain
histologic correlation. We found that peak videointensity, a
marker of microvascular volume21 linearly correlated with the his-
tologic indices of vasa vasorum density. The parameter b did not
predict neovascularization, suggesting that any increases in flow
to the injured vessel wall would be mediated by an increase in
vasa vasorum volume.

A unique feature of our study was that a subset of rabbits was
survived up to 6 weeks post-balloon injury, permitting
within-group evaluation of vasa vasorum evolution. Our serial
images suggest there was progressive increase in vasa vasorum
density with time. Thus, our study initially validated CUS to quan-
tify vasa vasorum against histologic data, and then used CUS to
serially follow vasa vasorum progression.

Another unique feature of our study was that we identified the
sensitivity and specificity of CUS for predicting abnormal neovas-
cularization using ROC analysis to identify optimal cut-off points.
Because both stenosis severity and vasa vasorum density both
increased over time, we defined ‘abnormal neovascularization’ as
the vasa vasorum CSA associated with a greater than 70%
luminal stenosis. Receiver operating characteristic analysis deter-
mined that a five-fold increase in vasa vasorum CSA predicted a
.70% stenosis with 100% sensitivity and 94% specificity. Using a
five-fold increase in vasa vasorum CSA as the definition of ‘abnor-
mal neovascularization’, a second ROC analysis determined that a
three-fold increase in CUS (‘positive CUS’) significantly increased
the probability of histologically confirmed abnormal neovasculari-
zation, whereas a negative CUS ruled this out.

Study limitations
The rabbit model is one of neointimal proliferation, and while
plaques demonstrate adventitial vasa vasorum proliferation and

Figure 5 Peak videointensity in femoral artery adventitial
increased over time in the five rabbits that were serially imaged
before (time 0) and 2, 4 and 6 weeks after balloon injury. Data
are from two femoral arteries per rabbit, imaged at each of the
four time points (n ¼ 40 images).

Figure 6 Correlation between contrast ultrasound normalized peak videointensity and histological vasa vasorum cross-sectional area (A) and
number (B) in all 20 rabbits (10 vessels per time point).
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macrophage infiltration, they do not manifest other features that
typify advanced human atherosclerotic plaque. Small animal
models that fully replicate human vulnerable plaque do not
exist.36 The rabbit model used here is a well-characterized surro-
gate and serves the purpose for proof of concept and validation
against histologic specimens.

We did not comprehensively characterize the vascular biology
of our rabbit model nor include a non-atherosclerotic control
group. Our primary intention was to validate CUS findings
against a histologic gold standard, rather than to explore the
biology of atherogenesis per se in this animal model, as the latter
has been previously extensively characterized by others.36–39

The pre-balloon injury time point permitted data collection
before the development of atherosclerosis (such that each rabbit
served as its own control) and, in conjunction with data collection
up to 6 weeks after balloon injury, enabled as to capture a wide
spectrum of neovascularization for CUS and histologic compari-
son. Finally, our image acquisition relied on 2D long-axis imaging
of vessels, which does not fully capture the spatially heterogeneous
and asymmetric process of atherogenesis, and could explain the
imperfect correlations between imaging and histology data.

Conclusions
Our study histologically confirms that the progression of athero-
sclerotic plaque is paralleled by proliferation of adventitial vasa
vasorum, and that CUS peak videointensity predicts the extent
of neovascularization. Our findings provide proof of concept that
quantification of vasa vasorum is feasible using CUS. This may
have two clinically useful implications: First, this method can be
non-invasively applied to imaging carotid plaque neovasculariza-
tion, which may provide a means to stratify coronary risk on a
patient-level. Second, the concepts shown here could form a
basis for devising strategies for detecting coronary vasa vasorum
using IVUS—i.e. an approach that may lead to plaque-specific strat-
egies to prospectively enhance plaque stability. By identifying the
presence of high-risk vascular biology, both of these approaches
will also help to guide systemic treatments of atherosclerotic
disease using drugs, and CUS can be used to follow the effects
of such treatments.

Supplementary material
Supplementary material is available at European Heart Journal
online.
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