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T he increasing incidence of metabol-
ic risk factors in the modern world
makes it reasonable to predict that

atheromatous cardiovascular disease will
become the primary cause of death world-
wide by 2020.1 An understanding of the fac-
tors that influence the natural history of
atherosclerosis and its complications is es-
sential for the future development of strate-
gies for prevention and therapeutic inter-
vention. The use of intravascular ultrasound
for imaging atheromatous plaque is of spe-
cial interest in this regard. Here we review a
large number of relevant clinical and exper-
imental studies.

Introduction

For more than four decades, angiogra-
phy has been the most common imaging
method used for the detection of coronary
artery disease. Its widespread clinical appli-
cation has steered patients to a host of ben-
eficial interventional medical therapies.
While the number of coronary arteries af-
fected is an predictive index for the clinical
outcome of the disease,2 coronary angiogra-
phy does not provide adequate prognostic
information concerning future ischaemic
events.

More specifically, previous studies have
reported that coronary angiography per-
formed after an acute myocardial infarction

reveals culprit lesions of only mild or mod-
erate degree in more than half the patients.3

Such conclusions have given rise to the no-
tion that acute ischaemic syndromes are the
result of how ‘vulnerable’ an atherosclerotic
plaque is to undergoing rupture, and are
less dependent on the degree of luminal
stensosis.4

It is well known that the rupture of co-
ronary atherosclerotic plaques and the con-
sequent thrombosis are the main cause of
acute coronary episodes. The basic me-
chanisms that lurk behind the break up of
atherosclerotic plaque are the rupture of
the fibrous cap that covers the lipid core
and the exposure and erosion of the surface
of the endothelium.5

The factors that determine the insta-
bility and the probability of rupture of an
atheromatous plaque are mainly the pro-
gressive accumulation of lipids and the
weakening of the fibrous cap. At the same
time, equal importance is assigned to the
role of inflammation and the accumula-
tion of macrophages, in combination with
collagen dissolution and inadequate ep-
ithelisation. 

Coronary angiography provides a two-
dimensional image of the arterial lumen,
but it does not visualise the arterial wall on
which the largest part of the plaque is locat-
ed. In addition, angiography detects intralu-
minal stenoses that are expressed as a per-
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centage of the diameter of the lumen in a reference sec-
tion that is apparently healthy, but in which there may
really be atheromatous plaque. Consequently, angiog-
raphy often underestimates the degree of intraluminal
stenosis and does not gauge the size of the plaque it-
self.6

Despite this limitation, quantitative coronary an-
giography has been adopted by various investigators
as a way of evaluating the effect of treatment on the
rate of progression of obstructive disease.7 Thus, the
inability of angiography to give us a precise quantita-
tive determination of the atheroma burden limits its
usefulness in research into those factors that affect
the natural history of atherosclerosis.

Intravascular ultrasound

Intravascular ultrasound (IVUS) provides real-time,
high-resolution images of the coronary arteries. As a
diagnostic imaging tool, it provides a precise depic-
tion of the morphology of atheromatous plaque.

The function of IVUS is based on the following
general principles:
1. Conversion of electrical energy into sound waves via

piezoelectric crystals;
2. Transmission and detection of sound waves reflect-

ed by tissues using a transducer;
3. Conversion of sound waves into electrical energy;
4. Amplification and processing of the electrical ener-

gy and conversion to an image;
5. Projection of that image on the device’s computer

screen, from where it can be analysed or stored.
Recently, new developments in the post-process-

ing of the IVUS raw signal (radiofrequency signal)
have offered improved methods for the determina-
tion of the composition of atherosclerotic plaque.

IVUS allows the evaluation of the severity of ste-
noses, calculation of the vessel’s diameter, as well as the
precise determination of the boundaries of atheroma-
tous plaque.8 The contribution of IVUS to the assess-
ment of intermediate regions in the main artery is also
invaluable.9,10 For these reasons, IVUS was a major fac-
tor in the design and the guidance of percutaneous pro-
cedures and to the recognition of their possible compli-
cations.11-13

Advantages and limitations of IVUS

Nowadays, we obtain high-definition images of the lu-
men and the entire arterial wall using high-frequency
catheters (30-40 MHz and recently 45 MHz). IVUS

should be preceded by the administration of anticoag-
ulants and intravenous nitrates in order to avoid va-
sospasm. Clinical studies have shown that IVUS can
be performed with absolute safety and has a low inci-
dence of side effects (mainly local vasospasm), of the
order of 1%.14,15

Despite the usefulness of ultrasound imaging for
our understanding of the structure and function of the
coronary arteries, some significant limitations must be
noted. IVUS entails an invasive procedure. In conse-
quence, the conclusions of clinical studies that used
IVUS can only be applied to the patient with coronary
artery disease who is undergoing an invasive examina-
tion. Conventional imaging with IVUS offers only a
limited characterisation of the composition of athero-
matous plaque. A significant increase in image resolu-
tion will be needed before regional changes in plaque
composition can be evaluated precisely. Unfortunately,
conventional IVUS with grey-scale imaging is unable to
detect the characteristic histomorphological features
that are associated with the rupture of vulnerable
plaques, as follows: a large, and lipid-rich necrotic core;
a thin and inflamed fibrous cap, rich in macrophages,
that covers the necrotic core; and neovascularisation
(vasculogenesis with microvessels).5,16-19

Although Yamagishi et al proposed that large, ec-
centric plaques with a superficial echogenic region on
IVUS show an elevated risk of future rupture,20 Prati et
al reported that agreement between two independent
observers as to the imaging of an echogenic region was
only 0.68, while sensitivity for the detection of a histo-
logically confirmed lipid pool was only 65%.21

Also, conventional IVUS cannot evaluate the cha-
racteristic histomorphological features of atheroma-
tous plaques that are correlated with their rupture, and
it has significant limitations in discriminating, for exam-
ple, between fibrous and lipoid plaques.22,23 Thus, at-
tention has focused more on the composition of athero-
matous plaque and the connection between it and the
probability of rupture.

From grey-scale IVUS imaging to processing of the
radiofrequency signal

Conventional IVUS imaging provides only a crude dis-
crimination between lipids, fibrous tissue, and calcifica-
tion. Processing the IVUS radiofrequency signal is a
new method for a more precise characterisation of the
composition of atheromatous plaque. Recent techno-
logical developments in the analysis of the IVUS ra-
diofrequency signal (radiofrequency backscatter with
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IVUS) allow a quantitative determination of the com-
ponents of atheromatous plaque.24

A conventional IVUS grey-scale image is formed
from a codification of the degree of echogenicity of
the radiofrequency signal that is reflected by the tis-
sues. Signals with low echogenicity are coded as dark
grey or black, while highly echogenic signals are cod-
ed as light grey or white. All the information about
frequency and phase is lost during this process. 

A spectroscopic analysis is essential for recording
all the different forms of ultrasound signal. This addi-
tional information can be calculated from the radio-
frequency signal using tools such as the Fourier trans-
form or autoregressive modelling.25 The spectrum
must first be normalised and then analysed to derive
various parameters.26 The combination of these para-
meters in an attempt to present an ultrasound tissue
classification was first described in the context of ex-
aminations of the eye and abdominal organs.27 A num-
ber investigators seized upon this idea for the tissue
classification of plaque using IVUS. It thus became
possible to distinguish between different densities of fi-
brous tissue, as well as between lipoid and other types
of plaque, by applying this special analysis.

Using the classification of atheromatous plaques
based on the criteria of the American Heart Associa-
tion, Stahr et al compared IVUS radiofrequency analy-
sis with histology in 32 atheromatous coronary arter-
ies.28 The more complex and complicated lesions gave
more high-powered signals at all frequencies, com-
pared with the early or intermediate lesions. Discrimi-
nation using this method had a sensitivity of 93% and a
specificity of 79%. In contrast, in the analysis made with
conventional IVUS this discrimination was very diffi-
cult: the best sensitivity in the diagnosis of early and in-
termediate lesions applied only to the ‘soft’ plaques and
was 63%, with sensitivity 73%.

Early reports have described a reduction in the li-
poid components and an increase in fibrous tissue after
statin therapy.29 In similar cases, computerised tomog-
raphy30 and magnetic resonance imaging31 only provide
a partial analysis of the composition of atheromatous
plaque. The increase in signal resolution required for
the visualisation of the coronary arteries would provide
an ideal opportunity to evaluate the change in plaque
composition in vitro and using non-invasive techniques.

Alternative methods of imaging via IVUS

Kawasaki et al first described a tissue classification
scheme based only on the analysis of the integrated

backscatter (IB) signal, using a simple surface scanner
on carotid samples.32 This methodology was taken fur-
ther by the integrated, rotating, 40 MHz IVUS catheter
from Boston Scientific (Fremont CA, USA). IB-IVUS
was applied to 18 samples of coronary artery and the re-
sults were compared with the corresponding histologi-
cal findings. The resulting IB-IVUS values were divided
into 5 categories so that coded colour maps could be
constructed: thrombus; intimal hyperplasia or lipid co-
re; fibrous tissue; mixed lesions; and calcification. The
initial comparisons between angiography and IB-IVUS
showed that the angioscopically coloured surface of the
plaque reflected the thickness of the fibrous cap more
than the size of the lipid core.33 More recent compar-
isons of IVUS, IB-IVUS, and optical coherence tomog-
raphy with histopathology showed that the sensitivity of
IB-IVUS in the classification of calcification, fibrous
tissue, and lipids was 100%, 94% and 84%, while speci-
ficity was 99%, 84% and 97%, respectively. An IB-
IVUS system is available for clinical use in Japan (YD
Co., Ltd., Tokyo).

Palpography is an alternative method of processing
the radiofrequency signal for the determination of the
elastic properties of plaques that are susceptible to rup-
ture.34 This method evaluates the local mechanical pro-
perties of the tissue using the distortion caused by intra-
luminal pressure. Of course, the clinical significance of
this technique still remains to be investigated.35,36

Yet another method, which uses spectroscopic
analysis of the raw radiofrequency signal obtained by
conventional IVUS, is that of virtual histology. Essen-
tially, this is a special piece of software that ‘converts’
the black and white signal of IVUS into a colour pic-
ture, marking the components of atherosclerotic plaque
with different colours and so providing the opportunity
for an in vivo evaluation of its morphology.37

A recently reviewed comparison of palpography
and virtual histology IVUS showed that the mean val-
ue of strain was greater in those IVUS cross sections
in which the necrotic core was in contact with the lu-
men.38

The Greek experience

From January 2005 to January 2006 we studied 30 pa-
tients who were admitted to the 1st Department of Car-
diology, Hippokration Hospital, Athens, suffering from
acute coronary syndromes. The aim of the study was
the in vivo detection of neovascularisation in coronary
atheromatous plaques using contrast-enhanced IVUS
(microbubbles).
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All recorded video loops were analysed digitally us-
ing special image analysis software (ACESì - Analysis
of Contrast-Enhanced Sequences, CBL, Houston TX,
USA), in order to evaluate quantitatively and qualita-
tively the density of neovasculature.39 In all patients,
the infusion of contrast microbubbles caused an in-
crease in the echogenicity of selected regions on the
IVUS images that included atheromatous plaques,

though to a different degree in each case (Figure 1).
This method was able to record qualitatively and quan-
titatively the flow (presence) of microbubbles in human
atheromatous plaques, mainly within the microvessels
and neovasculature, using software specially developed
for this purpose.40 Further developments and improve-
ments in this technique, supported by more clinical
studies, could establish it in the future as an important
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Figure 1. Analysis of an image obtained by intravascular ultrasound (IVUS) using the ACESì system, before (A) and after (B) the infu-
sion of contrast microbubbles. 1) Initial IVUS image; 2) IVUS image from the region of the plaque under analysis; 3) result of processing
without the original image.



new method for the evaluation of vulnerable athero-
sclerotic plaque via the quantitative and qualitative
analysis of neovascularisation.

Studies of atheromatous plaque using IVUS

A number of recent studies have shown the value of
IVUS in the evaluation of the composition and devel-
opment of atheromatous plaque. Various investigators
studied non-significant coronary artery stenosis over
the long term (6-18 months). It is important to note the
difference between limited observational studies and
randomised, placebo-controlled trials, taking into ac-
count the statistical methods, the sample sizes, and the
reproducibility of the measurements.

Ishikawa et al41 studied 40 patients using three-di-
mensional volumetric IVUS, which detected a signifi-
cant reduction in atheroma burden (from 50 ± 31 to 40
± 27 mm3, p<0.0001) after 6 months’ hypolipidaemic
therapy (pravastatin 12-20 mg). The changes in the vol-
ume of the atheroma burden were negatively correlated
with the increase in high-density lipoprotein (HDL)
cholesterol, but were not correlated with changes in to-
tal or low-density lipoprotein (LDL) cholesterol. In 40
male patients with hypercholesterolaemia and ischae-
mic heart disease, Jensen et al42 showed using three-di-
mensional IVUS that the atheroma burden was re-
duced significantly by 6.3% (p=0.002) after 12 months’
therapy with simvastatin (40-80 mg, titrated to achieve
an LDL cholesterol level <120 mg/dL). Although the
reported changes in mean volume were extremely sig-
nificant, these studies were methodologically inade-
quate because they lacked a control group. The changes
observed could also have been due to a variety of oth-
er causes, apart from the statin therapy.

One study that must be mentioned was that of von
Birgelen et al, who used IVUS to investigate the devel-
opment of mild atheromatous plaques in the main
coronary arteries of 60 patients. Over a follow-up peri-
od of 18.3 ± 9.4 months, the development of the athe-
romatous plaques was correlated positively with LDL
cholesterol levels and negatively with HDL cholesterol
levels. The analysis predicted no annual increase in
plaque size when LDL cholesterol was below the limit
of 75 mg/dL.43 The investigators also made a compara-
tive evaluation of the development of atheromatous
plaque and the reduction in lumen size in the same
group of patients, using 3 established risk scores for pri-
mary prevention (PROCAM, SCORE, Framingham).
The results showed a positive linear correlation be-
tween the estimated risk of clinical events, as given by

all 3 risk scores, and the probability of atheromatous
plaque development as measured by IVUS.44,45

Randomised trials

In the GAIN study (German Atorvastatin IVUS Inves-
tigators)46 the researchers compared hypolipidaemic
therapy with atorvastatin (n=48, target LDL choles-
terol <100 mg/dL) with a common regimen that includ-
ed other hypolipidaemic drugs (n=51). Within a 12-
month period, the plaque volumes of mild coronary le-
sions did not change significantly (change 2.5 ± 24.9%
with atorvastatin vs. 11.8 ± 31.0% with usual treatment,
p=0.138). However, a significant difference was record-
ed in the echogenicity of the plaque, an indirect index
of plaque composition (change in echogenicity 42.2 ±
97.8% for patients randomised to atorvastatin, versus
10.1 ± 68.5% for those on usual treatment, p=0.021).

The ESTABLISH study included 70 patients with
an acute coronary syndrome.47 After percutaneous
coronary intervention and IVUS in a non-culprit lesion,
the patients were randomised to intensive hypolipi-
daemic therapy (n=35, atorvastatin) or a control group
(n=35). The atheroma burden, which was measured
again after six months’ follow up, was significantly low-
er in the patients taking statins (13.1 ± 12.8% decrease
versus 8.7 ± 14.9% increase, p<0.0001). Furthermore,
the percentage change in plaque volume was positively
correlated with LDL cholesterol levels (r=0.456), even
in the patients who had low LDL cholesterol before the
start of treatment.

The REVERSAL study (Reversal of Atheroscle-
rosis with Aggressive Lipid Lowering) was a double-
blind, randomised, multi-centre study in which the re-
sults of two different statins (atorvastatin and pravas-
tatin) were compared over 18 months’ administration.
The percentage change in atheroma burden seen via
IVUS showed a significantly lower rate of plaque de-
velopment in the group receiving intensive atorvas-
tatin therapy (p=0.02). The occurrence of coronary ar-
tery disease—which was the primary endpoint—was
significant in the pravastatin group (2.7%, p=0.001),
compared to the baseline value before the start of ther-
apy. Significant progression of atheromatous disease
was not seen in the atorvastatin group (0.4%, p=0.98),
compared with the baseline value.48

In the CAMELOT study, Nissen et al compared
the results of amlodipine and enalapril versus place-
bo, with regard to the development of atheromatous
plaque studied by IVUS over 24 months, in a sub-
study of 274 patients with coronary artery disease.49
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The amlodipine group showed a trend towards less
disease progression compared with placebo (p=0.12),
with significantly less progression in the subgroup
with above average systolic blood pressure (p=0.02).
In comparison with the baseline values, IVUS showed
progression of atheromatous disease in the placebo
group (p<0.001), a increasing trend in the enalapril
group, and no significant change in the amlodipine
group (p=0.31).

Conclusions

During the last two decades there have been many im-
portant developments with respect to coronary angiog-
raphy and IVUS. However, with the standard approach
using coronary angiography and IVUS, the morpholog-
ical evaluation of atheromatous plaque is limited, pro-
hibiting the precise determination of which plaques
are susceptible to rupture, thus causing an acute coro-
nary syndrome. New developments, based on process-
ing of the IVUS radiofrequency signal, offer new pos-
sibilities for the plaque classification and tissue iden-
tification.

Current large, multi-centre studies will determine
whether these new parameters become established
for the detection of vulnerable plaque and the classi-
fication, with high precision, of changes in their com-
position that occur as the result of new therapies. Per-
haps of paramount importance is the early diagnosis
of a plaque that is susceptible to rupture, as the first
step towards targeting therapy to high-risk patients,
with a view to preventing the occurrence of an acute
coronary syndrome.
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