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Summary
The composition of artherosclerotic plaque can be distingushed from the normal physical properties of
tissues by the inflammatory mediators and the cells‘ remodelling arterial walls, and can therefore be
demonstrated by imaging methods. Imaging of the vulnerable atherosclerotic plaque is now accepted as
the main target in the diagnostics of  imminent acute complications in atherosclerosis. Recent results of
clinical trials (Ross´s, CAPTIM, Prague) suggest facilitated intervention – primary angioplasty together
with pre-hospital fibrinolysis during transportation – as the urgent therapeutical method of choice. This
life-saving emergency treatment is considered to be invasive because of the angiography and
intravascular ultrasonography. 

Angiography ranges from digital subtraction angiography to three-dimensional imaging, together for
example with the rotational acquisition of angiographic pictures. X-ray densitometry of the
atherosclerotic plaque tissues is also a promising method for differentiation. In contrast, intravascular
ultrasonography, by the direct use of varying frequencies, allows the differentiation of tissues, and the
demonstration of their relationship by virtual histology. The plaques liable to rupture (unstable vulnerable
plaques) contain a large lipid core covered by a thin fibroplastic cap layer with a number of macrophages
and mastocytes, and it seems that they, the plaques, can be identified by a so called new “gold-standard“
modality. The usefulness of invasive methods is not only in distinguishing pathological processes or the
location and size of the atherosclerotic plaque and its calcified parts, but in attracting attention to the
extent of its vulnerability. The response to therapy of the arterial wall can also be demonstrated.
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INTRODUCTION

Atherosclerosis is a leading cause of morbidity and
mortality in the European Union and elsewhere.
Multicentral trials in 44 countries worldwide have
confirmed the same clinical characteristics (Bhatt
et al. 2006). In 2006 the European Congress of
Radiology declared imaging of the vulnerable
atherosclerotic plaque to be the main contemporary
target in the diagnostics of imminent acute
coronary syndromes, stroke, and atherosclerotic
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complications generally. Further comparison of
invasive coronary angiography with detection by
computed tomography (CT) angiography resulted
in the demonstration of about the same number of
findings of the reduction of the lumen and their
calcifications (Hayes 2006, Savino et al. 2006,
Schlosser et al. 2006). Analogous conclusions had
to do with magnetic resonance (MR) modality
(Yuan et al. 2002, Honda et al. 2007). This paper
will pursue an invasive approach to the imaging of
the arterial walls and its current position in
diagnostics. 

VULNERABILITY OF ATHEROSCLEROTIC
PLAQUE

Atherosclerosis is a chronic primary inflammatory
intimal vascular disease. It is a result of various
interactive mechanisms and influences based on
endothelial dysfunction. Subclinical forms of
atherosclerosis can exist a long time before clinical
manifestation. Changes in the arterial walls have
been found in healthy cardiac donors, in young
soldiers and even in children and foetuses. Foetal
exposure to hypercholesterolemia changes gene
expression and arterial wall metabolism.
Endothelial dysfunction or the decreased
production of nitride oxide or its destruction, for
example by increased oxidative stress, are some of
the signs of preclinical atherosclerosis (Tuzcu et al.
2001, Tsimikas and Witztum 2002, Kocík et al.
2006).

Atherosclerosis is clinically manifested by its
complications due to coronary atherosclerotic
plaque disruption with superimposed thrombosis.
The rupture causes nearly all heart attacks and
many strokes, but the rupture itself does not lead to
the symptoms. Plaque characteristics include the
proportion of the necrotic to the lipid core, the
presence of haemorrhage, the extent of fibrosis,
ulceration, calcification, inflammatory cell
infiltrate, and fibrous cap thickness. Also the
impact of the collateral flow is of great clinical
importance. It is not clear why some plaque
ruptures lead to acute consequences and others do
not. Independent predictors of culprit plaque
ruptures leading to symptoms were both the small
minimum lumen and the presence of thrombus
formation. Vulnerable atherosclerotic plaques with
a tendency to rupture are characterized by a thin
fibrous cap (65 to 150 µm) and a large lipid core
(Fayad and Fuster 2001). In contrast,  with a large

lipid pool under a thin fibrous cap the calcification
itself does not seem to decrease the mechanical
stability of the coronary atheroma (Link et al. 1996,
Fayad and Fuster 2001, Fujii et al. 2003). T-
lymphocytes may be central to plaque instability by
stimulating macrophages and inducing apoptosis of
smooth muscle cells. An accumulation of T cells
and macrophages in the fibrous cap has been
correlated for example with plaque ulceration,
lumen thrombosis and even with transcranial
Doppler emboli frequency and cortical symptoms
(Oliver et al. 1999, Golledge et al. 2000, Huang et
al. 2001). 

Major determinants of the vulnerability of the
plaque to rupture are the size and consistency of
the atheromatous core, and ongoing inflammation
within the cap. Plaque disruption tends to occur at
points at which the plaque surface is weakest and
most vulnerable. There are points where stresses
resulting from the biomechanical and
haemodynamic forces influencing plaque are
concentrated. Thrombosis occurs because
denudation and erosion of the endothelial surface
cause the exposure of blood to highly
thrombogenic plaque components and consequent
disruption of lipid-rich plaques. (Golledge et al.
2000) (Fig.1).

SUBCELLULAR STUDIES

The results of comparative studies can be more or
less accepted. Further understanding has to lead to
better detection of unstable plaques and to
consequent developments in therapeutic methods of
plaque stabilization. Therefore, the crucial question
is why atherosclerosis suddenly becomes
complicated by life-threatening thrombosis.
Research has concentrated on the subcellular
molecular level, atherosclerotic proteins with an
affinity to endothelial cells, the fibrin-targeted
agent enhancing detection of mictrothrombi of
vulnerable plaques, the role of the insulin-like
growth factor-1 (IGF-1) and other applied
modalities in detecting the pathogenesis of
atherosclerosis (Colao et al. 2004, Colao et al.
2005). Vulnerable atherosclerotic plaques
characterized by high numbers of inflammatory
cells, macrophages, and proteins can be identified
thanks to levels of inflammation within
atheromatous lesions quantified by positron
emission tomography (PET) and single-photon
emission computed tomography (SPECT) imaging.
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Fig. 1. Atherosclerotic plaque – morphological
consistency (Courtesy of the Department of Pathological
Anatomy, 2nd Medical Faculty, Charles University,
Prague, CZ). (A) Transsectional histological view on the
stenotic lumen of the vertebral artery due to the
atherosclerotic  plaque. (B) Rupture of the thin fibrotic
cap with a large lipid core and underlying calcification.
The destroyed elastic membranes in the media are seen.
(C) Transsection of the artery with persistent minimal
lumen. Robust necrotic and hemorrhagic lipid core. In
adventitia the proliferation of the vasa vasorum is seen.
(Courtesy of Institute of Pathology, 2nd Medical Faculty,
Charles University, Prague,  CZ).

Tracer compounds – glucose derivates FDG - have
been developed and tested in the vessels (Ross et al.
1999). Tracer compounds capable of assessing
macrophage recruitment, foam cell generation,
matrix metalloproteinase production, macrophage
apoptosis, and macrophage metabolism have been
developed and tested in the carotid and peripheral
circulation (Davies et al. 2006). The development
of a method which depends on the technical
improvement of scanners is promising.

Experimental studies on mice have not proved
an increased FDG uptake by the vulnerable,
inflamed atherosclerotic lesions and therefore it has
not been possible to detect lesions by the FDG-PET
(Okane et al. 2006). Recently, however, positron
emission tomography (PET) together with
computed tomography – PET/CT – was presented
as a hit in the demonstration by F 18 Fluoro-
deoxyglucose (FDG) PET imaging of inflammation
of the arterial wall, in, for example patients with
Takayasu's and temporal arteritis. The hybrid
PET/CT angiography remains in the same position,
giving information about the general progress of the
atherosclerotic process, but  no detailed information
concerning tissue quality and plaque composition
(Haberl 2001, Haberl and Steinbigler 2001,
Warburton and Gillard 2006) (Fig.2). 

ULTRASOUND IN ARTERIAL WALL
IMAGING

It seems that a combined approach using ultrasound
(US) and FDG-PET might also be helpful in the
diagnosis of atherosclerosis (Pfadenhauer and Rull
2005). In the emergency clinical approach to the
patient with atherosclerotic complications,
ultrasound is assumed to be primary in imaging
techniques. Risk factors have been consistently
related to an increase in carotid intima-media
thickness (IMT). In selected populations and even
in the low-risk population, an increased IMT might
reflect local atherosclerosis (Ferrieres et al. 1999).
Attention was paid to intima-media thickness but
the presence of plaque appeared to be the major
criterion of a high risk of disease. Further work is
required to understand the significance of the
thicker IMT in the absence of plaque (Ebrahim et
al. 1999). Carotid intima-media thickness (IMT)
and aortic calcifications are related most strongly to
the risk of future coronary heart disease and stroke
(Hollanderv et al. 2003). Whether testing for them
will become components of routine clinical care
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Fig. 2. Calcified atherosclerotic plaque at the aortical wall – PET/CT (Courtesy of the PET Center, Hospital Na
Homolce, 1st Medical Faculty, Charles University, Prague, CZ).  (A) Transversal CT section of the aortic arch with the
calcified atherosclerotic plaque. (B) PET/CT at the same level with the uptake of the 18-Fluorodeoxyglucose demonstrates
persistent metabolic activity of the atherosclerotic process in the  aortic wall near the calcified part. (C) and (D) The same
process seen in reconstruction  at the coronal view. 

depends on whether the results of such testing will
have direct therapeutic consequences. It has been
demonstrated that diagnostic information about
atherosclerotic changes in one carotid artery can be
applied to the contralateral one (Adams et al. 2002).
The use of mean maximum IMT may be
recommended as the primary outcome measure
(Bots et al. 2003). The measurement of near wall
carotid IMT also appears to yield valuable
information (Fiedler et al. 2006). The practical
angle of those studies is that an IMT value of the
common carotid artery of under 0.835 mm in
patients without stenocardia and without known
ischemic heart disease allows a very high degree of
specificity and so can avert coronarography before

heart valvular surgery (Rosvall et al. 2003) (Fig.3).
On the other hand there were no differences in
strokes in the presence or absence of  plaques in the
carotid artery walls (Kovárník et al. 2006). As risk
plaques with a rupture are significantly greater and
more frequent with a large necrotic core
(Brunenberg et al. 2006), the intravascular
ultrasound (IVUS) with its capacity to extract
texture features has been used in an attempt to
develop an automatic tissue characterization
method (Halliburton et al. 2006). Int ravascular
ultrasonography (IVUS) also allows us to
differentiate tissues with the direct use of  varying
frequencies and to demonstrate their relationship by
the way of virtual histology. The use of IVUS
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continues to evolve during percutaneous coronary
interventions. Emerging IVUS-based technologies
such as three-dimensional reconstruction,
automated quantitative three-dimensional (3-D)
IVUS methods, elastography or spectral analysis
and imaging guide wires have increased their use
and feasibility in the identification of vulnerable
plaques (Von Birgelen et al. 1997, Červinka et al.
2000, Von Birgelen and Hartmann 2004, Sipahi et
al. 2006, Valgimigli et al. 2006). As the elevated

circulating C-reactive protein (CRP) has commonly
been observed in patients with acute coronary
syndrome, suggesting increased inflammation in
vulnerable plaques (Sawada et al. 2006), study
using the IVUS has continued. Spectral analyses of
IVUS radiofrequency data (IVUS-Virtual
Histology) revealed that an elevated level of high
sensitive CRP plasma was correlated with a
necrotic core volume in patients with acute
coronary syndrome, both in culprit and non-culprit

A B C

Fig. 3. Colour coded US and spectral curves of the carotid arteries. (A) Two small atherosclerotic plaques with
calcification and distal acoustic shadow (arrow). Mild  increased flow due to narrowing to 30 %. The intima-media thickness
(IMT) ratio is 0.9 mm. (B)  The bulb of the carotid artery with 10 mm long atherosclerotic plaque and exulceration (arrow).
(C)  Stenotic flow due to the robust in homogeneous exulcerated  atherosclerotic plaque with acoustic shadow.

lesions, suggesting an increased vascular
inflammation (Blaško et al. 2006, Sawada et al.
2006, Takayama et al. 2007). On the other hand it
did not confirm previously found differences in the
incidence of thin-cap fibroatheroma, thick
fibroatheroma or the presence of multiple necrotic
core layers between patients with stable angina and
those with acute coronary syndrome (Rodriguez-
Granillo et al. 2005, 2006, Nasu et al. 2006,
Surmely e t  a l .  2006,  Valgimigl i  e t
al. 2007 ) (Fig.4).

DUAL ENERGY MULTIDETECTOR
COMPUTED TOMOGRAPHY AND
MAGNETIC RESONANCE IMAGING

The effect of intra-arterial injection of an iodinated
contrast agent on the attenuation of individual
plaque components led to the contrast enhancement

of noncalcified plaques including both fibrous and
fibrofatty plaques (Halliburton et al. 2006). It is
possible to accept that atherosclerotic plaque
components can be characterized with a
multidetector-row CT based on differences in
Hounsfield unit (HU) values. Recent results allow
us to quantify the total plaque area, calcifications,
and fibrous tissue by means of dual-energy (DE) (or
dual-source – DS) multidetector computed
tomography (MDCT) in good correlation with the
histology, perhaps with the exception only of lipid
core areas (Fig.5). CTA axial images correlated
with digital subtraction angiography (DSA) more
closely than US with DSA and were superior to US
(Anderson et al. 2000, Porsche et al. 2001, De
Weert et al. 2006, Rieber et al. 2006). Good
correlation was found in the detection of ulcers
associated with carotid stenosis. Also the US was
found to be relatively inaccurate in the
quantification of carotid stenosis. Vascular wall and
fibromuscular plaque achieved a significant
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increase in contrast-to-noise ratios (CNR) when DE
MDCT imaging techniques were used. MR
nanoparticles of contrast with the integrin αVβ3 can
also be used as angiogenic markers of
atherosclerosis at the early identification of
vulnerable and inflamed plaque. Using
intravascular ultrasound, the reversal of the build
up of plaque in the coronary arteries due to
intensive lowering of cholesterol with a statin drug
was observed. Furthermore, in several studies clear

visualization of the anatomy and even histology
and documentation of plaque morphology in
patients with advanced atherosclerosis was
achieved in samples both in vitro and in vivo by the
MRA with several modifications (Coombs et al.
2001, Alvarez-Linera et al. 2003, Saam et al. 2006,
Sailer et al. 2006, Warburton and Gillard 2006).
MR imaging can demonstrate high signals, which
correspond to the histologically confirmed partial 

A B

C D

Fig. 4. IVUS (A,C) and virtual histology (B,D) before interventional angioplasty (A,B) with stenting and after that
(C,D). IVUS characteristics in virtual histology imaging of the coronary artery wall tissues: White – calcification in the wall,
pale green – fatty fibrous tissue, dark green – fibrosis, red – necrotic changes of the plaque. 

lipid core or haemorrhagic components in the
fibrous tissues. So magnetic resonance imaging
could be useful in characterizing factors associated
with plaque instability, and may help guide
therapeutic strategies (Honda et al. 2007). 

DIGITAL SUBTRACTION ANGIOGRAPHY
AND THE ROLE OF INVASIVE METHODS

Generally we accept the thesis that DSA is still a
gold standard method, particularly in urgent
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situations. Nevertheless, we have to state that even
better correlations have been published in several
other modalities, for example in the Anderson´s
study (Anderson et al. 2000). Regardless of useful
pre-invasive information gained by non-invasive
investigations, the CT angiography and MR
angiography remain confirmed possibilities in non
classical and delayed situations. 

Progress in imaging of the arteries continues
from luminal angiography to the quantitative
evaluation of the extent and quality of
atherosclerotic disease. Now the new practice of
preventive cardiology uses the concept of the
"vulnerable patient."  The Screening for Heart
Attack Prevention and Education (SHAPE) Task
Force presents new guidelines for the non-invasive

  

A B C

Fig. 5. Dual energy (dual source) CT of the noncalcified atherosclerotic plaque of the coronary artery with histological
correlation. (A) Dual source CT slice 0.75 mm thickness of the coronary artery wall with the noncalcified atherosclerotic
changes. Unstable plaque characterized by intraplaque hemorrhage and subsequent iron deposits change CT values of
different elements in different way. (B) Post mortem macroscopic view on the thrombotic arterial lumen with the plaque
hemorrhage. (C) Histological findings – correlation of the same place. 

cardiovascular screening of the asymptomatic at-
risk population for the detection and treatment of
those with subclinical atherosclerosis (Bhatt et al.
2006). All methods are informative in one way or
another with regard to the role of plaque remodeling
and composition in disease causation (Crouse 2006,
Naghavi et al. 2006). Recent results of clinical trials
(Ross´s, CAPTIM, Prague, CZ) recommend
facilitated intervention – primary angioplasty
together with prehospital fibrinolysis – as the urgent
therapeutical method of choice (Ross et al. 1999,
Herrmann 2000, Bonnefoy et al. 2002,  Nalamothu
and Bates 2003, Widimsky et al. 2003). Urgent
diagnostics to be followed by immediate therapy
remain focused on fluorography. The invasivity of
the life-saving emergency is based on two principle
methods: angiography and intravascular
ultrasonography. Association of these methods with
ionizing radiation is, together with other iatrogenic
influences, to be added to burden of cardiovascular
risk factors. The main disadvantages of selective
coronary angiography are: there is no imaging of
the initial phases of the atherosclerotic
transmodelling of the arterial walls before the

luminal narrowing, there is low sensitivity in the
detection of thrombotic formation, imaging of the
vascular ulceration is unsatisfactory and dissection
because of angioplasty. Investigations lead from
angiography and digital subtraction angiography to
three-dimensional imaging, together with the
rotational acquisition of angiographic pictures.
Although the topographic findings associated with
atherosclerotic changes are increasingly better
understood by means of various digital non-invasive
techniques, introducing three-dimensional invasive
imaging should ease the innovation of
interventional procedures (Missler et al. 1994).
 The Prague - Motol trial supported by the
Ministry of Health (IGA MZ ČR No. NR/7941 – 3)
introduced three-dimensional invasive imaging by
means of the rotational angiography (3D-RA) in the
diagnostics of atheromatous plaques at the carotid
artery bifurcation. The complexity of the
information received and the low level of ionizing
radiation were surprising. 

The size of the calcified atheromatous plaques
measured by the 3D-RA Philips Allura system with
the Calci-View programme allowed the calculation
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Fig. 6. Three-dimensional  rotational angiography (3D RA)  approach to the interventional  procedure in patient with
atherosclerotic carotid artery stenosis. (A) Selective DSA of the left carotid artery. Stenosis of the internal carotid artery
due to the atherosclerotic plaque. (B) CT angiography with maximum intensity projection at the left anterior oblique view.
Calcified atherosclerotic plaque. (C) D CTA of the same place in volume rendered technique. (D) Three-dimensional
rotational angiography (Philips Integris-Allura) with multi-threshold shaded  surface display and colour coded  demostration
of  the calcified  plaque at the stenotic wall of  the left carotid  artery. (E) IVUS characteristics of the stenotic carotid artery
and measurement of the tissue quality of the arterial wall. 

of the percentage of stenosis by the quantified
carotid arteriography (QCA). In absolute numbers
the measured calcification had a lesser volume, and
the stenotic area was overestimated compared with

that obtained with the use of the IVUS. The 3D-RA
was superior to the DSA, CT and IVUS and
accurately depicted the site and morphology of
stenotic plaques in the carotid arteries bifurcation. 
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Fig. 7. Evaluation of the carotid artery stenosis with diameter and volume obstruction characteristics analysed by the
measurement using  the quantified angiographic features.

Fig. 8. DSA of the left carotid artery after an interventional procedure with angioplasty and stenting.
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The new ”gold standard“ modality for diagnosis of
non-calcified plaques now seems to be the
interventional ultrasound (IVUS). The cross-
sectional view of IVUS demonstrates the size of the
atherosclerotic plaque, its distribution in the vessel
wall and its tissues and  includes information about
the composition of unstable vulnerable plaque and
even the therapeutical effect of statins with the
decreased or interrupted growth of plaques. The
development of fast imaging in 3D RA offers a new
approach to the assessment of quality of the arterial
atheromatic plaque with sufficient tissue contrast,
and improves the making of a decision in favour or
against immediate angioplasty. (Figs. 6, 7, 8). 

Rotational angiography often depicts more
severe ICA stenosis in comparison with
conventional DSA in two or three projections. This
indicates a limitation in conventional DSA as the
reference-standard method for establishing the
maximum artery stenosis (Elgersma et al. 1999).
Although the topographic changes associated with
atherosclerotic changes are increasingly better
understood, a correct radiological diagnosis may be
difficult. Stenosis of the carotid artery bifurcation is
frequently found especially in older patients with
atherosclerosis.

According to the interventional procedure the
ideal device for the protection of the brain does not
yet exist. The response of the arterial wall to
therapy should also be demonstrated. The
combination of the 3D-RA and DSA with IVUS
visualizes the spacial extent of the stenosis and
indicates the tissue quality of the plaque very well.
Compared to DSA, MRA, IVUS, and spiral CTA
using the clinical evaluation and the interventional
results as reference, 3D-RA seems to be acceptable
and advantageous. Experimentally there are several
new invasive technologies being studied to detect
atherosclerotic plaques: thermography, optical
coherence tomography, Raman spectroscopy, and
NearInfrared (NIR) spectroscopy, until now
without any direct practical impact (Fayad and
Fuster 2001). 

The role of invasive methods is in
distinguishing focal or generalized pathological
processes. They can be used in the demonstration
of the location and size of the atherosclerotic
plaque and in attracting attention to the danger of
its vulnerability that is the recognition of the plaque
tissues, namely the lipid core, not only the calcified
parts of the plaque. However, the response of the
arterial wall to therapy – both immediately after the
angioplasty and stenting and later, after continuing
pharmaceutical therapy by statins – is yet to be

demonstrated. Moreover the invasive approach
prepares the way for up-to-date application of the
cell therapy in cardiology (Fayad and Fuster 2001).
For the future it seems to be leading the
multidisciplinary approach together with
endovascular therapy of peripheral vascular
disease. There is now a unique oportunity to
interact with other disciplines working in this field.
We are willing to spread the multidisciplinary view
amongst vascular healthcare professionals, of how
the endovascular future might look. 

CONCLUSIONS

Clinical complications of atherosclerosis are due to
the rupture of the atherosclerotic plaque with
overlying thrombosis. The value of invasive
methods for the detection of atherosclerotic plaques
is not only in distinguishing the pathological
process or location and size of the plaque and its
calcified parts but also in attracting attention to the
danger of its vulnerability. The plaques inclining to
rupture (unstable vulnerable plaques) contain a
large lipid core covered by a thin fibroplastic cap
layer with an amount of macrophages and
mastocytes. They seem to be demonstrable by new
”gold-standard“ modality as described.
Intravascular ultrasonography allows us to
differentiate tissues directly using varying
frequencies and to demonstrate their relationship by
means of virtual histology. X-ray densitometry
promises such differentiation in future by means of
dual-energy multidetector computed tomography.
Angiography of the atherosclerotic plaque tissues
leads from digital subtraction to the three-
dimensional imaging, for example together with the
rotational acquisition of angiographic pictures. 
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