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Summary

While we know a great deal about molecular mecha-
nisms of plaque evolution, investigated in atheroscle-
rotic animals, the transition from plaque stability to  
instability has been hampered by a lack of experimen-
tal models that faithfully reflect human disease. The 
abrupt clinical presentation of acute coronary events 
strongly indicates discontinuity in the natural history 
of atherothrombosis. The causes of such discontinuity 
are complex and probably multiple. Invasive cardiol-
ogy has allowed us to understand several mechanisms 
of disease in vivo confirming many data and hypothe-
ses formulated by pathologists in the past. The intrin-
sic limitation of invasive cardiology is however its inva-
siveness. Non invasive study of plaque morphology of 
coronary atherosclerosis is still in its infancy given the 
big challenge to obviate respiratory and cardiac move-
ments which hamper delineation of details of plaque 
morphology. In this article we report the clinical re-
search experience at our research cardiovascular unit 
in Bellinzona in the field of in vivo imaging of non-cor-
onary atherosclerosis taking advantage of the fact that 
non-coronary atherosclerosis shares many facets of cor-
onary artery disease.
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Atherosclerosis and the role of vascular imaging

Atherosclerosis is a systemic and multifocal disease, 
which starts early in life and usually takes decades be-
fore overt disease eventually appears as a consequence 
of progressive obstruction or abrupt thrombotic occlu-
sion. This silent course makes it necessary to develop 
predictors of disease long before symptomatic lesions 
develop [1]. In addition to several classical risk factors 
and new emerging humoral risk predictors, imaging 

may constitute a formidable diag-
nostic and prognostic tool in order 
to identify presence, extension, 
progression (or regression) of dis-
ease as well as vulnerability of  
the atherosclerotic lesions [1]. Vas-
cular imaging can potentially offer 
a comprehensive assessment of 

atherothrombosis even at the preclinical stage, thus 
improving primary prevention, assessment of the bur-
den, extent and progression/or regression of athero-
sclerosis. It may also be helpful in defining stable  
versus unstable atherosclerotic lesions in improvement 
of secondary prevention and treatment, and in under-
standing mechanisms of disease.

Non-coronary arteries: a human model  
to evaluate atherosclerosis

Historically non-coronary arteries have been a model 
for the development of new diagnostic and therapeutic 
modalities (B mode ultrasound, Doppler flow velocity 
measurements, angiography, bypass surgery, throm-
bolysis, percutaneous procedures) which were later  
applied to the coronary field. A paradigm example is 
angioplasty, which was initially designed to treat ath-
erosclerotic obstructions of the lower limb arteries [1, 
2] and which allowed Andreas Grüntzig, who started 
his experience in the field of extra cardiac vascular 
medicine, to apply this technique to the coronary circu-
lation [3]. A further example of how peripheral vascu-
lar medicine may be relevant to explore new cardiovas-
cular revascularisation strategies is angiogenesis. In-
tensive research in this field, as has been performed by 
J. Isner and others, allowed new insight into the com-
plex issue of critical limb ischaemia, microcirculation 
and potential treatment modalities which may be rel-
evant for other territories (i.e., myocardium) [1, 4]. 
Non-coronary arteries may be considered a “window” 
for the insight into pathophysiology, epidemiology, and 
prognosis of cardiovascular disease (brachial artery 
flow-mediated dilation, intima-media thickening and 
plaque imaging of the carotid arteries). We have fo-
cused our attention during the last 15 years on imaging 
of atherosclerotic manifestation at the level of the ca-
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Emerging concepts for the understanding  
of the atherosclerotic process

Plaque composition and plaque remodelling
During a life-time, most atherosclerotic plaques re-
main asymptomatic, some may become obstructive, 
and a few may become vulnerable by rupture, erosion, 
or thrombosis and can lead to atherothrombotic events 
such as acute coronary syndromes, stroke, and critical 
limb ischaemia [1, 9]. It is in the field of plaque compo-
sition and vulnerability that pathologists have greatly 
contributed to the understanding of atherosclerosis 
and of its complications [1, 10–12]. Ruptured and rup-
ture-prone plaques contain a large and soft lipid-rich 
necrotic core covered by a thin and inflamed fibrous 
cap, the so-called thin cap fibroatheroma (TCFA) [13].
It is the merit of the pathologist S. Glagov who identi-
fied, more than 20 years ago, the role of expansive ar-
terial remodelling as a major determinant of the extent 
of luminal narrowing in all vascular beds, a determin-
istic mechanism for maintaining patency of lumen in 
the presence of atherosclerosis [14]. Conversely, there 
is some evidence that arteries undergoing important 
positive remodelling may harbour a high risk of compli-
cations and are more prone to plaque complications, 
such as plaque rupture with exposure of the lipid rich 
core or plaque haemorrhage [10–12]. 

rotid arteries, thoracic aorta and lower limb arteries. 
We have explored distinct imaging techniques such as 
Multi detector computer tomography (MDCT) [5] for 
carotid arteries and later on MRI using high resolution 
Plaque MRI. The latter allowed us to firstly describe 
the mechanisms of angioplasty in vivo and non-inva-
sively, and the complex process of re-stenosis (fig. 1) [6, 
7]. This allowed us to exploit the same technique 
(plaque MRI) to also investigate the natural process of 
plaque progression in vivo in a prospective cohort 
study, and to delineate the natural history of athero-
sclerosis at the level of carotid and peripheral arteries 
[8]. The results of this study, supported by a grant of 
the Swiss Heart Foundation (2005) and the Swiss Na-
tional Science Foundation (SNF), showed the interest-
ing finding of distinct intra-individual remodelling pat-
tern in two distinct vascular territories during a 2 year 
follow-up period (fig. 2). The results of this study were 
determinant in generating a running project aiming at 
identifying various mechanisms of progression of ath-
erosclerosis, i.e., to verify in vivo the hypothesis of the 
role of plaque inflammation and plaque neovasculari-
sation on progression and vulnerability of atheroscle-
rosis when compared with distinct remodelling process 
of the vessel wall. 

Figure 1
A–D  Axial, proton-density weighted high-resolution MR images of the right leg at the level of the superficial femoral artery, shows chronic 

high-grade pre-occlusive stenosis (or partially recanalised chronic occlusion) pre-PTA (A, detail C) and post-PTA (B, detail D). The residual 
lumen is highlighted in red in the details pictures (C and D). The arrows mimic the projection normally used in X-ray diagnostic. MRI provides 
in vivo evidence of extensive plaque disruption induced by balloon angioplasty, and may explain mechanisms of complications of this 
technique. In addition, it highlights the potential overestimation of PTA results by X-ray angiography as it underestimates the residual plaque 
size.

E–F Angiography pre- (E) and post-PTA (F) of the right superficial femoral artery with a successful post-PTA angiographic result.
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in early experimental atherosclerotic plaques (i.e., the 
monocyte and T lymphocyte) [1, 16]. Many interactions 
between inflammatory response and the complex pro-
cess of atherosclerosis have been elucidated including 
the interaction with both lipid and NO metabolism. 
One recent interesting relationship observed during 
initial and advanced manifestations of atherosclerosis 
is the one between adventitial and plaque neovascular-
isation and inflammatory cells (fig. 3).

Plaque-neovascularisation and plaque- 
haemorrhage
Vasa vasorum are present in the adventitia of the arte-
rial vessels and nourish the external components of the 
vessel wall, while the intima is normally fed by oxygen 

Inflammation
Atherosclerosis was considered to be a chronic lipid 
storage disorder until 40 years ago. Today, there is 
overwhelming sound scientific data demonstrating 
that this disease involves an ongoing inflammatory re-
sponse in all stages of disease from the beginning 
through progression and finally during late athero-
thrombotic complications causing acute cardiovascular 
events. Atherosclerosis is a systemic, mainly lipid-
driven inflammatory disease of the arterial wall lead-
ing to multifocal plaque development [1, 9], as elegantly 
demonstrated in a recent study on cerebrovascular is-
chaemic disease [15]. Animal experiments have clearly 
shown how the vascular cell adhesion molecule-1 
(VCAM-1) exactly binds the types of leukocytes found 

Figure 2
A The figure shows the corresponding atheromatous axial MRI image and indicates important excentric vessel remodelling.
 LA = lumen area; TVA = total vessel area; VWA is calculated by substracting LA from TVA (VWA = TVA–LA); JV = jugular vein;  
 ECA = external carotid artery.
B  Sagittal high-resolution MRI (hr-MRI) image at the level of the carotid bifurcation shows an extensive atherosclerotic plaque with positive 

remodelling of the internal and common carotid artery (T1w, double inversion recovery). The yellow bars indicate the area where axial hr-MRI 
sequences are acquired.

Figure 3
Histological evidence for atherosclerotic neovascularisation as a 
pathway for macrophage infiltration in human aortic plaques obtained 
at autopsy. Bicolour, contrasting immunohistochemical technique 
showing micro-vessels in cross sections identified with the monoclonal 
endothelial cell marker CD34 linked to a blue chromogen and 
inflammatory cells identified with a combined macrophage/T cell 
marker CD68-CD3 linked to a red chromogen. (Courtesy Prof. K. 
Raman Purushothaman)
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provide real time spatial and temporal resolution to de-
fine anatomy and tissue perfusion and also allowing 
vascular tissue imaging [18, 19]. The diameter of ultra-
sound contrast agents is 1–4 μm corresponding to half 
of an erythrocyte and it is possible to transit this 
throughout the capillary system, providing a unique op-
portunity to quantify microcirculatory blood flow. The 
contrast agents have to be used in conjunction with ul-
trasound machines with harmonic imaging frequencies. 
Tissue perfusion imaging within the microvasculature 
is detected by identifying the oscillating movements of 
the microspheres while they move through the capillary 
vessels: the microspheres behave as resounding targets 
while receiving and reflecting the harmonic frequencies 
from/to the ultrasounds [1, 20]. CE-Ultrasounds is 
emerging as a powerful research tool in atherosclerosis 
allowing better assessment of carotid lumen and sur-
face, near wall evaluation of intima-media-thickness, 
and adventitial and plaque neovascularisation [1, 20]. 
Its use in clinical research protocols has been proposed 
in a well designed protocol published recently in Stroke 
where the authors could demonstrate in 147 consecu-
tive patients with atherosclerotic plaques that adventi-
tial vasa vasorum and plaque neovascularisation were 
directly associated with cardiovascular disease and 
events (fig. 4) [20].

High-resolution plaque MRI
Magnetic resonance imaging is an emerging method 
for the assessment of carotid atherosclerosis: by using 
dedicated surface radiofrequency coils, it may provide 
high-resolution images of the vessel wall. The image’s 
quality may be optimised by correct preparation of  
the patient, adequate positioning of the coils, and by 
the use of pulse sequences with signal suppression of 
the flowing blood. This allows sub-millimeter voxels 

diffusion from the lumen of the artery [17]. Animal ex-
periments have shown how, as disease progresses, the 
intima becomes thickened and oxygen diffusion is ham-
pered. These vessels (vasa vasorum) generally originat-
ing from bifurcation sites of epicardial coronary vessels 
or aortic arch branches behave functionally, at least in 
part, as normal arteries (i.e., by vasoconstriction or va-
sodilatation) according to various stimuli apart from re-
action to norepinephrine and angiotensin II probably in 
order to protect the vessel wall from is-chaemia during 
protracted sympathetic activity [1, 17]. The molecular 
basis of angiogenesis is not completely elucidated but 
probably involves hypoxia as a major stimulus. The 
sprouting of the new capillaries and new vessels is me-
diated by progenitor and/or endothelial cells [17]. Ex-
perimental animal studies have shown that neo-vascu-
larisation accompanies the process of wall re-modelling, 
where the latter is frequently associated with higher 
risk lesions. Interestingly enough, neovascularisation 
has been observed in early and late phases of athero-
sclerosis concomitantly with inflammatory infiltrates 
and accumulation of apoliprotein A-I [17]. Vasa vasorum 
play an important role in recruitment in high-risk 
plaque including the shoulder and the cap of the plaque. 
A recent study confirmed higher co-pre-valence of vas-
cular cell adhesion molecules around neo-vessels in hu-
man tissue when compared to arterial endothelium. Neo-
vessels content was significantly increased in plaques 
with moderate to severe inflammation (fig. 3) [17].

Emerging non invasive tools for the evaluation 
of atherosclerosis in humans

Contrast-enhanced ultrasound
Contrast-enhanced ultrasound has been relatively 
wide used for several decades in cardiology, and it can 

Figure 4
Plaque at the origin of internal carotid artery on B-mode US-imaging (B). Corresponding imaging on contrast-enhanced US (CEUS) (A).  
(Courtesy PD Dr. Daniel Staub.) 
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the detection of inflammatory plaques in various vascu-
lar territories. Of note, 18FDG uptake provides distinct 
and complementary information on plaque inflamma-
tion compared with MRI. While MRI assesses plaque 
size and composition (e.g., fat-rich areas, calcifications), 
18FDG uptake reflects metabolic processes associated 
with macrophage accumulation and inflammation.

However, since FDG is accumulated by any meta-
bolically active cell some authors have concerns about 
the specificity of FDG PET for the detection of inflam-
matory cells in the atherosclerotic plaque, and these 
concerns are supported by observations in murine and 
rabbit atherosclerosis where 18FDG uptake is poorly 
correlated with macrophage-positive areas in athero-
sclerotic plaques when compared with histopathologi-
cal analyses [1, 27]. 

Moreover, the high background due to myocardial 
FDG uptake limits the use of FDG PET in the coronary 
circulation as a consequence of spillover artefacts. 
These limitations have prompted a search for more 
specific radiopharmaceuticals for imaging vascular in-
flammation like the synthetic isoquinoline derivate  
PK 11195 which binds selectively to peripheral benzo-
diazepine receptor (PBR) which is highly expressed in 
activated monocytes [1, 28]. 

Hybrid imaging
Hybrid imaging may constitute an attractive approach 
aiming at combining distinct information about the 
vessel wall including wall morphology and activity 
[29]. Several years ago, we successfully introduced fu-
sion imaging of hr-MRI plaque imaging with 18PET-CT, 
therefore combining the method with the best spatial 
resolution (high-resolution plaque MRI) with the 
method best characterising the inflammatory activity 
within the vessel wall (18PET-CT). Figure 5 shows the 
fusion MRI/PET/CT images of both atherosclerotic ca-
rotid arteries in short axis in a patient with a recent 
right hemispheric ischaemia: a strong enhancement of 
18PET-CT is appreciable only at the right symptomatic 
carotid artery [30]. A joint running project between the 
CHUV and our cardiovascular unit aims at visualisa-
tion of both plaque inflammation and plaque neovascu-
larisation by hybrid imaging including 18PET-CT and 
Galllium PET, respectively, in patients undergoing ca-
rotid endarterectomy, whereby histopathology is used 
in this study as gold-standard.

Conclusion

This review focusing on our imaging research during 
the last 15 years underlines the usefulness of studying 
non-coronary arteries in order to gain a better under-
standing of the dynamic process of atherosclerosis in 
vivo. Although the majority of the investigative meth-
ods remains immature for the time being and reserved 
to human research purposes, the huge progress in our 

(i.e., volume-pixels) to be obtained [22]. The decrease in 
signal-to-noise ratio induced by decreasing the voxel 
size is compensated by the use of phased-array surface 
coils. Using distinct pulse sequences it is possible to  
obtain so-called “black blood” images and therefore a 
good contrast between lumen and the arterial wall. In 
conjunction with high-resolution time of flight (TOF), 
bright blood sequences, it is possible to obtain a better 
definition of the vessel wall with its components. High-
resolution MRI is a formidable clinical research tool for 
measuring plaque progression and/or regression and for 
studying in vivo distinct plaque components [8, 21, 22].

Contrast-enhanced plaque MRI
Dynamic contrast enhanced (Dce) mRi
This technique has been extensively and successfully 
used for determination and quantification of vascular-
ity of tumours before and after anti-angiogenic treat-
ments. Its application for quantifying plaque neovascu-
larisation has been proposed in animal and human 
studies [23]. This method uses serial acquisition of MR 
images with high temporal resolution before and after 
the injection of Gadolinium (Gd-DPTA): DCE-MRI en-
compasses the examination of the kinetics of Gadolin-
ium in regions of interest and using appropriate data 
modelling, which allows the calculation of the extent 
and permeability of the neovasculature (K trans) [23, 
24]. In an ongoing study we are comparing the value of  
CE-ultrasounds in estimating vessel wall vascularisa-
tion with the results obtained by dynamic contrast 
MRI as a reference method.

Static (late) contrast enhanced MRI
Very recently researchers from Johns Hopkins Univer-
sity have been able to demonstrate the role of detecting 
adventitial (late) contrast enhancement as a useful 
marker of vessel wall neovascularisation [25]. The  
adventitial layer is the major source of vasa vasorum. 
These authors were able to show how the presence  
of adventitial (late) enhancement and/or vessel wall 
haemorrhage was associated with previous cerebrovas-
cular events. When proven in prospective studies these 
features, together with CE-ultrasounds, might serve as 
individual markers of plaque instability.

Positron-Emission-Tomography (PET)
18fDG uptake
Recent PET studies in both animal models and hu-
mans have shown increased 18FDG uptake by athero-
sclerotic plaques. It has been suggested that, in the ca-
rotid artery, 18FDG may allow detection of active ath-
erosclerotic plaques, thus discriminating between 
vulnerable and relatively stable lesions [26]. Histologi-
cal analysis has shown that 18FDG co-localises with 
macrophage accumulation in the plaque. Initial stud-
ies in humans have demonstrated a role for 18FDG PET 
integrated with computer tomography (CT) imaging in 
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understanding of atherosclerosis and the rapid trans-
lational of research of technology from bench to bed-
side, will probably soon open new diagnostic, preven-
tive, and therapeutic avenues which should us allow to 
better manage patients with atherosclerosis.
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Figure 5
The figure shows the hybrid fusioned image of high-resolution MRI and 18FDG PET-CT in a patient with a recent right-hemispheric ischaemic attack. 
Panel A shows the short axis at the level of the bifurcation of the carotid arteries. In spite of the presence of bilateral atherosclerotic plaques 
18FDG-enhancement is present only at the right carotid bifurcation; whereas, no enhancement is present on the contra-lateral carotid bifurcation. 
The same finding with 18FDG-enhancement is visible on the long-axis view of the right carotid artery (panel B). No enhancement is visible on the 
long-axis of the left carotid bifurcation. (Courtesy Prof. L. Giovanella, Dr. Luca Ceriani)


