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Abstract  The behavior and composition of coronary atherosclerotic plaques are ultimately responsible for the threat 
of acute ischemic events in patients with coronary artery disease. Different imaging modalities have been developed over 
the last several years in order to better characterize the atherosclerotic plaque and attempt to predict those in peril of com-
plication. Recent advances in imaging modalities, including invasive and non-invasive studies, have allowed us to examine 
the histological components that comprise these plaques. Specific information such as variations in temperature, plaque 
stiffness and calcification level is currently being researched as well as biological and chemical markers.  
Since vulnerable plaques cannot be identified by stress testing or angiography, new modalities such as intravascular 
ultrasound, intracoronary thermography, intravascular palpography, optical coherence tomography, intravascular radia-
tion detection, magnetic resonance imaging, radionucleotide imaging, and spectroscopy are under investigation. In this 
paper we consider to analyze and compare the Atherosclerotic Plaque detection methods. 
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1. Introduction 
Atherosclerosis is a progressive disease where the lesion 

starts as a symptom less fatty streak in the intimal layer of 
blood vessels, and develops into a fibrous plaque due to 
the accumulation of cells, lipids, connective tissue, 
calcium, and pultaceous debris. The lesion preferentially 
develops at places of complex geometry like bifurcations, 
occurring in the coronary arteries, abdominal aorta, iliac, 
thoracic aorta, femoral, popliteals, carotids, and cerebrals. 
Atherosclerosis is the cause for myocardial infarction, 
ischemic heart disease, stroke and gangrene in the 
extremities and ranks number one among the causes of 
death in the United States. Thus, the need to study the 
disease cannot be overemphasized[10].  

The American Heart Association categorized atheroscle-
rotic plaques into 6 different types (Table 1) of lesions 
based on the characteristic components and pathogenic 
mechanisms of the various advanced atherosclerotic lesions 
[10]. 

Acute coronary syndrome (ACS–acute myocardial in-
farction (AMI) or unstable angina) occurs when the 
myocardial demand for oxygen exceeds the supply from 
the coronary arteries.Typically, this condition is due to 
atherosclerotic coronary artery disease (CAD). Asathero-
matous plaque builds up on the wall of the coronary 
arteries; it compromises the lumen of the artery. 
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Table 1.  American Heart Association Atherosclerotic Plaque Definitions 

Lesion Type Description 

Type 1 
Normal wall thickness (intima-media ration up to 1) 
or minimal intimal thickening, some macrophages 

with little lipid deposits or foam cells. 

Type 2 

Type 1 lesion with additional smooth muscle cells 
with little lipid deposits (fatty streaks), 

T-lymphocytes, and rare mast cells with or without 
intimal thickness. 

Type 3 Preatheroma: like type 2, with increased extracellular 
lipid deposits. 

Type 4 
Atheroma: increase of imtimal plaque with massive 
confluent lipid deposits (lipid core) covered mainly 

by the intima. 

Type 5 

Like type 4, with increasing lipid deposits and a 
well-defined fibrous (mainly from collagen) cap 

(fibroatheroma, type Va lesion) or with predominant 
calcifications (calcific, type Vc lesion). 

Type 6 
Complicated lesion: type 6 or 5 lesions in which 
disruption of the lesion surface, hematoma or he-

morrhage, and thrombotic deposits have developed. 

This condition may be diagnosed with coronary angio-
graphy, which provides a radiographic image and mea-
surement of the luminal diameter. Classically, stenotic pla-
ques which compromise the coronary arteries by more 
than 60-70 percent are viewed as potentially clinically or 
hemodynamically significant and place a patient at higher 
risk for ACS. This provides the rationale for coronary 
revascularization procedures[2]. Reliable non-invasive 
detection of coronary artery disease (CAD) is a prime 
goal for future developments in clinical cardiology. In 
addition to documentation of high-grade stenoses, detec-
tion of vulnerable plaques is of major importance for risk 
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stratification and early treatment to prevent plaque rupture. 
Ultrasonography and angiography are two commonly 

used modalities for measurement of stenosis in the vessel 
by detection of rupture prone plaque. However, researchers 
are developing improved imaging techniques to detect 6 
rupture-prone plaque based on morphology, to diagnose the 
severity of carotid atherosclerosis and the need for en-
darterectomy[10]. 

 
Figure 1.  Different types of vulnerable plaque as underlying cause of 
acute coronary events (ACS) and sudden cardiac death (SCD). A. 
Rupture-prone plaque with large lipid core and thin fibrous cap infil-
trated by macrophages. B. Ruptured plaque with subocclusive thrombus 
and early organization. C. Erosion-prone plaque with proteoglycan 
matrix in a smooth muscle cell-rich plaque. D. Eroded plaque with 
subocclusive thrombus. E. Intraplaque hemorrhage secondary to 
leaking vasa vasorum. F. Calcific nodule protruding into the vessel 
lumen. G. Chronically stenotic plaque with severe calcification, old 
thrombus, and eccentric lumen (from Naghavi M, et al. Circulation 2003; 
108:1664-1672 

2. Detection of Soft Rupture-Prone  
Lipid Plaque Using Various    
Modalities 

Since vulnerable plaques are often asymptomatic and 
cannot be reliably visualized by current routinely used 
modalities, new methods for detecting such lesions are be-
ing developed. Today, no technology has been shown in a 
prospective manner to identify vulnerable plaques, but us-
ing knowledge of the composition and location of atheroth-
rombotic plaques, several invasive and non invasive imag-
ing modalities hold promise and are currently under inves-
tigation. 

2.1. Ultrasound 

Researchers have been trying to identify plaque contents 
and ulceration based on plaque size, cap size, and wall 
thickness using ultrasound since 1975, when the quantita-
tive examination protocol, now universally accepted, was 
developed along with the parallel development of 
two-dimensional B mode Ultrasound (US). Only one 
B-mode technique has gained widespread acceptance: 
measurement of the intima-media thickness in the common 
carotid artery 5. By using ultrasound wavelengths of 200μm 
(7.5MHz), thicknesses from 200 to 2000μm can be meas-
ured. This gives an indication of coronary artery disease but 
is not very useful for detecting carotid atherosclerosis[10]. 
Carotid atherosclerosis stents are evaluated by ultrasound 
images and echoes, which are used to differentiate ‘unstable 
plaque’, associated with a patient’s past neurologic symp-

toms from ‘stable plaque’. Plaque stability is associated 
with plaque composition or to the plaque motion during the 
cardiac cycle. The components of plaque are differentiated 
based on the echogenicity of the plaque as determined with 
mean pixel brightness on B mode US images of the carotid 
artery median pixel brightness; integrated backscatter of the 
radiofrequency echo; and the echo attenuation rate at dif-
ferent frequencies in endarterectomy samples and patho-
logic samples and on carotid artery images[10]. Calcium in 
plaques causes “bright” (hyperechoic) echoes with sha-
dowing of echoes deep into the plaque, which could mar-
kedly limit the detection of plaque components. Fibrous 
plaques were associated with strong echoes and hemorrhage 
was associated with weak echoes. Fibrous plaques exhibit 
higher echogenecity dependent in the incident angle of the 
US beam, implying an ordered structure in such tissues. 
Tissues with higher elastin content produce strong echoes. 
Investigators agree that unstable plaques are associated with 
hypoechoic regions or low ultrasound echogenicity. 

Visual analysis of the appearance of plaque on B mode 
US images has been used as a basis of plaque characteriza-
tion. Intra and inter observer variability has been large in 
studies with this method, which makes establishing stan-
dardized methods between centers difficult[10]. 

2.2. Intravascular Ultrasound 
Intravascular ultrasound (IVUS) is a tomographic tech-

nique that permits two-dimensional visualization of the ar-
terial wall and allows further characterization of its indi-
vidual layers[7,15]. IVUS is performed by inserting a ca-
theter that contains a miniaturized ultrasound transducer 
into the vessel of study, which is then displayed in real time 
on a monitor. Most clinical centers use a pullback system to 
withdraw the catheter at a constant rate of 0.5 mm/s fol-
lowing its initial deployment distal to the area of interest[1]. 
The frequency emitted from the transducer usually ranges 
from 20 to 40MHz, providing an axial resolution of about 
100–200μm. Lateral resolution of the ultrasonic waves is 
less specific and may vary depending on imaging depth and 
beam width, averaging around 250μm. The resolution ca-
pacity of IVUS, although much higher than non-invasive 
image modalities, still does not allow a precise assessment 
of structures smaller than 100μm, therefore hindering its 
ability to assess the fibrous cap that is prone to rupture, 
since this is usually thinner than 80μm[5]. 

Nevertheless, the information obtained through IVUS 
imaging depicts the morphological characteristics of the 
atheromatous plaque and is used to illustrate the geometric-
al configuration of its layers and architecture. In addition, 
IVUS provides other detailed information like the presence 
of lipid lakes, commonly associated to vulnerable plaques 
and positive remodeling[5,7, and 15]. Hereby, patients with 
a ‘‘normal’’ coronary angiography may have subclinical 
involvement of their arterial wall, therefore predisposing 
them to an acute event. Often times the culprit lesion is not 
highly stenotic and may be located distal to areas of luminal 
narrowing. This information previously undetectable by 
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angiography is now the hallmark for evaluating a vulnerable 
plaque. The predictive value of this intervention has yet to 
be clearly defined[1]. Quantitative IVUS analysis can be 
performed following the procedure in order to more accu-
rately evaluate the characteristics of the vessel. Three di-
mensional IVUS image reconstruction is essential for prop-
er assessment of the longitudinal distribution of the plaque, 
because multiple plaque morphologies varying from a fi-
brotic stable plaque to sites containing large lipids/necrotic 
cores can be found in a single arterial segment[6].  

The utility of IVUS as a screening tool to detect sub clin-
ical high-risk atherosclerosis disease is limited by its inva-
sive nature and inability to assess multiple vascular beds. 
However, IVUS remains the most validated and utilized 
image modality to assess vessel wall structures and is rea-
dily available in many catheterization laboratories world-
wide. Thus, IVUS will play an important role to clinical 
validation of new imaging modalities[5]. 

2.3. Spectroscopy 
Using fiberoptic technology, coronary plaques can be il-

luminated in-situ and the reflected light can be collected 
and launched into a spectrometer. Spectroscopy is based on 
the property that different chemical compounds absorb and 
scatter different amounts of energy at different wavelengths, 
so each tissue, due to its chemical composition (lipid, col-
lagen, calcium, etc.), has a unique pattern of light absor-
bance, leaving a unique chemical (molecular) fingerprint. 

Different approaches are under development. Raman 
spectroscopy uses high-energy laser light, it has a high mo-
lecular sensitivity but its tissue penetration is as low as 0.3 
mm. Near-infrared (NIR) spectroscopy (with wavelengths 
from 750 to 2500 nm) has greater penetration (2 mm) but 
lower molecular sensitivity and therefore relies on pattern 
recognition for plaque typing. Intracoronary spectroscopy 
has not yet been tested clinically[3]. 

2.4. Elastography 
Ultrasound elastography is an additional approach to 

characterize the mechanical properties of the endoluminal 
surface of the atherosclerotic plaque[5,8]. 

Schaar[14] Show the correspondence of plaque mor-
phology with strain patterns. The micro anatomic features 
of the atherosclerotic plaque at risk of disruption include a 
large lipid core, high macrophage content, and a thin cap. In 
elastography, a high strain region on the surface of the pla-
que with an adjacent low strain region represents a vulnera-
ble plaque. The cap in vulnerable plaque is most prone to 
rupture due to increased strain. Intravascular elastography 
detects high strain regions in vulnerable plaques, which 
correlate with an infiltration of macrophages in caps and a 
decreased number of smooth muscle cells[10].  

The framework of different tissues is dictated by their 
structural components, therefore plaques that have a high 
lipid content are described as ‘‘soft’’ plaques, whereas other 
harder tissues such as collagen and calcium makeup the 
constituents for ‘‘hard’’ plaques. Since these different tis-

sues respond differently when compressed, one could 
extrapolate the mechanical properties from this evaluation. 
The basics behind this process are the foundation for IVUS 
elastography[4].  

Calculations are made based on different strain images 
obtained from IVUS taking into account the degree of dis-
placement according to variations in blood pressure[12]. It 
has been noted that there is an inverse relationship between 
the thickness of the fibrous cap and the physical strain. A 
cap of 250 lm is described as the physiological threshold for 
dramatic increases in tensile stress[12]. Also of note, these 
areas of thin fibrous caps have been found to have a signif-
icant amount of macrophages, which secrete metalloprotei-
nases that break down the architecture of the cap. Data 
processing remains time consuming and represents a limita-
tion for everyday use[4]. 

2.5. Magnetic Resonance Imaging 
The signal intensities on an MR image represent the bio-

chemical environment of protons in the tissue being imaged. 
This modality offers flexibility in the design of imaging 
sequences and parameters, which can be adjusted to en-
hance the contrast between specific tissue types. MRI pro-
vides good contrast between the vessel wall and adjacent 
lumen by using flow sensitive pulse sequences. Thus, MR 
can be used to image the vessel lumen (flowing blood) and, 
at the same time, produce tissue information that describes 
the vessel wall. With MR, it is possible to acquire 
three-dimensional images that provide reproducible quan-
titative tissue information from isotropic voxels[10,16]. 
Results of clinical studies show that multi-contrast- 
weighted MR techniques can identify major components of 
human carotid plaques and characterize morphological fea-
tures associated with vulnerable lesions[10].  

MRI is likely the most promising technique for cardi-
ovascular imaging, since it does not require ionizing radia-
tion, has a high spatial resolution and is non- invasive. Car-
diac MRI (CMRI) is performed through techniques and 
principles that are used in body MRI[4,5,9]. Current appli-
cations of CMRI are to detect and monitor the development 
of atherosclerotic plaques in peripheral vessels. The limita-
tions encountered with CMRI are largely due to motion 
artifacts by both respiratory and cardiac movement. The 
size and tortuosity of the coronary vasculature has limited 
the use of CMRI especially when compared to the high-
er-quality images obtained of large vessel studies such as 
the aorta and carotid arteries. Several modifications, in-
cluding the ‘‘black-blood’’ and free breathing techniques, 
have been implemented to enhance the quality of CMRI. 
MRI with contrast is, however, enhancing the characteriza-
tion of the atherosclerotic plaque. A chelated version of 
Gadolinium further enhances the signal intensity when ad-
ministered intravenously to the patient. Very little toxicity is 
associated with the use of small volumes of this agent. 
Newer venues with MRI include aggregating super para-
magnetic nanoparticles of iron oxide (SPIO). Uptake of 
SPIO into the vessel wall would be indicative of macro-
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phage activity and inflammation suggestive of a vulnerable 
plaque[4]. Newer contrast agents are being investigated 
which will further enhancement the ability of CMRI to de-
lineate and identify plaque components. Gadofluorine has 
been shown to have high affinity for lipid-rich plaques and 
enhance MRI detection of soft plaques in experimental stu-
dies. The use of intravascular MRI imaging techniques may 
further enhance image resolution. Recent advances that 
allow image acquisition of multiple vascular beds, full body 
MRI, during a single procedure will further enhance the 
screening ability of MRI to detect atherosclerosis (Figure 2). 
Finally, newer 3 Tesla MRI scanners are expected to pro-
vide increased signal-to-noise ratio for better images and 
improve image resolution and speed the scanning time [4]. 

 
Figure 2.  Whole body magnetic resonance imaging: magnetic resonance 
angiography and magnetic resonance venography. 

2.6. Optical Coherence Tomography 

Optical coherence tomography (OCT) uses low coherent 
or broadband infrared light to generate tomographic images 
with a resolution of 4-20μm, depending on correlating ex-
cised coronary and aortic specimens with plaques. Yabushi-
ta et al[1999] studied 357 (diseased) atherosclerotic arterial 
segments with histopathological consensus diagnosis as the 
“gold standard”. A sensitivity and specificity ranging from 
70% to 79% and 97% to 98% for fibrous plaques, 95% to 
96% and 97% for fibrocalcific plaques, and 90%to 94% and 
90% to 92% for lipid rich plaques, respectively, were dem-
onstrated[10]. 

The interobserver and intraobserver reliabilities were 
high. This study shows that using objective OCT image 
criteria, atherosclerotic plaque can be characterized in vitro 
with a high degree of sensitivity and specificity[9]. In recent 
studies comparing OCT findings with histology from ca-
daver vessels there was a high degree of correlation be-
tween the plaque characteristics of both assessments. Limi-
tations of OCT include the blood absorption of light result-

ing in amplified interference, which has yet to be resolved 
for clinical application[4]. 

2.7. Thermography 
Thermography, performed using a thermistor catheter, is 

targeted at detecting specific temperature changes of the 
vessel wall. The variation demonstrated between atheros-
clerotic plaques and healthy tissue may be as high as 2C°. 
These measurements are reflective of the increased tissue 
metabolism that occurs secondary to increase monocyte 
migration and activation as well as an increase in proteolyt-
ic enzyme release[4].Other factors influencing local tem-
perature are complications such as intraplaque thrombosis, 
hemorrhage and neovascularization. Increased local tem-
perature variation is predictive of a further degree of insta-
bility and a risk factor for acute coronary event[7]. This 
technique has been tested in humans and temperature hete-
rogeneity showed good association with repeat clinical 
events. Further clinical studies of this technique are re-
quired to determine its validity as a screening tool, which is 
expected to be limited by its invasive nature[5]. 

2.8. Multislice Spiral Computed Tomography 
Multislice spiral computed tomography (MSCT) consists 

of the simultaneous acquisition of submillimeter cuts in 
concordance with ECG monitoring[5,8]. In doing so, im-
ages are obtained throughout a complete diastolic and sys-
tolic phase. The diastolic images are reflective of coronary 
filling, while the systolic phase can be used to assess con-
tractility. This data are subsequently reconstructed along 
with the ECG, in efforts to obtain the best diastolic images 
that have the least amount of motion. Since diastolic time 
increases as heart rate decreases, these patients are com-
monly given pharmacological intervention (metoprolol 100 
mg) to reduce their resting heart rate (preferably <65 bpm). 
Patients with irregular heart rhythms, such as arterial fibril-
lation, may obscure the images or result in discontinuity 
throughout the serial slices resulting in a misinterpretation 
of the coronary vasculature. The presence of calcification, 
stents, surgical clips, surgical wires, pacemaker leads and 
other metal objects represent significant impedances in the 
overall diagnostic application of this technique. Benefits 
include precise images in ideal patients and its noninvasive 
characteristic[4]. High resolution 16-slice CT is currently 
utilized, however, 64 and 128-slice scanners are being de-
veloped which decrease acquisition time and potentially 
improve image quality[5]. The image resolution of CT re-
mains limited to define histological structures of an athe-
rosclerotic plaque. Coronary plaques have been found to 
have a unique density expressed as Hounsfield units (HU) 
for different compositions, which has been correlated with 
IVUS images. Soft plaques were found to have low density, 
usually below 50 HU. On the other hand, calcified plaques 
have high density, usually above 200HU (Figure 3)[5,8]. 
The association between these plaque characteristics, as 
defined by MSCT and clinical events and its predictive 
value to define the site of plaque rupture remain to be de-
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termined[4]. 

2.9. Comparison of OCT with Other Imaging Modalities  
As described above the various imaging modalities used 

for intravascular imaging have been pivotal in reducing the 
mortality associated with coronary artery disease over the 
last 50 years. However several areas have been identified 
where detection of atherosclerosis could benefit more from 
high-resolution imaging. Many investigators believe micron 
scale intravascular imaging facilitated by OCT plays a po-
tential role in the development of clinical cardiology. The 
major benefits of OCT include: 

Resolution: 4 to 20 pm, which is higher than any-
existing imaging modality[10]. 

Acquisition rates: OCT offers a high-speed acquisition 
imaging modality, with acquisition rates near video rates. 

Inexpensive and small system components: Unlike ultra-
sonography, OCT catheters consist of simple fiber optics 
and contain no transducers within their frame, which 
makes them small and inexpensive. The current smallest 
cross-sectional diameter being 0.014 inches (355μm). 

 

 
Figure 3.  Significant stenosis in the left anterior descending artery 
visualized by different imaging techniques: (a). Coronary angiogram 
revealing (arrow). (b). Intravascular ultrasound with three-dimensional 
reconstruction showing severe calcification (upper quadrant of transverse 
image; brackets in longitudinal image). (c). Three dimensional cardiac 
imaging using multislice computed tomography and (d). Maximum 
intensity projection of three-dimensional cardiac multislice computed 
tomography showing severe calcification (arrow). 

Portability: OCT systems are small and compact. 
Ability to be combined with a range of optical 

spectroscopic techniques. 
Ability to be integrated into catheters and endo-

scopes[10]. 

3. Conclusions 
Assessment of atherosclerosis by imaging techniques is 

essential for in-vivo identification of vulnerable plaques. 
The ideal technique would provide morphological, me-
chanical and biochemical information, however, despite 
several imaging techniques are currently under development, 
none of them provides alone such all-embracing assess-
ment.  

IVUS is easy to perform and assess morphology and 
mechanical in stability, Elastography detects high strain 
regions in vulnerable plaques, which correlate with an infil-
tration of macrophages in caps and a decreased number of 
smooth muscle cells and Spectroscopy obtains information 
on chemical components.  

MRI provides good contrast between the vessel wall and 
adjacent lumen by using flow sensitive pulse sequences, 
OCT has the advantage of high resolution, Thermography 
has the potential to measure metabolism and MSCT and 
clinical events and its predictive value to define the site of 
plaque rupture remain to be determined. Nevertheless all 
techniques are still under investigation and at present, none 
of them can completely identify a vulnerable plaque and, 
most importantly, predict its further development. This is 
related to fundamental methodological insufficiencies that 
may be resolved in the future. From a clinical point of view, 
most techniques currently assess only one feature of the 
vulnerable plaque. Thus the combination of several modali-
ties will be of importance in the future to ensure a high sen-
sitivity and specificity in detecting vulnerable plaques. 
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