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Abstract

Acute coronary syndromes (ACS) are anticipated to remain the important cause of mortality and morbidity now a days. ACS are
mostly caused by plaque rupture.

This review paper focuses on the prognostic value of different in vivo determination modalities of vulnerable lesions in coronary
artery by OCT, IVUS-VH, intravascular ultrasound (I\VUS), intravascular magnetic resonance, Roman and near-infrared
spectroscopy, and non-invasive multidetector computed tomography, Positron Emission Tomography (PET) scan, Single Photon
Emission Computerized Tomography (SPECT) scan, Magnetic Resonance Imaging (MRI) and their different comb inations in
patients undergoing coronary angiography.

Coronary angiography is considered the standard modality to estimation of the coronary artery disease but the difference in
expression of the opacified vascular lumen is too high. By coronary angioscopy, the plaque surface and intraluminal structures
can be visualized directly with the utility of intracoronary angioscopy (CAS). The plaque color variation can enlighten plaque
complications, such as ulceration, fissures, rupture, intimal breaks and thrombosis with a higher sensitivity than angiography. For
intracoronary imaging, IVUS is being used as a “gold standard” which is used to evaluate the positive vessel remodeling. In
addition to real-time, high-resolution images of the plaque, but 1VUS method is also cgpable of determining the borders and
vessel lumen. Despite amplitude resemblance, the power and frequency of the signal usually vary among different tissues. OCT
is found with higher sensitivity, specificity and capacity for description of coronary plagues as compared with other imaging
modalities. For identification of fibrous and lipid-rich tissue by measuring differential water diffusion, MR spectroscopy can be
used. 18F-FDG PET is normally done for the estimation of myocardial consumption of glucose. SPECT is particularly being used
totarget high-risk lesions with atherosclerosis.

It is concluded that every technique has its own significance and specificity in detection of particular feature of vulnerable plaque.
Until now, we are unable to define a single modality in order to detect in vivo vulnerable plaques accurately. A varying
combination of above given techniques can help the physicians and medical expertise to increase the predictive value of
prognostication. It is highly desired to device such combination of different diagnostic techniques to improve accuracy in early
detection of vulnerable plaque.
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Introduction recognition of plagues which are prone to rupture and
Acute coronary syndromes (ACS) are anticipated to  discrimination of different plaque phenotypes[4]. The
remain an important cause of morbidity and mortality — plaque vulnerability cannot yet be definitively
nowadays[1]. Patients with cardiovascular problems evaluated. However, several reports particular for the
are more prone to ACS and it is proven by post- vulnerable plaques regarding numerous morphologic
mortem studies that thin-cap fibroatheroma (TCFA) and immunologic  determinants have  been
lesions are the major cause of it[2]. Furthermore the  published[5]. Recently, we came to know that a
progress in prognostication and best choice of highly developed atherosclerotic plaque is defined by
treatment in detection of coronary lesions may be a superimposed fibrous cap rich in collagen
highly relevant as they are highly vulnerable to  composition with a core of extracellular lipid. The
rupture. But, the detection of these high-risk lesions  occurrence of acute ACS is produced in most cases
is also not possible by the angiography of coronary by ulceration or fissuring of the fibrous cap with

artery[3]. resultant generation of thrombus and conversion of
Intravascular  ultrasound (IVUS) radiofrequency an intact coronary lesion into highly complex sort of
analyses, also called 1VUS virtual histology, permit atherosclerotic plague. A fraction of myocardial
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infarction (MI) occurs in vulnerable plaques with
fairly thicker caps which ulcerate or may be a high-
risk plague which has a physiologically stable cap but
undergoes an intra-plaque hemorrhage that results in
abrupt intra-luminal thrombus formation and
subsequent blockage. Histological features of highly
vulnerable lesion like a bulky lipid-core and high
plague macrophage burden are associated with
positive remodeling in culprit lesions, as have been
shown by postmortem studies[6].

Acute coronary syndrome (ACS) can also arise from
the sudden worsening of coronary plaque with barely
mild-to-moderate luminal stenosis[7]. Based on this
clinical standpoint, a number of groups have tried to
illuminate the characteristics of high-risk lesions of
coronary artery by the use of multimodal techniques
like IVUS, angioscopy, virtual histology-1VUS,
intravascular-OCT'  non-invasive multidetector
computed tomography, PET scan, SPECT scan, MRI
and their different combinations[8].

Aim of Study

Ruptured plaques are the main reason for the
development of acute coronary syndromes (ACS).
This review was intended to enhance the prognostic
values of in vivo evaluation in high-risk coronary
plaques by intravascular ultrasound (IVUS), IVUS-
VH, OCT, thermography, intravascular magnetic
resonance, Roman and near-infrared spectroscopy,
and non-invasive multidetector computed
tomography, PET scan, SPECT scan, MRI and their
different combinations in patients undergoing
coronary angiography.

Coronary artery angiography

Coronary artery angiography is the major technique
for evaluation of the diseases related to coronary
artery tree but there is still a huge difference in
manifestation of the opaque lumen of vessels and the
real degree of atherosclerotic burden (Figure 1).
Furthermore, the degree of narrowing of lumen does
not present trustworthy data about further occurrence
of a MI event leading to high a mortality rate [9].
Many trials for lipid reduction on clinical and
angiographic evaluation have revealed very little or
no progress of angiographic luminal diameter, but
highly ~ remarkable decrease in  myocardial
infarction[10]. Luminogram is actually not capable of
providing details about the wall constitution of
coronary artery and consequently it fails in making
differentiation in stable and high-risk lesions.
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Figure 1: Image of coronary artery angiography
showing left coronary tree

Angioscopic imaging of coronary artery

The plague surface and intraluminal structures can be
visualized directly with the utility of intracoronary
angioscopy (CAS). It gives evaluation for the color of
lesion (white, red or yellow), which also enlighten
complications of lesions, such as ulceration, fissures,
intimal breaks and thrombosis with improved
detection capability as compared to angiographic
analysis[11]. By angioscopic analysis, intact portions
of coronary artery are visualized as glossy white,
while lesions with high plaque burden are classified
depending upon color acquisition by angioscopy
from white to yellow. Thrombus with high platelet
count at plaque rupture area with coarse white
substance and erythrocyte/fibrin-rich thrombus as an
asymmetrical, bulging-out red mass in the lumen.
Thrombus formation and acute coronary syndrome
are associated with yellow colored lesions[12]. The
major shortcoming of angioscopic analysis is its
requirement of area without blood during image
attainment that is only achievable either by absolute
vessel blockage or by uninterrupted washing with
saline, during angioscopic analysis. Finally, vessel
intramural changes which are reflected on luminal
surface being captured by angioscopy, may not be
sensitive enough to find out future changes in lesion
constitution or plaque load[13].

Plaque analysis intravascular ultrasound

Recently, 1VUS is thought to be the gold standard for
intracoronary imaging. 1VUS not only to examine the
lumen and vessel borders but also provide real-time,
high-resolution images of the plagque (Figure 2).
Visual evaluation echogenicity of plague gives semi-



quantitative tissue depiction, and calcification can be
recognized with about 90% sensitivity and
specificity[14]. Deposition of lipids, illustrated as an

echo-lucent area, and can be recognized with 78-95%

sensitivity and with 30% specificity[15]. For the
imaging purpose of vasa vasorum thickness, a strong
marker for plaque wvulnerability in which micro
bubble contrast enhanced IVUS can be used to
evaluate lesions with enhanced metabolic activity in
inflamed lesions[16]. Intravascular ultrasound (I\VVUS)
is capable of providing valuable information
regarding plaque burden and remodeling of vessel.
These unique 1VUS techniques have been formed to
illustrate the rigidity of culprit lesion and

identification of the existence of necrosis in fibro-
fatty tissue[4].
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Figure 2:

IVUS Image of coronary artery showing
atherosclerotic burden

Intravascular ultrasound virtual histology

A technique called I1VUS gray-scale imaging,
developed by the amplitude of the signals by
radiofrequency, in which a significant amount of
information lying below and between the peaks of the
signal is removed. The rate and power of the
signaling among tissues, without considering
likelihood in the amplitude. Four types of tissue maps
i.e. fibrolipidic, necrotic, calcium and fibrous are
constructed by the use of 1VUS-virtual histology.
Each type of tissue map is coded with different color,
such as, white is assigned to calcified, green to
fibrous, greenish-yellow for fibrolipidic and red to
necrotic core.[17] The sensitivity and specificity of
IVUS-VH is 50 and 98.9% for dense calcium, 79.3
and 100% for fibrous tissue, 67.3 and 92.9% for
necrotic core and 86 and 90.5% for fibrofatty,
respectively.
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Palpography

Local mechanical tissue properties are evaluated by
this technique. Specified pressure gradient, among
high lipid containing pliable tissue constituents will
distort at higher degree as compared to calcified and
fibrous tissues which possess high rigidity.[18] Data
obtained with comparison of radiofrequency at
various pressure grades is used to assess the
distortion of local tissue. At a cardiac rhythm of 60
bpm, 10 mm/s pullback speed and 1.0mm
longitudinal resolution palpograms are obtained using
a 20-MHz phased array IVUS catheter (Eagle
Eye).[19] In vitro assessment of high-risk lesion by
palpography has high sensitivity and specificity
which is 88% and 89%, respectively.[18]

Optical coherence tomography

An optical analogue of ultrasound called optical
coherence tomography (OCT) in which an image is
generated by using light rather than sound waves.
Low coherence, near-infrared (NIR) light with about
1300nm wavelength range, which reduces energy
absorption by water, protein, lipids and hemoglobin
for imaging by OCT. A better in vivo as well as in
vitro resolution up to 10-20um is provided by OTC
which is far better resolution level as compared to
IVUS technique ie. 100-150pum. Fibrous plaques
have 71-79% and 97-98%, whilst fibrocalcific
plaques have 95-96% and 97%, and 90-94% and
lipid-rich plaques have 90-92% sensitivity and
specificity, respectively. [20] [21] On the other hand,
latest studies showed a comparison between OCT and
histopathology, and found least sensitivity for plaque
constituents, and mal-classification was observed in
lesions (41%), mainly because of combined effect of
inadequate traveling distance into the arterial wall
and least capacity to discriminate Ca™" deposits from
lipid components.[22]

Low penetration depth only up to 2mm in tissue is
the major drawback of OCT, which dampers imaging
of the entire artery wall in larger vessels and presence
of blood which absorb light needs to be improved by
running a saline gush and balloon tamponade. By this
way, it can reduce the effectiveness in the process of
assessment of long and proximal segments of the
coronary artery, which is the major demerit for
clinical practice of this modality.

Coronary artery SPECT scan

Radiotracers labeled with Technetium-99m (99mTc)
i.e. 99mTc-sestamibi and 99mTc-tetrofosmin are
common in clinical use to evaluate the perfusion of
cardiac myocytes and their normal metabolic



function. New 99mTc-labelled tracers with new
iodine-123 tracers are under development process for
SPECT imaging in perfusion of cardiac cells which
effectively reveal high cardiac utility and enhanced
imaging of cardiac cells,[23] although further clinical
trials are required to prove their diagnostic
significance. SPECT with 99mTc-labelled tracers are
trailed to target high-risk atherosclerotic lesions
specifically to identify such changes.

A study was conducted by Johnson, et al.[24] in a
swine model for in vivo detection of atherosclerotic
lesions. Plaque imaging was performed by using
99mTc-labeled with Annexin A5. Histopathologic
analysis revealed that the coronary lesions in general
were at an early stage and were mostly featured by
smooth muscle cells. Focal uptake of 99mTc
Annexin A5 was observed in 13 out of 22 coronary
vessels invivo. The results showed the feasibility for
in vivo identification of cell death in atherosclerotic
plague in the coronary artery with equal effectiveness
in human model. Although results from studies on
animal models are showing satisfactory outcomes,
still the significant application in cardiac nuclear
imaging relies on the utility of PET to image high-
risk coronary lesion as SPECT is restricted for the
imaging of coronary artery plaques.

Intravascular magnetic resonance

Magnetic resonance (MR) is a non-ionizing
diagnostic technique exploiting the spins of the
nuclear protons in a heavy magnetic field. Two types
of methods are used for intravascular imaging for
diagnostic purpose. This technique is to illustrate
coronary anatomical structure by a device having a
coil fixed in a wire or catheter associated with an
external magnet (MR imaging [MRI]). Although this
method proves to be highly efficient in providing
composition and structural details of vessel wall and
coronary lesions, still this technique is not applicable
in catheterization of cardiac lesions.

Clinical feasibility of Catheter-based, self-contained
IVMR spectroscopy has been recently demonstrated
for patients programmed to carry out cardiac
angiography.[25] IVMR  spectroscopy  might
precisely distinguish various parts such as smooth
muscle cells, fresh thrombus, organizing thrombus,
fibrous cap, edema, calcium and lipid having 84 to
100% sensitivity and specificity, respectively. Some
shortcomings such as inadequate field of view, the
catheter size, the requirement of direct vessel wall
contact and the time duration need for acquisition.[26]
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Coronary  plaques
Nanoparticles
Recent advances in nanotechnology have opened new
horizon of inventions to improve a variety imaging
techniques for coronary plaques by using targeted-
nanoparticles as contrast  agents. This
accomplishment can also be helpful in identification
and evaluation of the wvulnerable atherosclerotic
plaques. In fact, a number of studies have revealed
that imaging by targeted-nanoparticles made it
possible to enhance the sensitivity and specificity in
comparison with the techniques being used in
routine .[27]

A number of studies for imaging at molecular level
for biomarkers related to atherosclerosis were
conducted by using nanoparticles of iron oxide and
their results were interpreted by using magnetic
resonance imaging.[28] Nanoparticles made up of
Iron oxide are proved to be compatible with
biological tissues and is a substance that has been
extensively utilized as a MRI contrast agent to detect
atherosclerotic plaques in clinical practice. Although,
iron oxide nanoparticles are accepted for clinical use
as a MRI contrast agent, still dextran is required to
coat the iron oxide particles to make dextran-coated
iron oxide (DIO) which is biocompatible and
biodegradable, to make it appropriate in clinical use.
This DIO nanoparticle is frequently used for contrast-
enhanced T1 and T2-weighted MRI scans. However,
new synthetic method by sulfating DIO with sulfur
trioxide pyridine complex is trailed to produce
sulfated DIO (SDIO) nanoparticles because of
complexity of DIO in clinical applications.[29] SDIO
have proved higher contrast enhancing quality due to
its higher affinity to be mustered at the area with
atherosclerotic lesion, experimentally. Nanoparticles
made up of polymers of radio-labeled zirconium-89
dextra nanoparticles (DNP) ware also being use in
integrated PET/MRI to image atherosclerotic lesions
[38].

This in vivo molecular imaging technique possibly
aid in detection of these high-risk coronary lesions,
their evaluation and results of medication. By using
all these information about integrated imaging
modality, Nahrendorf et al have effectively devised a
new tri-modality nanoparticle contrast medium that
can precisely identify the increased influx of
macrophages in atherosclerotic lesions.[30] Such
captivating innovation could be of immense value for
being used in PET/CT and PET/MR scans, and
consequently  several molecular imaging-based
outcomes on early recognition of wvulnerable

imaging by targeted-



atherosclerotic  lesions to be

discovered in the future.

are anticipated

Raman and near-infrared spectroscopy

Many types of spectroscopic intravascular imaging
modalities have been devised in recent era and are
still under the process of development and
investigation.[31] Modalities such as spectroscopy
can provide details and chemical composition of
vulnerable plaque with high sensitivity and
specificity. Laser light with wavelength in range of
750-850nm can variate in wavelength (generation of
Raman effect) by tissue molecules excitation, which
disperse light at a diverse wavelength. This Raman
effect is dependent upon chemical constitution of the
tissue [32] which results in quantitative values of
molecules.[33] In vitro, Raman spectroscopy has
found adequate relationship in comparison with
histology (r = 0.68 for cholesterol and r = 0.71
calcification) and with 1VUS.[34] In near-infrared
spectroscopy, it is demonstrated how various
substances absorb and scatter NIR light to various
degrees at different wavelengths.

Postmortem studies of aortic and coronary artery
demonstrated that the ability of the this modality to
detect lipid-rich TCFAs.[35] A system with catheter
has been established to deal with the problems to
approach the coronary vessel, blood, motion and the
scanning requirement, which must be dealt in use for
patients. Further studies are still needed to confirm
the ability of this modality to discover lipid-rich
coronary artery plaques and eventually link chemical
features with subsequent rate of an ACS.[36]

Laser Speckle Imaging

Laser Speckle Imaging (LSI) evaluates the
biomechanical characteristics of atherosclerotic
lesions by demonstrating time-varying laser speckle
patterns. When a scattering medium such as tissue is
visualized utilizing temporally laser coherent light, a
granular pattern of multiple bright and dark spots,
named as speckle, becomes evident in the image with
resultant photons bouncing back interference from
various parts of tissue molecules. In tissue,
endogenous light dispersion particle’s Brownian
motion results in scatter pathways and optical path
lengths to dynamic changes, causing in time-
dependent intensity modulations of the laser speckle.
The frequency of laser speckle modulation is
completely dependent on the motion of endogenous
scatterers, which is effected by the medium visco-
elasticity.[37] By means of these principles, a study
carried out on invitro vasculature has shown that the
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calculation of the time constant de-correlation
intensity modulations of time-varying laser speckle
patterns establishes a technique for characterizing
atherosclerotic lesions and for evaluating unstable
necrotic core plaques with 100% sensitivity and 93%
specificity.[38]

The combination of spatial and temporal data
analysis from laser speckle patterns has been shown
that LSI may also provide a measure of plaque
fibrous cap thickness.[39] A new study has
demonstrated that LSl can be performed through
minute diameter optical fiber bundles, allowing the
opportunity to perform intra-coronary LSI through
miniaturized intravascular catheters.[40] Recently,
however, a clinically feasible LSI system has yet to
be constructed and evaluated, although active
research and development in this area is advancing
rapidly. If effectively translated into the clinical
research, the intracoronary LSI technique provides
the opportunity of achieving a measure of the
biomechanical characteristics of coronary plaques, a
characteristic that is presently not measured with
other intravascular optical imaging techniques.

PET imaging of coronary plaques
Radiopharmaceutical-fluorodeoxyglucose PET

In cardiology, 18F-FDG PET is regularly conducted
to evaluate glucose utility in cardiac cells at risk,
uptake of FDG indicates viability and possible
positive response to myocardial revascularization.[41]
In addition to the extensive application of 18F-FDG
PET for screening and staging of tumors, 18F-FDG
PET is the highly reliable technique to detect
inflamed lesion, as 18F-FDG shows buildup in
inflammatory cells in which glucose metabolism is at
its active form. Arterial imaging by using 18F-FDG
PET has extensively been utilized as a biomarker to
explore the metabolic state of atherosclerosis.[42]
Wykrzykowska, et al.[43] demonstrated the potential
value of 18F-FDG PET to image inflammation in
coronary  arteries by conducting  coronary
catheterization, after particular dietary intervention
reducing uptake of glucose in cardiac cells. One or
more coronary segments with atherosclerosis showed
uptake of 18F-FDG in invasive coronary angiography.

Radiopharmaceuticalsin cardiac PET

Even though 18F-FDG is a suitable and extensively
utilized radiopharmaceutical, exploration of more
highly specific targeting mediums for the recognition
of inflamed plaque and recognition of break in plaque
has been providing very promising information in
new studies.[44] 18F-labeled mannose (2-deoxy-2-



[18F] fluoro-D-mannose, 18F-FDM) demonstrates a
subset of macrophages and it may present a suitable
to locate the inflamed vasculature with the use of
properly labeled 18F-FDM. Tahara, et al.[45] in their
new study data have analyzed and compared the
uptake of 18F-FDM with 18F-FDG in experiments
on animal models, and their results demonstrated
relatively high specific uptake of both tracers in the
aortic arches and abdominal aortas in animal models
having atherosclerotic lesions both in both in vivo
and in vitro images.

Quantification Ca™ load on coronary wall with
cardiac CT scan has been extensively adopted as a
trustworthy non-invasive modality for screening risk
of subsequent cardiac events.[46] Even though
clinical worth to assess subsequent cardiac events,
cardiac CT does not precisely evaluate plaque
inflammatory status and the degree of molecular
calcification which represents plaque stability.[47]
18F-sodium fluoride (18F-NaF) is a innovative
radiopharmaceutical that can be anticipated to predict
the precision in evaluating the mechanism of vascular
calcification.[48] Initial  investigations  have
illustrated precise association in the risk factor
cardiac events and the level of calcification in aorta
and heart,[48] further information about plaque
physiology with use of 18F-NaF, even though more
prospective investigations are required to validate the
above given conclusions.

Apart from the aforementioned radiopharmaceuticals,
a number of tracers have been studied and evaluated
to image vulnerable lesions such as 11C-choline,[49]
18F-galacto-RGD,[50]11C-acetate,[51] and 11C-
PK11195.[52] Since 11C-PK11195 exclusively
targets translocator proteins extensively expressed on
the surface of metabolically active macrophages, it
may show more specificity to image atherosclerosis
than 18F-FDG. In spite of promising results have
been shown in many studies, patients investigations
in clinic are required to establish their clinical
efficacy to image atherosclerosis. The potential
power of PET scanning depends upon its outstanding
sensitivity, effective penetration, and quantitative
characteristics.[53] Nevertheless, there are some
drawbacks that must be addressed in PET scanning of
vulnerable lesions: the tiny area in atherosclerotic
plaque with proximity of blood, and the uninterrupted
cardiac and respiratory motions in  image
acquisition.[54] Moreover, the association in
different PET scannings of vulnerable plaques, their
pathological features and clinical confirmation of
verse cardiac effects, is deficient.

Integrated PET/CT imaging

The nuclear medicine combined with multi-slice CT
such as PET/CT and SPECT/CT gives a distinctive
prospect to outline cardiovascular diseases and their
physiological events together. To evaluate the patient
which are identified or supposed to have coronary
vessel complication, it provides assessment and
quantitative analysis of coronary lesion components,
vessel reactivity, endothelial health, detection of
flow-limiting coronary plaques, estimation of
myocardial perfusion and viability.[55] The
probability of using PET/CT in the recognition of
soft plaque in the coronary artery was established in a
case report.[56] Fusion of PET/CT images
recognized and localized areas of enhanced FDG
uptake in the proximal portion of the left coronary
artery with non-calcified lesion, which was linked to
inflamed atherosclerotic plaques. The more clinical
availability of PET/CT scanners makes, non-invasive
determination of vulnerable atherosclerotic plaques,
possible.

Even though 18F-FDG is valuable and important
marker of inflammatory process of vessels, 18F-FDG
PET may not be capable of evaluating the plaque
rupture due to complex assembly of variety of cell
types that are implicated in the vulnerable plaque.
Thus, it is highly desirable to invent some other
tracers that can preferentially target plaques with high
inflammatory activities and they are capable of
detecting an atherosclerotic lesion at risk for rupture,
therefore making it possible to detect and intervene
as early as possible to get better outcomes.
18F-NaF-PET/CT imaging is thought to be a valuable
technique in identifying calcification at molecular
level in the beginning of the atherosclerotic process
as micro-calcification has been involved in plaque
rupture.[48, 57] A study conducted in 2014,
researchers sophisticatedly established that 18F-
NaFPET/CT provides the first non-invasive imaging
approach to recognize pinpoint lesion fissuring and
vulnerable lesions as compared to 18F-FDG.[58] On
the contrary, coronary 18F-FDG uptake was
fundamentally interchangeable at confined built up of
agent in myocardium and enhanced uptake was
observed in the diseased arteries[59]. This finding
illustrates that ruptured plaque or plaque vulnerable
to rupture can be detected by non-invasive imaging
technique, thus 18F-NaFPET/CT has the capacity to
modify management and resuscitation of patients
with stable and unstable cardiac events.

Nahrendorf, et al. illustrated their data in animal
model by using cell adhesion molecule (VCAM)-1 by
integrated PET/CT scanning in atherosclerosis and
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plaques at high-risk to rupture, which have high
expression of VCAM-1 on the surface of
macrophages, smooth muscle cells and endothelial
cells. Their findings reveal a significant progress in
molecular imaging of vascular inflammation that
facilitate a further step closer to the reality of
PET/CT imaging in humans.[60]

Integrated PET/MRI imaging

The accessibility of PET/MRI systems might
spectacularly assist the transformation of capable
clinical application of PET scanning for
atherosclerotic lesions due to the pliable component
of lesion with better contrast ability of MRI.[61] By
utilizing the combination of PET/MRI to estimate
variations in the wvulnerable Ilesion with high
inflammatory activity with use of 18F-FDG PET
provides greater sensitivity than contrast-enhanced
MRI to identify earlier variations in plaque
inflammation.[73] Even though CT scan is capable of
generating high-resolution anatomical images during
PET/CT scanners, misaligning of PET and CT
information is frequent because the both imaging
technique are not obtained at same time. In newly
constructed PET/MRI scanning devices, PET and
MR data can be obtained at the same time that’s why
information mustered with MRI can be utilized to
enhance data the analysis of PET images.

Velocity improved PET/MRI which was anticipated
to settle the misalignment issues occurred in PET/CT
since all PET data are reconstructed within the same
reference phase, which provides precise spatial
registration between PET and MR data.[62] This
modality has been proven to enhance illustration and
identification of coronary lesions. Multi-modal
imaging of plaques such as PET/MRI might be an
ultimate application since combination of the
imaging techniques functions synergistically to
maximize diagnostic effectiveness of each imaging
technique and strengthens the recognition and
quantification of calcified and non-calcified plaques
load, quantification of wvascular reactivity and
endothelial health, detection of flow-limiting
coronary narrowing, and possible recognition of
vulnerable coronary tree lesions.[63] At present,
PET/MRI is not efficient in preclinical cardiac
imaging in animal models, therefore, further trails
with additional advancements in modalities are
anticipated to establish its medical significance in
vulnerable plaque imaging.

Conclusion

Studies on imaging of vulnerable plaques
preferentially are being focused on myocardial
perfusion imaging and morphological analysis.
However, the most problematic barrier is achieving
precise detection of unstable from stable plaques
prone to rupture before clinical symptoms appear
(due to narrowing or thrombus formation in the
coronary tree) to reduce high mortality rate of ACS.
It is concluded that every technique has its own
significance and specificity in detection of particular
feature of wvulnerable plague. Until now, we are
unable to define a single modality in order to detect
in vivo vulnerable plaques accurately. A varying
combination of above given techniques can help the
physicians and medical expertise to increase the
predictive value of prognostication. It is highly
desired to device such combination of different
diagnostic techniques to improve accuracy in early
detection of vulnerable plaque.

References

[1] Lloyd-Jones D, Adams R, Camethon M, De Simone G, Ferguson
TB, Flegal K, et al. Heart disease and stroke statistics—2009
update a report from the American Heart Association Statistics
Committee and Stroke Satistics Subcommittee.  Circul
2009;119:e21€181.

[2] Smith SC, Benjamin EJ, Bonow RO, Braun LT, Creager MA,
Franklin BA, et al. AHA/ACCF secondary prevention and risk
reduction therapy for patients with coronary and other
atherosclerotic vascular disease: 2011 update: a guideline from
the American Heart Association and American College of
Cardiology Foundation endorsed by the World Heart Federation
and the Preventive Cardiovascular Nurses Association. J Am
Coll Cardiol 2011;58:2432-46.

[3] Glaser R, Selzer F, Faxon DP, Laskey WK, Cohen HA, Slater J, et
al. Clinical progression of incidental, asymptomatic lesions
discovered during culprit vessel coronary intervention. Circul
2005;111:143-9.

[4] Nair A, Margolis MP, Kuban BD, Vince DG. Automated coronary
plaque characterisation with intravascular ultrasound backscatter:
ex vivo validation. EuroIntervention: joumal of EuroPCR in
collaboration with the Working Growp on Interventional Cardiol
Europ Soc Cardiol 2007;3:113-20.

[5] McGill HC, McMahan CA, Zieske AW, Tracy RE, Malcom GT,
Herderick EE, et al. Association of coronary heart disease risk
factors with microscopic qualities of coronary atherosclerosis in
youth. Circul 2000;102:374-9.

[6] Pasterkamp G, Schoneveld AH, van der Wal AC, Haudenschild
CC, Clarijs RJ, Becker AE, et al. Relation of arterial geometry to
luminal narrowing and hisologic markers for plaque
vulnerability: the remodeling paradox. J Am Coll Cardiol
1998;32:655-62.

[7] Little WC, Congantinescu M, Applegate R, Kutcher M, Burrows
M, Kahl F, et al. Can coronary angiography predict the site of a
subsequent myocardial infarction in patients with mildto-
moderate coronary artery disease? Circul 1988;78:1157-66.

[8] Berry C, L’Allier PL, Grégoire J, Lespérance J, Levesque S,
lbrahim R, et al. Comparison of intravascular ultrasound and
quantitative coronary angiography for the assessment of
coronary artery disease progression. Circul 2007;115:1851-7.

[9] Ambrose JA, Tannenbaum MA, Alexopoulos D, Hjemdahl-
Monsen CE, Leavy J, Weiss M, et al. Angiographic progression

101



of coronary artery disease and the development of myocardial
infarction. J Am Coll Cardiol 1988;12:56-62.

[10] Topol EJ, Nissen SE. Our preoccuwpation with coronary
luminology the dissociation between clinical and angiographic
findings in ischemic heart disease. Circul 1995;92:2333-42.

[11] Mizuno K, Satomura K, Miyamoto A, Arakawa K, Shibuya T,
Arai T, et al. Angioscopic evaluation of coronary-artery thrombi
in acute coronary syndromes. NewEngJ Med 1992;326:287-91.

[12] Thieme T, Wernecke KD, Meyer R, Brandenstein E, Habedank D,
Hinz A, et al. Angioscopic evaluation of atherosclerotic plaques:
validation by hisomorphologic analysis and association with
stable and wngable coronary syndromes. J Am Coll Cardiol
1996;28:1-6.

[13] Smits PC, Pasterkamp G, de Jaegere PPT, de Feyter PJ, Borst C.
Angioscopic complex lesions are predominantly compensatory
enlarged: an angioscopy and intracoronary ultrasound study1999.

[14] Di Mario C, The SH, Madretsma S, van Suylen RJ, Wilson RA,
Bom N, et al. Detection and characterization of vascular lesions
by intravascular ultrasound: an in vitro study correlated with
histology.J Am Soc Echocardio 1992;5:135-46.

[15] Potkin B, Bartorelli A, Gessert J, Neville R, Almagor Y, Roberts
W, et al. Coronary artery imaging with intravascular high-
frequency ultrasound. Circulation. 1990;81:1575-85.

[16] Carlier S, Kakadiaris IA, Dib N, Vavuranakis M, O’Malley SM,
Gul K, et al. Vasa vasorum imaging: a new window to the
clinical detection of vulnerable atherosclerotic plaques. Curr
Atheroscler Rep 2005;7:164-9.

[17] Yamagishi M, Terashima M, Awano K, Kijima M, Nakatani S,
Daikoku S, et al. Morphology of vulnerable coronary plaque:
insights from follow-up of patients examined by intravascular
ultrasound before an acute coronary syndrome. J Am Coll
Cardiol 2000;35:106-11.

[18] Schaar JA, de Korte CL, Magik F, Strijder C, Pasterkamp G,
BoersmaE, et al. Characterizing vulnerable plaque features with
intravascular elastography. Circul 2003;108:2636-41.

[19] De Korte C, Carlier S, Mastik F, Doyley M, Van Der Seen A,
Serruys P, et al. Morphological and mechanical information of
coronary arteries obtained with intravascular elasography. Eur
Heart J2002;23:405-13.

[20] Brezinski ME, Tearney GJ, Bouma BE, Boppart SA, Hee MR,
Swanson EA, et al. Imaging of coronary artery microstructure
(in vitro) with optical coherence tomography. Am J Cardiol
1996;77:92-3.

[21] Jang I-K, Bouma BE, Kang D-H, Park S-J, Park SW, Seung K-B,
et al. Visualization of coronary atherosclerotic plaques in
patients using optical coherence tomography: comparison with
intravascular ultrasound. J Am Coll Cardiol 2002;39:604-9.

[22] Manfrini O, Mont E, Leone O, Arbustini E, Eusebi V, Virmani R,
et al. Sources of error and interpretation of plaque morphology
by optical coherencetomography. Am J Cardiol 2006;98:156-9.

[23] Schillaci O, Danieli R, Padovano F, Testa A, Simonetti G.
Molecular imaging of atheroslerotic plague with nuclear
medicine techniques (Review). IntJ Mol Med 2008;22:3-7.

[24] Johnson LL, Schofield L, Donahay T, Narula N, Narula J
99mTc-annexin V' imaging for in vivo detection of
atherosclerotic lesions in porcine coronary arteries. J Nucl Med
2005;46:1186-93.

[25] Regar E, Hennen B, Grube E, Halon D, Wilenky R, Vimani R,
et al. Firg-In-Man application of a miniature self-contained
intracoronary magnetic resonance probe. A multi-centre safety
and feasibility trial. Eurolntervention: journal of EuroPCR in
collaboration with the Working Group on Interventional
Cardiology of the European Society of Cardiology. 2006;2:77-
83.

[26] Quick HH, Ladd ME, Hilfiker PR, Paul GG, Ha SW, Debatin JF.
Autoperfused balloon catheter for intravascular MR imaging. J
Mag Reson Imag 1999;9:428-34.

[27] Frias JC, Ma Y, Williams KJ, Fayad ZA, Fisher EA. Properties of
a versatile nanoparticle platform contrast agent to image and

102

characterize atherosclerotic plaques by magnetic resonance
imaging. Nano Lett 2006;6:2220-4.

[28] Yu SS, Ortega RA, Reagan BW, McPherson JA, Sung HJ,
Giorgio TD. Emerging applications of nanotechnology for the
diagnosis and management of vulnerable atherosclerotic plaques.
Wiley Interdisciplinary Reviews: Nanomed Nanobiotechnol
2011;3:620-46.

[29] TuC, Ng TS, Sohi HK, Palko HA, House A, Jacobs RE, et al.
Receptor-targeted iron oxide nanoparticles for molecular MR
imaging of inflaned atherosclerotic plaques. Biomaterials
2011;32:7209-16.

[30] Nahrendorf M, Zhang H, Hembrador S, Panizzi P, Sosnovik DE,
Aikawa E, et al. Nanoparticle PET-CT imaging of macrophages
in inflammatory atherosclerosis. Circul 2008;117:379-87.

[31] Moreno PR, Muller JE. Identification of high-risk atherosclerotic
plaques: a survey of spectroscopic methods. Curr Opin Cardiol
2002;17:638-47.

[32] Brennan JF, Romer TJ, Lees RS, Tercyak AM, Kramer JR, Feld
MS. Determination of human coronary artery composition by
Raman spectroscopy. Circul 1997;96:99-105.

[33] Rémer T J, Brennan JF, Fitzmauwrice M, Feldstein ML, Deinum G,
Myles JL, et al. Hisopathology of human coronary
atherosclerosis by quantifying its chemical composition with
Raman spectroscopy. Circul 1998;97:878-85.

[34] Wang J, Geng Y-J, Guo B, Klima T, Lal BN, Willerson JT, et al.

Near-infrared spectroscopic characterization of human advanced

atherosclerotic plaques. Joumal of the Am Coll Cardiol

2002;39:1305-13.

Moreno PR, Lodder RA, Purushothaman KR, Charash WE,

O’Connor WN, Muller JE. Detection of lipid pool, thin fibrous

cap, and inflammatory cells in human aortic atherosclerotic

plaques by near-infrared spectroscopy. Circul 2002;105:923-7.

Caplan D, Waxman S, Nesto RW, Muller JE. Near-infrared

spectroscopy for the detection of vulnerable coronary artery

plaques. J Am Coll Cardiol 2006;47:C92-C6.

[37] Mason TG, Weitz D. Optical measurements of frequency-
dependent linear viscoelastic moduli of complex fluids. Phy Rev
Lett 1995;74:1250.

[38] Nadkami SK, Bouma BE, Helg T, Chan R, Halpem E, ChauA, et
al. Characterization of atherosclerotic plaques by laser speckle
imaging. Circul 2005;112:885-92.

[39] Nadkami SK, Bilenca A, Bouma BE, Teamey GJ. Measurement
of fibrous cap thickness in atherosclerotic plaques by
spatiotemporal analysis of laser speckle images. Joumnal of
Biomed Opt 2006;11:021006--8.

[40] Nadkami SK, Bouma BE, Yelin D, Gulati A, Teamey GJ. Laser
speckle imaging of atherosclerotic plaques through optical fiber
bundles. J Biomed Opt 2008;13:054016--6.

[41] Le Guludec D, Lauaméki R, Knuuti J Bax J, Bengel F,
Cardiology ECoN. Present and future of clinical cardiovascular
PET imaging in Europe—a position statement by the European
Council of Nuclear Cardiology (ECNC). Eur J Nucl Med Mol
Imag2008;35:1709-24.

[42] Kai H. Novel non-invasive approach for visualizing inflamed
atherosclerotic plaques using fluorodeoxyglucose-positron
emission tomography. Geriat Gerontol Int 2010;10:1-8.

[43] Wykrzykowska J, Lehman S, Williams G, Parker JA, Palmer MR
Varkey S, et al. Imaging of inflamed and vulnerable plaque in
coronary arteries with 18F-FDG PET/CT in patients with
suppression of myocardial uptake using a low-carbohydrate,
high-fat preparation. J Nucl Med 2009;50:563-8.

[44] Kaufmann BA, Sanders JM, Davis C, Xie A, Aldred P,
Sarembock 1J, et al. Molecular imaging of inflammation in
atherosclerosis with targeted ultrasound detection of vascular
cell adhesion molecule-1.Circul 2007;116:276-84.

[45] Tahara N, Mukherjee J, de Haas HJ, Petrov AD, Tawakol A,
Haider N, et al. 2-deoxy-2-[18F] fluoro-D-mannose positron
emission tomography imaging in atherosclerosis Nat Med
2014;20:215-9.

[35]

[36]



[46] Sun Z-H, Cao Y, Li H-F. Multislice computed tomography
angiography in the diagnosis of coronary artery disease. J
Geriatric Cardiol 2011;8:104.

[47] Doherty TM, Asotra K, Fitzpatrick LA, Qiao J-H, Wilkin DJ,
Detrano RC, et al. Calcification in atherosclerosis: bone biology
and chronic inflammation at the arterial crossroads. Proceed Nat
Acad Sci 2003;100:11201-6.

[48] Saboury B, Beheshti M, Langsteger W, Torigian D, Alavi A.
Detection and global quantification of cardiovascular molecular
calcification by 18F-Flworide PET/CT. J Nucl Med
2011;52:112-.

[49] Kato K, Schober O, lkeda M, Schéfers M, Ishigaki T, Kies P, et
al. Evaluation and comparison of 11C-choline uptake and
calcification in aortic and common carotid arterial walls with
combined PET/CT. Eur JNucl Med Mol Imag 2009;36:1622-8.

[50] Beer AJ, Haubner R, Wolf I, Goebel M, Luderschmid S
Niemeyer M, et al. PET-based human dosimetry of 18F-galacto-
RGD, a new radiotracer for imaging avf3 expression. J Nucl
Med 2006;47:763-9.

[51] Derlin T, Habermann CR, Lengyel Z, Busch JD, Wisotzki C,
Meger J, et al. Feasibility of 11C-acetate PET/CT for imaging of
fatty acid synthesis in the atherosclerotic vessel wall. J Nucl
Med2011;52:1848-54.

[52] Gaemperli O, Shalhoub J, Owen DR, Lamare F, Johansson S,
Fouladi N, et al. Imaging intraplaque inflammation in carotid
atherosclerosis ~ with  11C-PK11195 positron  emission
tomography/computed tomography. Eur Heart J 2012;33:1902-
10.

[53] Orbay H, Hong H, Zhang Y, Cai W. Positron emission
tomography imaging of atherosclerosis. Theranost 2013;3:894.

[54] Leuschner F, Nahrendorf M. Molecular Imaging of coronary
atherosclerosis and myocardial infarction considerations for the
bench and perspectives for the clinic. Circul Res 2011;108:593-
606.

[55] Loeffelbein DJ, Souvatzoglou M, Wankerl V, Martinez-Moller A,
Dinges J, Schwaiger M, et al. PET-MRI fusion in head-and-neck
oncology: current satus and implications for hybrid PET/MRI. J
Oral Maxillofacial Sur 2012;70:473-83.

[56] Alexanderson E, Slomka P, Cheng V, Meave A, Saldafia Y,
Garcia-Rojas L, et al. Fusion of positron emission tomography
and coronary computed tomographic angiography identifies
fluorine 18 fluorodeoxyglucose uptake in the left main coronary
artery soft plague. JNucl Cardiol 2008;15:841-3.

[57] Sun Z, Xu L. Coronary CT angiography in the quantitative
assessment of coronary plaques. Bio Med Res Int 2014;2014.

[58] Joshi NV, Vesey AT, Williams MC, Shah AS, Calvert PA,
Craighead FH, et al. 18 F-fluoride positron emission tomography
for identification of ruptured and high-risk coronary
atherosclerotic plaques: a prospective clinical trial. The Lancet.
2014;383:705-13.

[59] Hutcheson JD, Maldonado N, Aikawa E. Small entities with large
impact: microcalcifications and atherosclerotic  plaque
vulnerability. Curr Opin Lipidol 2014;25:327.

[60] Nahrendorf M, Keliher E, Panizzi P, Zhang H, Hembrador S,
Figueiredo J-L, et al. 18F-4V for PET-CT Imaging of VCAM-1
Expression in Atherosclerosis JACC: Cardiovas Imag
2009;2:1213-22.

[61] Tang TY, Howarth SP, Miller SR, Graves MJ, Patterson AJ,
Jean-Marie U, et al. The ATHEROMA (Atorvastatin Therapy:
Effectson Reduction of Macrophage Activity) Study: evaluation
using ultrasmall superparamagnetic iron oxide-enhanced
magnetic resonance imaging in carotid disease. J Am Coll
Cardiol 2009;53:2039-50.

[62] Petibon Y, El Fakhri G, Nezafat R, Johnson N, Brady T, Ouyang
J. Towards coronary plaque imaging using simultaneous PET -
MR: a simulation study. Phy Med Biol 2014;59:1203.

[63] Jarrett BR, Correa C, Ma KL, Louie AY. In vivo mapping of
vascular inflammation using multimodal imaging. PloS one
2010;5:e13254.

103



