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Atherosclerotic plaque rupture or erosion remain the primary mechanism responsible

for myocardial infarction and the major challenge of cardiovascular researchers is to

develop non-invasive methods of accurate risk prediction to identify vulnerable plaques

before the event occurs. Multimodal imaging, by CT-TEP or CT-SPECT, provides

both morphological and activity information about the plaque and cumulates the

advantages of anatomic and molecular imaging to identify vulnerability features among

coronary plaques. However, the rate of acute coronary syndromes remains low and the

mechanisms leading to adverse events are clearly more complex than initially assumed.

Indeed, recent studies suggest that the detection of a state of vulnerability in a patient

is more important than the detection of individual sites of vulnerability as a target of

focal treatment. Despite this evolution of concepts, multimodal imaging offers a strong

potential to assess patient’s vulnerability. Here we review the current state of multimodal

imaging to identify vulnerable patients, and then focus on emerging imaging techniques

and precision medicine.

Keywords: vulnerable plaque, vulnerable patient, coronary artery disease, multimodal imaging, chronic coronary

syndrome, risk stratification

INTRODUCTION

Coronary artery diseases (CAD) remain the largest single cause of death in the World.
Traditionally, atherosclerosis management consists in detecting obstructive CAD and ischemia.
However, this paradigm is being challenged as revascularization of obstructive CAD failed
to reduce acute coronary events in recent studies (1, 2) and most of these events occur on
non-obstructive plaques (3). Novel imaging techniques have emerged in this setting, targeting
vulnerable coronary plaques that are more likely to lead to a plaque thrombosis and an acute
coronary syndrome (ACS). However, the prospective follow-up of vulnerable plaques is deceiving
in predicting future coronary events (4) and the mechanism of plaque thrombosis seems to be more
complex, where not only plaque progression, but also systemic parameters such as inflammation,
thrombogenic and dynamic change processes are intricated, so that the concept of vulnerable
patients was introduced. Moreover, while rupture of thin-cap fibro atheroma (TCFA) remains the
main cause of acute coronary events (55–65%), plaque erosion (30–35%) an, to a lower extend
microcalcifications (2–7%), are also known to be responsible for such events through distinct
pathobiological mechanisms (5). Importantly, most plaque with thrombosis are clinically silent and
lead to plaque progression and luminal stenosis (6). Vulnerable patients, in whom the thrombosis
of a vulnerable plaque is likely to result in a clinical event in the future, are not only characterized
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by vulnerable plaques, but also vulnerable blood and vulnerable
myocardium (7). We review here current and in-development
non-invasive techniques, based on multimodal imaging on
this field.

ANATOMIC FEATURES

Identifying high-risk plaques before ACS occurs has been a
major research goal. Retrospective studies analyzed progression
of CAD among patients presenting with ACS, by comparing
plaque features on previous coronary angiography exams. Most
coronary acute events occurred on unobstructed lesion at
baseline (8). The histological study of culprit plaques, responsible
for ACS, helped identifying common underlying features in
high-risk plaques. Some of these features can be identified with
invasive imaging techniques (9) but cannot be translated to
routine clinical practice because of costs, and due to the fact that
invasive techniques such as optical coherence tomography (OCT)
or intravascular ultrasound (IVUS) cannot be employed in large
populations and are restricted to patient previously identified at
high risk. Improvement of multimodal imaging techniques of the
plaque allow non-invasive visualization of such features.

Vulnerable Coronary Plaque
Computed tomography coronary angiography (CTCA) that
permits precise visualization of the plaque became a first-
line diagnostic test in the assessment of suspected CAD. At
the simplest level, the segment involvement score (SIS) sums
the number of diseased coronary segments, whilst the stenosis
severity score (SSS) also incorporates a weighting factor for
stenotic severity (10). CTCA, with high spatial resolution
scanners, can provide precise structural information of the
coronary artery wall and can assess for the presence and
constituents of atherosclerotic plaque even in the absence of
flow limiting disease. Based on histological analysis, TCFA are
mainly characterized by a large necrotic core, thin fibrous
cap (<65mm), inflammation (predominantly in the form
of macrophage infiltration), angiogenesis, plaque hemorrhage,
positive remodeling and microcalcification (11). Not all of
these features can be evaluated using non-invasive imaging.
However, a number of morphologic criteria that can be assessed
using CTCA have been employed to identify such lesions. In
a SCOT-Heart post-hoc analysis, the presence of vulnerable
plaque features such as positive remodeling, low attenuation
plaque, spotty calcification, and the “napkin ring” sign were
validated against intravascular invasive imaging (12). The results
of PROMISE (13) and SCOTHEART studies (12) confirmed the
association between adverse plaque characteristics and outcomes.
Obstructive coronary disease is also a major risk predictor, and
the combination of adverse plaque features with obstructive
disease appears to confer the greatest risk (13). Moreover, CT-
Leaman score, which combines stenotic severity, myocardium
at risk, and high-risk plaque features, allows an improved risk
stratification of the plaque (14). Currently, while they appear
to be less competitive than CTCA for the identification a
vulnerable plaque, a number of other high-resolution imaging
systems can also be employed. Table 1 describes the imaging

modalities, their strengths and limitations and a comparison
between the modalities in assessing the different aspects that
characterize a vulnerable patient. Cardiac magnetic resonance
imaging (CMR) holds the great advantage to be not only
a non-invasive, but also a non-ionizing imaging technique.
Black blood sequences confer a fairly good spatial resolution
of the coronary wall (15) allowing detection of adverse plaque
features, such as positive remodeling, plaque hemorrhage and
subclinical thrombus (16). However, such approaches have
largely been limited to the visualization of the main proximal
vessels, because of the reduced spatial resolution, as compared
to CTCA. Furthermore, CMR is a time-costly and less available
imaging technique. Trans-thoracic echocardiography does not
allow the precise visualization and analysis of coronary arteries.
However, ultrasound enables carotid plaques characterization,
such as differentiation between artery occlusions and high-
grade stenosis, plaque morphology (plaque surface, flow data)
and plaque neovascularization, thereby enabling to estimate its
vulnerability (17).

If CTCA remains the best non-invasive imaging technique
to detect coronary plaques and assess their vulnerability, the
prospective follow-up of these vulnerable plaques is deceiving in
predicting future coronary events (4) which remain low in this
population. Indeed, while being of high negative predicting value,
the positive predictive value of identifying a high-risk plaque
in large cohort studies such as SCOTHEART or PROMISE was
found to be low, with only ∼5% of events at 5 years. There
are several explanations for this low positive prognostic value.
The first being that the presence of at least one lesion with
vulnerable plaque characteristics is probably not as rare as might
have been assumed. In addition, the occurrence of an acute event
does not only require the presence of a vulnerable plaque but
also that of other parameters such as prothrombotic factors.
Therefore, a plaque can rupture without being symptomatic.
Moreover, atherosclerotic lesions are characterized by dynamic
evolution, and it is not excluded that vulnerable plaques pacifies
over time (18).

Coronary Atherosclerosis Disease Burden
Imaging techniques measuring coronary atherosclerosis disease
burden, or call also “the adverse plaque burden”, therefore confer
a better risk stratification for future cardiovascular events at the
patient level. While it has been shown that the more vulnerable
coronary plaques a patient has, the greater the likelihood of major
adverse cardiovascular events (MACE), it is rarely the plaques
identified as vulnerable that will be responsible for acute arterial
thrombosis. This highlights the fact to switch from a focus on
individual lesions to atherosclerotic disease burden for coronary
artery disease risk assessment (19). Coronary artery calcium
(CAC) is a non-invasive, rapid computed-tomography (CT)
technique that quantifies atherosclerotic calcifications, a well-
described process occurring as a healing response to pathological
inflammation within the plaque. CAC scoring is a direct marker
of CADB for each patient and is effective in predicting the risk
of future atherosclerotic cardiovascular events in asymptomatic
patients (20). A large observational study involving 25,253
patients in the United States with a mean follow-up of 6.8
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TABLE 1 | Non-invasive multimodal imaging assessment of vulnerable plaques

and patients in chronic coronary syndrome.

Imaging

modalities

Strenghts Limitations

Morphological imaging techniques

CTCA High spatial resolution.

Fast and good availability.

Plaques: high risk features

Measure of coronary artery

disease burden

on the whole coronary tree.

Limited by calcifications, stents.

Radiation, contrast.Limited

temporal resolution

CACS Fast and good availability, low

cost.

No contrast, low radiation.

Coronary atherosclerotic burden

Limited spatial resolution.

No detection of

non-calcified plaques.

CMR Radiation free.

Not limited by calcifications?

Poor spatial resolution. Costly,

less available, Duration.

Contraindications:

Claustrophobia, metallic devices.

TTE No radiation, fast, low cost,

availability

No precise visualization of CA

Molecular imaging techniques

PET Molecular imaging of

Inflammation,

microcalcification activity,

Thrombogenicity by

Targeted radionucleotides.

Poor temporal and spatial

resolution, radiation costly,

duration, limited availability,

FDG myocardial uptake.

SPECT SPECT tracers are relatively

inexpensive in comparison of

PET agents.

More available than PET.

Poor spatial and temporal

resolution Radiation, costly,

duration

Less tracer available than PET in

the field of CA.

CMR Nanoparticles: Gd-DTPA, USPIO Clinical translation to aortic and

carotid atherosclerosis.

Moderate diagnostic accuracy in

coronary arteries

CTCA FAI disponible by all 64 slice

CTCA

indirect inflammation assessment

Cost

TTE CEUS: targeted microbubbles in

preclinical studies

Technical challenges for clinical

translation

Local hemodynamic forces

CTCA Wall shear stress: CT CFD In development

Myocardial function and tissue characterization

CMR Reference for cardiac function

assessment.

Tissue characterization: fibrosis

Cost, availability

ECG gating necessary

TTE Cardiac systolic and diastolic

function.

Fast, low cost, availability.

No tissue characterization

CT Cardiac volumes and function

Tissue characterization: fibrosis

Retrospective acquisition:

radiation

Contrast injection

ECG gating necessary

Performance for tissue

characterization is still average

PET/SPECT Left ventricular systolic function Poor temporal and spatial

resolution

ECG gating necessary

CTCA, Computed tomography coronary angiography; FFR, fractional flow reserve;

CFD, computational flow dynamics; CACS, Coronary artery calcium score; CMR,

Cardiac magnetic resonance imaging; CA, coronary arteries; PET, positron emission

tomography, FDG, fluorodeoxyglucose; SPECT, single photon emission computed

tomography; Gd-DTPA, gadolinium-diethylenetriaminepentaacetic acid; USPIO,

ultrasmall superparamagnetic iron oxide; FAI, fat attenuation index; CEUS, Contrast

enhanced ultrasound.

years showed that survival varied significantly according to the
extent of CAC. Indeed, survival rates varied from 99.4 to 87.8%,
respectively, for CAC scores of 0 and >1,000 (p < 0.0001)
(21). However, while CAC enables estimating plaque burden,
macrocalcification are not restricted to vulnerable lesions but also
occurs in more stable lesions, so that more specific parameters
are needed. The quantification of CADB by measure of the
number of vulnerable plaques on the entire coronary tree has
great potential. However, quantify CADB across the coronary
vasculature is challenging. This is now possible in a rapid and
robust fashion with semiautomatic software by certain vulnerable
plaque features. Recently, low attenuation plaque burden appears
as a strong predictor of fatal or non-fatal myocardial infarction
irrespective coronary artery calcium score (22). The development
of these software improving the reproducibility also allow to
observe the evolution of coronary atherosclerosis disease burden
under treatment (23). CTCA is a key tool for identifying high
risk patients, by anatomic features. However, coupling anatomic
data with molecular imaging may improve risk stratification for
patient’s vulnerability assessment.

FACTOR OF DYNAMIC PLAQUE CHANGE

Coronary atherosclerosis presents a dynamic nature and plaques
with at least one vulnerable feature are in fact relatively
common and appear dynamic process of formation and healing.
Identifying the factors associated with an adverse dynamic
plaque change is therefore a major priority. Molecular imaging
has the enormous advantage of allowing the visualization,
characterization and quantification of biological processes. Even
though themolecular imaging potential of MRI and ultrasound is
being investigated (24–26), nuclear imaging represents the most
mature modality in this perspective. Several traceable physio
pathological processes associated to adverse dynamic plaque
change toward vulnerable patient could be use.

Inflammation
Atherosclerosis is an immuno-inflammatory illness powered by
lipids. The major role of inflammation in the development
of coronary artery plaques and in the pathophysiology of
plaque rupture was comforted by the results of emerging
studies in which colchicine, an anti-inflammatory treatment,
was associated with a reduction in ischemic events after a MI
(27) and in patients with chronic coronary disease (28). Nuclear
molecular imaging, by tracking inflammation with specific
molecular targets, allows the direct visualization of inflammation
within the plaque. Imaging modalities include CT- positron
emission tomography (PET), CMR-PET and CT-single photon
emission computed tomography (SPECT). Known tracers
include 18F-fluorodeoxyglucose (18F-FDG), 68Gallium(68Ga-
DOTATATE), and 68Ga-Pentixafor. In CAD, 18F-FDG reflects
plaque inflammation by detecting glucose uptake in regions
of high metabolic activity (29). Hybrid 18F-FDG PET- CT
allow precise anatomic identification of coronary plaques
coupled with molecular inflammatory inflammation. This hybrid
imaging technique showed increased inflammatory activity of
perivascular adipose tissue adjacent to coronary arteries segments
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FIGURE 1 | Example of a patient reporting exertional dyspnea. In (A), CTCA showed significant CAD on left anterior descending (LAD) artery (white arrow), classified

CAD-RADS 4A. Coronary angiogram confirm severe stenosis of proximal LAD (black arrow), angioplasty followed by stenting was performed to relieve symptoms (B).

Finally, CTCA post-treatment based on the FAI-Score values (C) on three arteries, the coronary atherosclerotic plaque burden and the clinical risk factors showed low

CaRi-Heart Risk, thereby predicting low risk of future acute coronary events and permitted treatment goals and follow-up strategies personalization.

with plaques (30) and correlation between 18F-FDG PET imaging
and histological macrophage uptake of carotid plaques after
carotid endarterectomy (31). In ACS patients, metabolic activity
detected by this radiotracer is identified not only in the culprit
lesion, but also in other atherosclerotic site, such as ascending
aorta or left main coronary artery, showing atherosclerotic
vulnerability at the patient level (32). However, coronary 18F-
FDG lacks cell specificity and signal can be obscured by
background myocardial uptake. In atherosclerotic plaque tissue,
CXCR4 expression might be used as a surrogate marker for
inflammatory atherosclerosis. In vivo use of 68Ga-Pentixafor
appear feasible to evaluation of CXCR4 expression in human
carotid atherosclerotic lesions (33). 68Ga-DOTATATE binds to
the somatostatin receptor subtype-2 (SST2) found on the surface
of pro-inflammatory M1 macrophages and targets inflammation.
It was validated using PET-CT imaging in patients with carotid
plaques, in carotid plaques showing high-risk CT features, and
in culprit coronary plaques in the setting of ACS with superior
coronary imaging and excellent macrophage specificity (34).

Off line post processing of CTA datasets proved to be very
useful for the analysis of the complex interactions between
coronary arteries and perivascular adipose tissue are complex.
Adverse perivascular adipocyte profile, associated with some
metabolic conditions, is known to trigger pro-inflammatory
changes within coronary arteries (35). Recent fundamental
studies suggest a bidirectional relationship between perivascular
fat and coronary arteries. Coronary inflammation inhibits
lipid accumulation in adjacent adipocytes, resulting in a

gradient in the lipid content of perivascular fat. The CTCA
analysis of epicardial and pericoronary fat provides information
to improve plaque and patient ischemic risk stratification,
with CTCA-measured epicardial fat volume being associated
with CAD and cardiovascular events (36). However, the
prognostic implications of epicardial fat attenuation remain
controversial (37, 38). These discordant results could reflect
the heterogeneity of epicardial fat composition and support
the hypothesis that inflammatory changes in perivascular
fat might be a local process limited to the adjacent regions
of vulnerable plaques. CTCA-derived fat attenuation index
(FAI), using the Cari-Heart algorithm, indirectly quantifies
arteries inflammation burden, by analyzing the signal from
perivascular fat (Figure 1). Higher FAI values correspond
to adipose tissue morphologic changes associated with
coronary inflammation (39). Recent post-hoc analyses of
prospective CTCA and outcome data showed the incremental
prognostic value of FAI to detect high-risk plaques (HRP),
beyond traditional risk factors (40) and beyond HRP plaque
features (41).

Microcalcification Activity
Preclinical and clinical evidence show that calcification is one
of the body’s primary responses to injury. 18F-NaF is a marker
of microcalcification activity, which binds with high affinity to
the exposed surface of hydroxyapatite, a key mineral component
of vascular calcification and detects plaque microcalcification,
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FIGURE 2 | Proposition of non-invasive multimodality imaging strategy to detect and treat coronary vulnerable patient. CTCA, Computed tomography coronary

angiography; CV, cardiovascular; CMR, cardiac magnetic resonance imaging, FAI, fat attenuation index; LVEF, left ventricular ejection fraction; PET, positron emission

tomography; SPECT, single photon emission computed tomography; TTE, trans thoracic echocardiography.

another feature of vulnerable plaques. Increased 18F-NaF uptake
is observed in coronary plaques that show multiple adverse
features on CT, on virtual histology (VH)- IVUS, and on
OCT (42) and could improve the risk stratification of patients
with CAD.

Thrombogenicity
Several studies used radionuclide imaging approaches to analyze
several thrombosis-related molecular markers (43). Factor XIIIa
radiotracer and (44) 18F-GP1 are safe and promising novels PET
tracer for imaging acute arterial thrombosis with a favorable
biodistribution and pharmacokinetic profile (45). However, none
is yet available in clinical practice.

Local Hemodynamic Forces
Although the anatomic and chemical features of potentially
vulnerable plaques play a significant role, additional information
regarding dynamic plaque change may provide significant
information. Among hemodynamic-associated biomechanical
forces that increase plaque vulnerability, special attention has
been paid to wall shear stress (WSS) (46). WSS may be assessed
using CTCA through sophisticated post processing based on
computational fluid dynamics and shows that high wall shear
stress had an incremental value over luminal narrowing in
discriminating high-risk plaques (47).

FUTURE DIRECTIONS

Identification of the vulnerable patient remains a challenge
for cardiology today which partly depends upon progresses
performed by imaging modalities. High temporal and spatial
resolution of anatomical modalities is a prerequisite considering
the small size and motion of coronary arteries. Cardiac hybrid
imaging allows to obtain complementary morphological and
molecular features information in a single setting. CT-SPECT
and CT-PET are widely used, and CMR-PET may represent
an alternative. However, CT-SPECT or CT-PET imaging are
also controversial because of radiation dose issues. Due to
technological progress, the most recent high-pitch scanning
protocols using dual-source CT scanners have lowered doses
into the sub-milli-Sievert range. Safety and dosimetry now
represent important elements to be taken into account in
the development of any radionuclide. This notion of low
irradiation is essential for the repetition of the examinations
during the follow-up. With regards to technological progress,
SPECT detector with cadmium-zinc-telluride (CZT) improve
count sensitivity, system resolution, and energy resolution,
enabling significant reductions in administered activities or
acquisition time, as well as facilitating dynamic SPECT. A
multitude of single-photon emitters is available with half-
lives longer than those of commonly used PET radionuclides,
facilitating their distribution to more remote centers. In addition,
SPECT tracers are relatively inexpensive in comparison of
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PET agents. However, the constant evolution of PET-CT and
SPECT-CT technology makes it challenging to use equipment
combining the latest technological developments in SPECT, PET
(48) or CT. For example, there is no hybrid machine with
the latest evolution of spectral photon-counting CT (49). In
this setting, the development of image fusion software may
represent an alternative by obviating the need for a hybrid
machine combining the latest innovations (50). This process
will be supported by a shift from specializing in a particular
technique that is applied to multiple organ imaging, to a
cardiovascular-based approach in which the diagnostic expert
is more concerned with the integration of results into clinical
decision-making, and the impact of diagnostic imaging on
clinical outcomes.

Images often contain more information than what is
comprehensible by visual inspection. The current development
of radiomics, whereby voxel-level information is extracted from
digital images and used to derive multiple numerical quantifiers
of shape and tissue character, may address this potential.
For example, coronary CTA radiomics may provide a more
accurate tool to identify vulnerable plaques compared with
conventional methods (51). It is important that one keeps in
mind that modalities scans are more than plain images; they
are data. The analysis of such data using artificial intelligence
is currently revolutionizing medical imaging (52). Big data
include enormous numbers of predictors and outcomes with
complex non-linear links, and conventional statistics usually
fail to analysis them. Accordingly, machine-learning algorithms
frequently use recently developed statistical program. Machine
learning combining clinical and CCTA data was found to
predict 5-year all cause of mortality significantly better than
existing clinical or CCTA metrics alone (53). Machine learning
can combine a large amount of data from imaging, but also
from biomarkers, genomics and proteomics to derive the most
accurate risk stratification models (54). The real revolution for
imaging is deep learning. Deep-learning use multiple layers
of convolutional neural networks (CNNs) which learn how
to extract the most relevant data of the image and how
best to combine them to acute event. Unlike radiomic, CNN
can automatically discover such relationships at the pixel
level without being defined before-hand based on human
knowledge (55). Deep-learning is a promising method to develop

future software incorporating further automation techniques
of CADB, would therefore help facilitate more wide spread
clinical adoption.

Above all, the identification of vulnerable patients should
lead to precision medicine (Figure 2). One should not try
to predict MACE but rather to develop strategies that
identify patients at risk of developing MACE who require
individualized drug management. Non-invasive imaging
modalities aim to address this need, but such methods
need to be widely available, safe, accurate, and ultimately
cost-effective in order to ensure a meaningful impact on
healthcare and patient outcomes. Despite its attractivity
for the identification of vulnerable patients, multimodal
imaging has a cost. A screening strategy must therefore be
developed in parallel with imaging. It might be based upon

the careful examination of clinical characteristics such as
traditional risk factors and cholesterol levels and then use
diagnostic test simple and available (i.e., CAC). Patients at
high risk could be referred for screening by multimodality
imaging techniques.

CONCLUSION

Imaging of vulnerable coronary plaque features has advanced
greatly over the past decade and has improved our understanding
of the highly complex and dynamic nature of coronary
atherosclerosis. Despite the many advances in cardiovascular
imaging, the prediction of atherosclerotic plaque rupture
responsible for myocardial infarction remains difficult and
is not applicable in clinical practice. However, multimodal
imaging, in particular CT and nuclear molecular imaging, allow
the identification of major characteristics of the vulnerable
patient. Finally, randomized studies using these technological
innovations will allow us to move toward precision medicine.

AUTHOR CONTRIBUTIONS

MC, LD, and GB-R contributed to conception and design of the
mini review. MC wrote the first draft of the manuscript. AB,
LR, and GB-R wrote sections of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

REFERENCES

1. BodenWE, O’Rourke RA, Teo KK, Hartigan PM, Maron DJ, KostukWJ, et al.

Optimal medical therapy with or without PCI for stable coronary disease. N

Engl J Med. (2007) 356:1503–16. doi: 10.1056/NEJMoa070829

2. Rutter MK, Nesto RW. The BARI 2D study: a randomised trial of therapies

for type 2 diabetes and coronary artery disease. Diab Vasc Dis Res. (2010)

7:69–72. doi: 10.1177/1479164109354145

3. Libby P, Theroux P. Pathophysiology of coronary artery disease. Circulation.

(2005) 111:3481–8. doi: 10.1161/CIRCULATIONAHA.105.537878

4. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS, et al. A

prospective natural-history study of coronary atherosclerosis. N Engl J Med.

(2011) 364:226–35. doi: 10.1056/NEJMoa1002358

5. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from

sudden coronary death: a comprehensive morphological classification scheme

for atherosclerotic lesions. Arterioscler Thromb Vasc Biol. (2000) 20:1262–

7. doi: 10.1161/01.ATV.20.5.1262

6. Arbustini E, Grasso M, Diegoli M, Pucci A, Bramerio M, Ardissino D, et

al. Coronary atherosclerotic plaques with and without thrombus in ischemic

heart syndromes: a morphologic, immunohistochemical, and biochemical

study. Am J Cardiol. (1991) 68:36B−50B. doi: 10.1016/0002-9149(91)90383-V

7. Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S, Rumberger

J, et al. From vulnerable plaque to vulnerable patient: a call

for new definitions and risk assessment strategies: Part I.

Circulation. (2003) 108:1664–72. doi: 10.1161/01.CIR.0000087480.

94275.97

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 February 2022 | Volume 9 | Article 836473

https://doi.org/10.1056/NEJMoa070829
https://doi.org/10.1177/1479164109354145
https://doi.org/10.1161/CIRCULATIONAHA.105.537878
https://doi.org/10.1056/NEJMoa1002358
https://doi.org/10.1161/01.ATV.20.5.1262
https://doi.org/10.1016/0002-9149(91)90383-V
https://doi.org/10.1161/01.CIR.0000087480.94275.97
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Canu et al. Coronary Vulnerable Patients’ Non-invasive Assessment

8. Pasterkamp G, den Ruijter HM, Libby P. Temporal shifts in clinical

presentation and underlying mechanisms of atherosclerotic disease. Nat Rev

Cardiol. (2017) 14:21–9. doi: 10.1038/nrcardio.2016.166

9. Tearney GJ, Jang IK, Bouma BE. Optical coherence tomography for imaging

the vulnerable plaque. J BiomedOpt. (2006) 11:021002. doi: 10.1117/1.2192697

10. Min JK, Shaw LJ, Devereux RB, Okin PM, Weinsaft JW, Russo DJ,

et al. Prognostic value of multidetector coronary computed tomographic

angiography for prediction of all-cause mortality. J Am Coll Cardiol. (2007)

50:1161–70. doi: 10.1016/j.jacc.2007.03.067

11. Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of

the vulnerable plaque. J Am Coll Cardiol. (2006) 47(Suppl.

8):C13–8. doi: 10.1016/j.jacc.2005.10.065

12. Williams MC, Moss AJ, Dweck M, Adamson PD, Alam S, Hunter

A, et al. Coronary artery plaque characteristics associated with adverse

outcomes in the SCOT-HEART Study. J Am Coll Cardiol. (2019) 73:291–

301. doi: 10.1016/j.jacc.2018.10.066

13. Ferencik M, Mayrhofer T, Bittner DO, Emami H, Puchner SB, Lu MT,

et al. Use of high-risk coronary atherosclerotic plaque detection for risk

stratification of patients with stable chest pain: a secondary analysis of

the PROMISE randomized clinical trial. JAMA Cardiol. (2018) 3:144–

52. doi: 10.1001/jamacardio.2017.4973

14. Mushtaq S, De Araujo Gonçalves P, Garcia-Garcia HM, Pontone

G, Bartorelli AL, Bertella E, et al. Long-term prognostic effect

of coronary atherosclerotic burden: validation of the computed

tomography-Leaman score. Circ Cardiovasc Imaging. (2015)

8:e002332. doi: 10.1161/CIRCIMAGING.114.002332

15. Fayad ZA, Fuster V, Fallon JT, Jayasundera T, Worthley SG, Helft G, et

al. Noninvasive in vivo human coronary artery lumen and wall imaging

using black-blood magnetic resonance imaging. Circulation. (2000) 102:506–

10. doi: 10.1161/01.CIR.102.5.506

16. Miao C, Chen S, Macedo R, Lai S, Liu K, Li D, et al. Positive remodeling

of the coronary arteries detected by magnetic resonance imaging in an

asymptomatic population: MESA (Multi-Ethnic Study of Atherosclerosis). J

Am Coll Cardiol. (2009) 53:1708–15. doi: 10.1016/j.jacc.2008.12.063

17. Rix A, Curaj A, Liehn E, Kiessling F. Ultrasound microbubbles for diagnosis

and treatment of cardiovascular diseases. Semin Thromb Hemost. (2020)

46:545–52. doi: 10.1055/s-0039-1688492

18. Kubo T, Maehara A, Mintz GS, Doi H, Tsujita K, Choi SY, et al. The

dynamic nature of coronary artery lesionmorphology assessed by serial virtual

histology intravascular ultrasound tissue characterization. J Am Coll Cardiol.

(2010) 55:1590–7. doi: 10.1016/j.jacc.2009.07.078

19. Arbab-Zadeh A, Fuster V. The myth of the “vulnerable plaque”: transitioning

from a focus on individual lesions to atherosclerotic disease burden for

coronary artery disease risk assessment. J Am Coll Cardiol. (2015) 65:846–

55. doi: 10.1016/j.jacc.2014.11.041

20. Hecht H, Blaha MJ, Berman DS, Nasir K, Budoff M, Leipsic J, et al.

Clinical indications for coronary artery calcium scoring in asymptomatic

patients: expert consensus statement from the Society of Cardiovascular

Computed Tomography. J Cardiovasc Comput Tomogr. (2017) 11:157–

68. doi: 10.1016/j.jcct.2017.02.010

21. Budoff MJ, Shaw LJ, Liu ST, Weinstein SR, Mosler TP, Tseng PH, et al.

Long-term prognosis associated with coronary calcification: observations

from a registry of 25,253 patients. J Am Coll Cardiol. (2007) 49:1860–

70. doi: 10.1016/j.jacc.2006.10.079

22. Williams MC, Kwiecinski J, Doris M, McElhinney P, D’Souza

MS, Cadet S, et al. Low-attenuation noncalcified plaque on

coronary computed tomography angiography predicts myocardial

infarction: results from the multicenter SCOT-HEART Trial

(Scottish Computed Tomography of the HEART). Circulation. (2020)

141:1452–62. doi: 10.1161/CIRCULATIONAHA.120.049840

23. Lee SE, Chang HJ, Sung JM, Park HB, Heo R, Rizvi A, et al. Effects of statins

on coronary atherosclerotic plaques: the PARADIGM Study. JACC Cardiovasc

Imaging. (2018) 11:1475–84. doi: 10.1016/j.jcmg.2018.04.015

24. Lipinski MJ, Frias JC, Amirbekian V, Briley-Saebo KC, Mani V, Samber D, et

al. Macrophage-specific lipid-based nanoparticles improve cardiac magnetic

resonance detection and characterization of human atherosclerosis. JACC

Cardiovasc Imaging. (2009) 2:637–47. doi: 10.1016/j.jcmg.2008.08.009

25. Tang TY, Howarth SP, Miller SR, Graves MJ, Patterson AJ, U-King-Im JM,

et al. The ATHEROMA (Atorvastatin Therapy: Effects on Reduction of

Macrophage Activity) Study Evaluation using ultrasmall superparamagnetic

iron oxide-enhancedmagnetic resonance imaging in carotid disease. J AmColl

Cardiol. (2009) 53:2039–50. doi: 10.1016/j.jacc.2009.03.018

26. Lindner JR. Molecular imaging of cardiovascular disease with

contrast-enhanced ultrasonography. Nat Rev Cardiol. (2009)

6:475–81. doi: 10.1038/nrcardio.2009.77

27. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al.

Efficacy and safety of low-dose colchicine after myocardial infarction. N Engl

J Med. (2019) 381:2497–505. doi: 10.1056/NEJMoa1912388

28. Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, et

al. Colchicine in patients with chronic coronary disease. N Engl J Med. (2020)

383:1838–47. doi: 10.1056/NEJMoa2021372

29. Hara M, Goodman PC, Leder RA, FDG-PET. finding in early-

phase Takayasu arteritis. J Comput Assist Tomogr. (1999)

23:16–8. doi: 10.1097/00004728-199901000-00004

30. Mazurek T, Kobylecka M, Zielenkiewicz M, Kurek A, Kochman J, Filipiak

KJ, et al. PET/CT evaluation of (18)F-FDG uptake in pericoronary adipose

tissue in patients with stable coronary artery disease: independent predictor

of atherosclerotic lesions’ formation? J Nucl Cardiol. (2017) 24:1075–

84. doi: 10.1007/s12350-015-0370-6

31. Tawakol A, Migrino RQ, Bashian GG, Bedri S, Vermylen D, Cury RC, et al. In

vivo 18F-fluorodeoxyglucose positron emission tomography imaging provides

a noninvasive measure of carotid plaque inflammation in patients. J Am Coll

Cardiol. (2006) 48:1818–24. doi: 10.1016/j.jacc.2006.05.076

32. Rogers IS, Nasir K, Figueroa AL, Cury RC, Hoffmann U, Vermylen DA, et

al. Feasibility of FDG imaging of the coronary arteries: comparison between

acute coronary syndrome and stable angina. JACC Cardiovasc Imaging. (2010)

3:388–97. doi: 10.1016/j.jcmg.2010.01.004

33. Li X, Yu W, Wollenweber T, Lu X, Wei Y, Beitzke D, et al.

[68Ga]Pentixafor PET/MR imaging of chemokine receptor 4 expression

in the human carotid artery. Eur J Nucl Med Mol Imaging. (2019)

46:1616–25. doi: 10.1007/s00259-019-04322-7

34. Tarkin JM, Joshi FR, Evans NR, Chowdhury MM, Figg NL, Shah AV, et

al. Detection of atherosclerotic inflammation by 68Ga-DOTATATE PET

compared to [18F]FDG PET imaging. J Am Coll Cardiol. (2017) 69:1774–

91. doi: 10.1016/j.jacc.2017.01.060

35. Skurk T, Alberti-Huber C, Herder C, Hauner H. Relationship between

adipocyte size and adipokine expression and secretion. J Clin Endocrinol

Metab. (2007) 92:1023–33. doi: 10.1210/jc.2006-1055

36. Nerlekar N, Brown AJ, Muthalaly RG, Talman A, Hettige T, Cameron JD, et al.

Association of epicardial adipose tissue and high-risk plaque characteristics:

a systematic review and meta-analysis. J Am Heart Assoc. (2017) 6:e006379.

doi: 10.1161/JAHA.117.006379

37. Mahabadi AA, Balcer B, Dykun I, Forsting M, Schlosser T, Heusch G, et al.

Cardiac computed tomography-derived epicardial fat volume and attenuation

independently distinguish patients with and without myocardial infarction.

PLoS ONE. (2017) 12:e0183514. doi: 10.1371/journal.pone.0183514

38. Goeller M, Achenbach S, Marwan M, Doris MK, Cadet S, Commandeur

F, et al. Epicardial adipose tissue density and volume are related to

subclinical atherosclerosis, inflammation and major adverse cardiac events

in asymptomatic subjects. J Cardiovasc Comput Tomogr. (2018) 12:67–

73. doi: 10.1016/j.jcct.2017.11.007

39. Antonopoulos AS, Sanna F, Sabharwal N, Thomas S,

Oikonomou EK, Herdman L, et al. Detecting human coronary

inflammation by imaging perivascular fat. Sci Transl Med. (2017)

9:eaal2658. doi: 10.1126/scitranslmed.aal2658

40. Oikonomou EK, Marwan M, Desai MY, Mancio J, Alashi A, Hutt Centeno

E, et al. Non-invasive detection of coronary inflammation using computed

tomography and prediction of residual cardiovascular risk (the CRISP CT

study): a post-hoc analysis of prospective outcome data. Lancet. (2018)

392:929–39. doi: 10.1016/S0140-6736(18)31114-0

41. Oikonomou EK, Desai MY, Marwan M, Kotanidis CP, Antonopoulos AS,

Schottlander D, et al. Perivascular fat attenuation index stratifies cardiac risk

associated with high-risk plaques in the CRISP-CT Study. J Am Coll Cardiol.

(2020) 76:755–7. doi: 10.1016/j.jacc.2020.05.078

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 February 2022 | Volume 9 | Article 836473

https://doi.org/10.1038/nrcardio.2016.166
https://doi.org/10.1117/1.2192697
https://doi.org/10.1016/j.jacc.2007.03.067
https://doi.org/10.1016/j.jacc.2005.10.065
https://doi.org/10.1016/j.jacc.2018.10.066
https://doi.org/10.1001/jamacardio.2017.4973
https://doi.org/10.1161/CIRCIMAGING.114.002332
https://doi.org/10.1161/01.CIR.102.5.506
https://doi.org/10.1016/j.jacc.2008.12.063
https://doi.org/10.1055/s-0039-1688492
https://doi.org/10.1016/j.jacc.2009.07.078
https://doi.org/10.1016/j.jacc.2014.11.041
https://doi.org/10.1016/j.jcct.2017.02.010
https://doi.org/10.1016/j.jacc.2006.10.079
https://doi.org/10.1161/CIRCULATIONAHA.120.049840
https://doi.org/10.1016/j.jcmg.2018.04.015
https://doi.org/10.1016/j.jcmg.2008.08.009
https://doi.org/10.1016/j.jacc.2009.03.018
https://doi.org/10.1038/nrcardio.2009.77
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1097/00004728-199901000-00004
https://doi.org/10.1007/s12350-015-0370-6
https://doi.org/10.1016/j.jacc.2006.05.076
https://doi.org/10.1016/j.jcmg.2010.01.004
https://doi.org/10.1007/s00259-019-04322-7
https://doi.org/10.1016/j.jacc.2017.01.060
https://doi.org/10.1210/jc.2006-1055
https://doi.org/10.1161/JAHA.117.006379
https://doi.org/10.1371/journal.pone.0183514
https://doi.org/10.1016/j.jcct.2017.11.007
https://doi.org/10.1126/scitranslmed.aal2658
https://doi.org/10.1016/S0140-6736(18)31114-0
https://doi.org/10.1016/j.jacc.2020.05.078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Canu et al. Coronary Vulnerable Patients’ Non-invasive Assessment

42. Joshi NV, Vesey AT, Williams MC, Shah AS, Calvert PA, Craighead FH, et al.

18Ffluoride positron emission tomography for identification of ruptured and

high-risk coronary atherosclerotic plaques: a prospective clinical trial. Lancet.

(2014) 383:705–13. doi: 10.1016/S0140-6736(13)61754-7

43. Guo B, Li Z, Tu P, Tang H, Tu Y. Molecular imaging and non-molecular

imaging of atherosclerotic plaque thrombosis. Front Cardiovasc Med. (2021)

8:692915. doi: 10.3389/fcvm.2021.692915

44. Andrews JPM, Portal C, Walton T, Macaskill MG, Hadoke PWF, Alcaide

Corral C, et al. Non-invasive in vivo imaging of acute thrombosis:

development of a novel factor XIIIa radiotracer. Eur Heart J Cardiovasc

Imaging. (2020) 21:673–82. doi: 10.1093/ehjci/jez207

45. Chae SY, Kwon TW, Jin S, Kwon SU, Sung C, Oh SJ, et al. A phase 1, first-

in-human study of 18F-GP1 positron emission tomography for imaging acute

arterial thrombosis. EJNMMI Res. (2019) 9:3. doi: 10.1186/s13550-018-0471-8

46. Gijsen F, Katagiri Y, Barlis P, Bourantas C, Collet C, Coskun U, et al. Expert

recommendations on the assessment of wall shear stress in human coronary

arteries: existing methodologies, technical considerations, and clinical

applications. Eur Heart J. (2019) 40:3421–33. doi: 10.1093/eurheartj/ehz551

47. Park JB, Choi G, Chun EJ, Kim HJ, Park J, Jung JH, et al. Computational

fluid dynamic measures of wall shear stress are related to coronary lesion

characteristics.Heart. (2016) 102:1655–61. doi: 10.1136/heartjnl-2016-309299

48. Aide N, Lasnon C, Desmonts C, Armstrong IS, Walker MD, McGowan

DR. Advances in PET-CT technology: an update. Semin Nucl Med. (2021)

S0001-2998:00081-7. doi: 10.1053/j.semnuclmed.2021.10.005

49. Sandfort V, Persson M, Pourmorteza A, Noël PB, Fleischmann D, Willemink

MJ. Spectral photon-counting CT in cardiovascular imaging. J Cardiovasc

Comput Tomogr. (2021) 15:218–25. doi: 10.1016/j.jcct.2020.12.005

50. Veulemans V, Hellhammer K, Polzin A, Bönner F, Zeus T, Kelm

M. Current and future aspects of multimodal and fusion imaging in

structural and coronary heart disease. Clin Res Cardiol. (2018) 107:49–

54. doi: 10.1007/s00392-018-1284-5

51. Kolossváry M, Park J, Bang JI, Zhang J, Lee JM, Paeng JC, et al. Identification

of invasive and radionuclide imagingmarkers of coronary plaque vulnerability

using radiomic analysis of coronary computed tomography angiography. Eur

Heart J Cardiovasc Imaging. (2019) 20:1250–8. doi: 10.1093/ehjci/jez033

52. Maragna R, Giacari CM, Guglielmo M, Baggiano A, Fusini L,

Guaricci AI, et al. Artificial intelligence based multimodality

imaging: a new frontier in coronary artery disease management.

Front Cardiovasc Med. (2021) 8:736223. doi: 10.3389/fcvm.2021.

736223

53. Motwani M, Dey D, Berman DS, Germano G, Achenbach S, Al-Mallah MH,

et al. Machine learning for prediction of all-cause mortality in patients with

suspected coronary artery disease: a 5-year multicentre prospective registry

analysis. Eur Heart J. (2017) 38:500–7. doi: 10.1093/eurheartj/ehw188

54. Krittanawong C, Zhang H, Wang Z, Aydar M, Kitai T.

Artificial intelligence in precision cardiovascular medicine. J

Am Coll Cardiol. (2017) 69:2657–64. doi: 10.1016/j.jacc.2017.

03.571

55. Barone-Rochette G. Will artificial intelligence change the job

of the cardiac imaging specialist? Arch Cardiovasc Dis. (2020)

113:1–4. doi: 10.1016/j.acvd.2019.11.002

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Canu, Broisat, Riou, Vanzetto, Fagret, Ghezzi, Djaileb and

Barone-Rochette. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 February 2022 | Volume 9 | Article 836473

https://doi.org/10.1016/S0140-6736(13)61754-7
https://doi.org/10.3389/fcvm.2021.692915
https://doi.org/10.1093/ehjci/jez207
https://doi.org/10.1186/s13550-018-0471-8
https://doi.org/10.1093/eurheartj/ehz551
https://doi.org/10.1136/heartjnl-2016-309299
https://doi.org/10.1053/j.semnuclmed.2021.10.005
https://doi.org/10.1016/j.jcct.2020.12.005
https://doi.org/10.1007/s00392-018-1284-5
https://doi.org/10.1093/ehjci/jez033
https://doi.org/10.3389/fcvm.2021.736223
https://doi.org/10.1093/eurheartj/ehw188
https://doi.org/10.1016/j.jacc.2017.03.571
https://doi.org/10.1016/j.acvd.2019.11.002~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Non-invasive Multimodality Imaging of Coronary Vulnerable Patient
	Introduction
	Anatomic Features
	Vulnerable Coronary Plaque
	Coronary Atherosclerosis Disease Burden

	Factor of Dynamic Plaque Change
	Inflammation
	Microcalcification Activity
	Thrombogenicity
	Local Hemodynamic Forces

	Future directions
	Conclusion
	Author Contributions
	References


