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Abstract

Purpose Previously, the imaging of atherosclerotic plaque

has been limited to the assessment of vessel stenosis and

occlusion. However, recent technological advances have

allowed for more detailed plaque characterization. This

article will address recent advancements in plaque char-

acterization using both invasive and noninvasive tech-

niques, as well as potential improvements in patient

evaluation and targeted therapies.

Recent Findings Recent findings have demonstrated that

plaque composition affects plaque vulnerability, or the

propensity of a plaque to rupture and cause acute thrombus

formation with potentially life-threatening downstream

implications.

Summary Newly introduced invasive and noninvasive

techniques allow for a comprehensive assessment of

atherosclerotic plaque to classify high-risk patients

requiring more intensive therapy.

Keywords Vulnerable plaque � Plaque characterization �
Atherosclerosis � Computed tomography � Intravascular
ultrasound � Magnetic resonance imaging

Introduction

Atherosclerosis is a systemic inflammatory disease and is

the leading cause of morbidity and mortality in Western

society [1, 2]. Plaque formation evolves gradually through

different stages of development, including endothelial

dysfunction, cholesterol deposition, inflammation, immune

response, extracellular matrix formation, neoangiogenesis,

and thrombosis [3]. Plaque rupture and underlying

endothelial erosion are the most frequent causes of luminal

thrombosis, often leading to acute ischemic events [3].This article is part of the Topical Collection on New Imaging

Technologies.
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The simple anatomical evaluation of stenosis has not

proven effective in characterizing certain plaque features

linked to the risk of rupture [4–8] or in the quantification of

disease activity, another important factor in overall risk

assessment [9]. For these reasons, atherosclerotic plaque

assessment has recently evolved from mere anatomical

imaging to a more comprehensive assessment of plaque

composition to detect plaque vulnerability and disease

activity.

The purpose of this review is to summarize recent

developments in atherosclerosis imaging, including tech-

niques to examine the pathophysiological processes

involved in plaque maturation and rupture, and to offer

insight into future directions for the treatment and diag-

nosis of atherosclerotic disease.

Plaque Vulnerability

Plaque vulnerability is linked to a loss of plaque structural

stability, which may be caused by reduced collagen

content in a thin fibrous cap surrounding a highly

thrombogenic core [1]. Structural instability may also be

caused by metabolic or immune insults that compromise

the endothelial surface overlying a plaque, making it

particularly susceptible to disease progression or rupture

[1].

Among vulnerable plaques, a specific subtype that is

responsible for the majority of plaque ruptures deserves

special mention: Thin-cap fibroatheroma (TCFA) is char-

acterized by a thin fibrous cap (\65 lm), a large lipid-rich

necrotic core [(LRC) total plaque volume[40%], macro-

phage infiltration and inflammation, vascular remodeling,

densely calcified areas ([10%), and a heavy plaque burden

[10].

Invasive Diagnostic Techniques

Invasive coronary angiography (ICA) remains the gold

standard for the evaluation of the presence, distribution,

and severity of atherosclerotic lesions. However, ICA does

not allow for the identification of nonstenotic vulnerable

plaques that remain clinically silent before eventually

causing an acute event [10].

Virtual histology-intravascular ultrasound (VH-IVUS),

near-infrared spectroscopy (NIRS), and optical coherence

tomography (OCT) are techniques performed during ICA

that can characterize plaque and detect specific features

that increase the risk of rupture.

Intravascular Ultrasound

While grayscale IVUS uses the amplitude of reflected

ultrasound waves to generate an image [11] (Fig. 1), VH-

IVUS utilizes iterative-based automated processing of the

reflected ultrasound backscatter signal. This technical fea-

ture allows for an improved delineation of different plaque

components, including fibrous tissue, fibro-fatty tissue, an

LRC, and dense calcifications [12]. An automated pullback

device withdraws the VH-IVUS catheter (either a 20-MHz

phased array or a 45-MHz rotational array) at a preset

speed (e.g., 0.5 mm s-1) to enable the acquisition of a

cylindrical dataset across the artery length and including

the site of the lesion.

Depending on tissue type, concordance between VH-

IVUS and in vitro histopathology following atherectomy

ranges from 87.1 to 96.5% [10, 13–15]. However, one

study demonstrated discrepant results between IVUS and

in vitro histology for the identification of LRC [16].

Due to the limited spatial resolution of IVUS

(100–200 lm), TCFA is more difficult to define. Thus,

most studies adopt a simplified definition that characterizes

any focal, LRC lesion without evidence of overlying

fibrous tissue as TCFA [10, 17]. An in vivo study showed a

correlation between TCFA detected with IVUS and major

adverse cardiac events (MACE), defined as mortality, acute

coronary syndrome (ACS), or unplanned revascularization

[18]. Specifically, the study enrolled patients who under-

went ICA for ACS or stable angina. The presence of TCFA

was determined using VH-IVUS in nonculprit coronary

arteries. Results suggest that the presence of TCFA is

strongly and independently associated with the occurrence

of MACE within 1 year of the procedure (adjusted hazard

ratio [HR] 1.98), proving particularly true for TCFA with a

large plaque burden (adjusted HR 2.90).

For the evaluation of drug-eluting stents, a recent study

has shown the utility of IVUS during percutaneous coronary

interventions (PCI). Results demonstrated a reduction in

MACE following IVUS-guided PCI versus angiographically

guided PCI (odds ratio [OR] 0.79) [19]. In addition, VH-

IVUS may be useful to evaluate changes in plaque compo-

sition following statin therapy, with one study showing a

reduction of LRC volume, total plaque burden, and TCFA at

1-year follow-up in nonculprit lesions [20].

Despite the usefulness of VH-IVUS in the evaluation of

the coronary artery lumen, wall, and associated plaques for

pre- and postintervention assessment of lesion morphology,

this technique is hampered by major drawbacks. Specific

shortcomings include limited spatial resolution, restricted

ability to visualize the thin fibrous cap, and poor sensitivity

in the depiction of lipid-rich plaque (LRP) [10, 17].
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Near-Infrared Spectroscopy

NIRS is a well-established technique that is used to

determine the chemical composition of a particular sample.

Due to this capability, NIRS proves useful in the charac-

terization of atherosclerotic plaque, specifically aiding in

the detection of LRP in the coronary vasculature [21]. In

recently developed catheter-based NIRS systems, optical

fibers emit and receive near-infrared light (ko = 0.8–2.5 -

lm). Each component of the atherosclerotic plaque absorbs

the emitted wavelengths in a specific pattern unique to its

composition, and the reflected signals from the tissue are

then converted to spectra [21, 22]. The physical acquisition

of these spectra with an automated pullback device, in

tandem with their processing by a transformation algo-

rithm, allows one to determine the likelihood that LRP is

present in the vessel wall. These probabilities are depicted

as a chemogram, with red pixels indicating low probability

and yellow pixels indicating high probability [10].

In clinical studies utilizing NIRS, lipid burden is esti-

mated in a semiquantitative manner through the maximum

lipid core burden index (LCBI), which is calculated as a

ratio between the number of yellow pixels and the total

number of valid pixels (red and yellow) in any 4-mm

section of the artery (maxLCBI4mm) [23, 24•, 25•, 26, 27].

New NIRS catheters employ IVUS technology to provide

the operator with information regarding the composition as

well as the structure of plaques within the coronary arteries

[28].

In three studies, Madder et al. demonstrated [24•, 25•,

29] that NIRS imaging can identify vulnerable plaques

with an increased risk of triggering a future myocardial

infarction (MI) at culprit lesions. In a cohort of 20 patients

diagnosed with acute ST-elevation myocardial infarction

(STEMI), investigators showed that a maxLCBI4 mm

threshold [400 distinguished STEMI culprit segments

from regions free of large LRP, with a sensitivity of 85%

and specificity of 98%, as determined by histology [24•].

In 81 patients diagnosed with either non-STEMI

(NSTEMI) or unstable angina who underwent culprit ves-

sel NIRS imaging prior to stenting, a maxLCBI4mm

threshold C400 provided a sensitivity of 63.6% and

specificity of 94.0% in differentiating culprit from non-

culprit segments in the NSTEMI cohort. For the detection

of culprit segments in patients with unstable angina, a

sensitivity of 38.5% and specificity of 89.8% was achieved

using the same threshold [25•].

In a selected cohort of five patients resuscitated from

cardiac arrest, a maxLCBI4mm threshold C400 was

detected by NIRS at each culprit segment [29]. Stone et al.

showed that a maxLCBI4mm threshold C600 was associ-

ated with peri-procedural myocardial necrosis in 24.7% of

cases prior to stent implantation of a single native coronary

lesion [26].

The main limitation of NIRS is that it only provides

compositional information (i.e., the probability of the

presence of a LRP at a given site), without any quantitative

or morphological data (e.g., lumen size, plaque burden)

[27].

Optical Coherence Tomography

OCT uses a low-coherence, near-infrared light source

(center wavelength, ko = 1.3 lm), which is directed

toward and reflected from the vessel wall to generate an

image [30]. Its exceptional spatial resolution (\10 lm
axially; 20–40 lm laterally) allows for precise identifica-

tion of vulnerable atherosclerotic plaque features associ-

ated with a high risk of rupture, including fibrous, lipid-

rich, or calcified lesions, red and white thrombus, and

macrophage infiltration [31].

Compared with histopathology, OCT achieved optimal

results in the evaluation of plaque composition, with a

pooled sensitivity and specificity in ranges of 87–92 and

94–100%, respectively [32].

Fig. 1 Example of various atherosclerotic plaques classified by intravascular ultrasound (IVUS) showing a a fibro-fatty plaque. b a fibro-calcific

plaque. c a calcified plaque. The different types of plaque are indicated by an asterisk in each of the figures
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OCT can be helpful for the in vivo identification of the

thin fibrous cap of TCFA, and calcified and eroded plaques,

all of which are considered high-risk features [31]. More

specifically, plaque erosion has been detected by OCT in

20–30% of culprit lesions, while OCT-determined calcified

nodules, indicating fibrous cap disruption over sites of

calcified plaque, had an incidence of 7.9% in patients with

ACS [33].

Another study demonstrated that fibrous cap thickness,

as determined by OCT, is the best predictor of peri-pro-

cedural MI during PCI in patients with coronary artery

disease (CAD). This was compared to both IVUS-mea-

sured plaque burden and NIRS-measured LCBI (OR 0.90),

as well as cardiac troponin elevations greater than 5 times

the upper limit (OR 0.91) [34•].

In order to prevent unnecessary stenting procedures, the

use of OCT for the detection of plaque erosion may be

particularly beneficial in STEMI patients without apparent

disruption of the fibrous cap. A study performed in patients

with ACS caused by subocclusive plaque demonstrated that

patients with OCT-detected plaque erosion with an intact

fibrous cap benefitted from dual antiplatelet therapy while

avoiding PCI [35]. Moreover, OCT is useful in evaluating

the efficacy of pharmacotherapeutic agents in stabilizing

vulnerable plaques and preventing future rupture [36].

Limitations of OCT include a low penetration depth

(1–2.5 mm), particularly through lipid-rich lesions, which

hinders its capacity to determine plaque burden. In addi-

tion, OCT suffers from the presence of common imaging

artifacts as well as the requirement for a blood-free field

[30, 37, 38].

Non-invasive Diagnostic Techniques

The noninvasive imaging modalities currently available for

atherosclerosis characterization include Computed

Tomography (CT), Magnetic Resonance imaging (MRI),

and Positron Emission Tomography (PET) (Figs. 2, 3).

These various modalities can be used for the evaluation of

multiple vascular regions, providing unique and comple-

mentary information regarding the biologic and morpho-

logic features of plaque development [39].

Computed Tomography

Cardiac CT angiography (cCTA) has the ability to char-

acterize atherosclerotic plaque based on the measurement

of its density in Hounsfield Units (HU). The HU values

traditionally used to classify plaque composition can be

referenced in Table 1 [40, 41••].

Several studies have shown that traditional single energy

(SE) cCTA has a high accuracy in the detection of major

plaque features that are indicative of vulnerability and

associated with the occurrence of acute events. Specific

features of vulnerable plaques able to be detected on cCTA

include low density values (Fig. 3), positive remodeling

[(PR) defined as the ratio between vessel area at the plaque

site and vessel area at a normal reference site[1], spotty

calcifications [(SP) calcium deposits with an arc\90�], and
the presence of a napkin-ring sign (a ring of attenuation

values that are greater than those of the adjacent plaque

tissues but\130 HU) (Fig. 4) [42–45].

A recent study analyzed the diagnostic performance of

cCTA for the detection of obstructive CAD in 185 patients

diagnosed with previous MI. Compared with ICA, cCTA

showed a per-patient accuracy, sensitivity, specificity,

negative predictive value (NPV), and positive predictive

value (PPV) of 96.2, 100, 93.6, 100, and 91%, respectively.

Moreover, cCTA performed well in predicting appropriate

treatment strategies, achieving accuracy, sensitivity,

specificity, NPV, and PPV of 95.1, 100, 90.1, 100, and

91.1%, respectively [43].

Nakazato et al. evaluated the performance of cCTA in

the evaluation of plaque volume and composition using

IVUS as the reference standard. Results from the study

show a similar frequency of LRP (10% vs. 17%), PR (7%

vs. 10%), and SP (27% vs. 33%) between cCTA and IVUS,

respectively (all p[ 0.05). Furthermore, an excellent cor-

relation (r = 0.95) was found for calculations of plaque

volume between independent observers and IVUS [44].

Moreover, in a cohort of 45 patients with ACS, cCTA

demonstrated that culprit lesions were characterized by

larger plaque volumes, higher remodeling indices, and a

significantly higher presence of LRP with a density\30 or

\60 HU, compared with nonculprit lesions [42]. A

prospective study including 895 patients with suspected

CAD undergoing cCTA showed that PR, LRP, and the

napkin-ring sign were predictive factors for future ACS

events. The presence of the napkin-ring sign proved to be

an independent marker for future ACS events and signifi-

cant prognostic implications, even in the absence of other

high-risk features captured by cCTA [45].

These findings are validated by a retrospective study that

assessed the discriminatory value of quantitative

atherosclerotic plaque markers derived from a semiauto-

mated cCTA approach in patients with first ACS compared

to patients with stable CAD (Fig. 5) [41••]. Significantly

higher median segment stenosis score, segment involve-

ment score, noncalcified plaque volume, a higher preva-

lence of positive remodeling, and a longer median lesion

length were observed in the ACS group (all p\ 0.05). On a

per-lesion basis, plaque quantification and characterization

also showed significantly greater median total plaque vol-

ume, noncalcified plaque volume, plaque burden, vessel

remodeling, atheromatous plaque length, and prevalence of
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Fig. 2 cCTA of a 77-year-old man with acute chest pain. a–
c Examples of curved multiplanar reformations showing no evidence

of coronary stenosis (RCA right coronary artery, LAD left descending

coronary artery, Cx left circumflex artery). d Cinematic rendering

reformation showing no pathologic findings

Fig. 3 cCTA of a 62-year-old man presenting with exertional chest

pain with radiation to neck/jaw and left arm. a, b Curved multiplanar

reformations depicting a nonsignificant stenosis of the right coronary

artery (RCA, arrow in a), and a moderate stenosis in the proximal left

anterior descending artery (LAD) caused by a lipid-rich plaque

(arrow in b). c Cinematic rendering reformation demonstrating the

resultant luminal narrowing of the LAD (arrow)
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a napkin-ring sign in culprit versus nonculprit control

lesions (all p\ 0.05) [41••]. Furthermore, the inclusion of

plaque markers to the Framingham risk score yielded the

highest discriminatory value, emphasizing the clinical

impact of plaque characterization as a tool for risk strati-

fication [41••]. In agreement with these findings, a previous

study has shown that machine learning algorithms that

incorporate cCTA data as well as clinical parameters can

increase the predictive value for all-cause mortality and

patient outcomes [46]. Thus, this approach holds promise

for the enhancement of plaque quantification techniques for

risk stratification and decision-making in clinical practice.

Although an extensive body of evidence highlights the

value of SEcCTA in the differentiation of plaque compo-

nents, a previous meta-analysis showed a substantial

overlap in attenuation values between LRP and fibrous

plaque (47 ± 29 and 86 ± 29 HU, respectively). Findings

also suggested that the optimal cutoff value for plaque

differentiation is dependent on the CT system, acquisition

parameters, and the specific vessel of interest [40, 47]. Due

to this high degree of variability, future investigations are

warranted to further define and generalize parameters for

the discrimination of plaque components.

Despite these observations, it has been hypothesized that

the tissue decomposition capabilities of dual energy CT

(DECT) can overcome the system dependence of plaque

characterization experienced in SECT. DECT material

decomposition is based on the photoelectric effect, a pho-

ton absorption phenomenon dependent on the binding

energy of the innermost electron shell (the k shell) for a

particular material [48]. The maximum X-ray attenuation is

observed at energy levels just above the binding energy (k

edge) of different materials. Therefore, the simultaneous

CT acquisition of two X-ray spectra at different peak tube

voltages allows for the detection of specific attenuation

characteristics based on differing energy levels for com-

pounds such as calcium, iodine, uric acid, and iron [48].

However, a prospective study analyzing 20 patients

showed that DECT and SECT had similar sensitivities (45

and 39%, respectively) for LRC detection, compared with

IVUS as the reference standard [49]. Despite the use of

postmortem samples, which effectively control for con-

founding variables linked to body habitus or motion, DECT

mismatched 21% of noncalcified plaques [50]. These dis-

crepant findings may be due to a lack of standardization in

scanning protocol, as the systematic studies that evaluate

the exact energy and/or material basis pairs that optimize

plaque visualization have not yet been performed [51].

Plaque characterization with DECT has been evaluated

in the carotid artery by Mannelli et al. who examined five

ex vivo carotid endarterectomy samples using virtual

monochromatic images (VMI). Images were reconstructed

at energies between 40 and 140 keV, and conventional

polychromatic spectrum CT was employed with peak beam

energies of 80, 100, 120, and 140 kVp. Results were

compared with histology. The VMI dataset achieved the

highest sensitivity for the detection of calcifications (97.4%

at 40 keV) and the most accurate size estimation obtained

when using tube voltages between 80 and 100 keV [52].

Notably, DECT image acquisition allows for the retro-

spective generation of VMI at varying keV levels without

Table 1 Cutoff attenuation values for atherosclerotic plaque com-

ponents and vessel lumen

Vessel components Density values (HU)

Lipid-rich plaque 17–70

Fibrotic plaque 71–124

Intraluminal contrast material 125–511

Calcified plaque [511

Fig. 4 cCTA images of a 56-year-old man with chest discomfort

showing a coronary lesion with napkin-ring sign and positive

remodeling. a–c Curved multiplanar reformation depicts the partially

calcified plaque (arrow in a, arrow head in b, c) and the resultant

partial lumen obstruction. d Axial reconstruction shows the circum-

ferential hyper-dense outer rim of the plaque (arrow) encompassing

the central hypo-dense necrotic core (asterisk). Notably, the total

plaque area is greater than the residual lumen (positive remodeling)
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additional acquisitions, dose penalty, or contrast media

requirements.

Magnetic Resonance Imaging

MRI is a noninvasive technique characterized by high soft-

tissue contrast, in-plane resolution, and reproducibility. It

functions by detecting the radiofrequency from protons

following the application of a strong magnetic field and

subsequently exploits the native relaxation properties of

plaque components to differentiate among the various

phenotypes. The use of nontargeted and targeted contrast

materials modifies these native relaxation properties to help

further delineate the various hallmarks of plaque vulnera-

bility [53, 54] (Fig. 6).

Post-endarterectomy histopathologic analysis has iden-

tified intraplaque hemorrhage (IPH), ulceration, a thin

fibrous cap, and an LRC as crucial plaque features

observed on MRI that increase the risk of atherosclerotic

plaque rupture [54, 55]. Table 2 lists conventional MRI

plaque analysis findings and their corresponding sensitivity

and specificity in the detection of major vulnerable plaque

features [54–59].

Administration of gadolinium-based contrast media is

essential for the differentiation of various plaque compo-

nents, as it is effective in assessing plaque neovascularity

and distinguishing between LRC and fibrous tissue on T1-

weighted images. Indeed, LRC and IPH are avascular and

do not show contrast enhancement, therefore allowing

them to be differentiated from the enhanced fibrous cap of

the plaque [60]. Furthermore, studies have demonstrated

that plaque enhancement is associated with plaque vul-

nerability, neovascularization, macrophage infiltration, and

symptomatic events [55]. Specifically, neovascularity and

macrophage infiltration are observed in 97 and 87% of

regions characterized by contrast enhancement, respec-

tively [61].

Studies with high reproducibility and reliability have

shown that the adventitial volume transfer coefficient

(Ktrans), calculated using dynamic contrast-enhanced

(DCE) MRI, is strongly associated with neovascularity and

inflammation [60, 62, 63]. Furthermore, plaque enhance-

ment on DCE MRI is significantly associated with ipsi-

lateral ischemic events, independent of stenosis severity

[61, 62].

Certain MRI-detectable plaque features have been

shown to be negative prognostic factors for plaque rupture.

A systematic review of nine studies involving 779 subjects

demonstrated that LRC, IPH, and thinning or rupture of the

fibrous cap had hazard ratios (HR) of 3.00, 4.59, and 5.93,

respectively, for transient ischemic attack (TIA) or stroke

[64••]. A recent meta-analysis included 689 subjects pre-

senting with TIA or asymptomatic moderate carotid

stenosis, as determined by sonography, who underwent

carotid MRI. At mean follow-up of 19.6 months, a total of

108 cerebrovascular events occurred (15.7%), and the

presence of IPH was associated with approximately six

times the risk for future adverse events (HR 5.69). In

Fig. 5 cCTA study of a 73-year-old man presenting with NSTEMI.

a cCTA displayed as an automatically generated curved multiplanar

reformation demonstrates severe stenosis of the proximal tract of the

left anterior descending artery (LAD, arrow). b–d Color-coded

semiautomated plaque quantification of the target lesion depicting a

mixed plaque
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addition, IPH was associated with a 17.7% risk of stroke

per year of follow-up [65].

MRI has also been utilized to assess the effects of

pharmacological therapy on plaque stability [66]. A recent

study investigated a cohort of 25 patients with symptomatic

low-grade carotid stenosis (50%) as well as both high-

signal plaque and expansive remodeling observed on MRI.

On T1-weighted images, the presence of IPH was associ-

ated with a high rate of ischemic events, regardless of

whether antithrombotic or statin therapy was used. These

patients underwent carotid endarterectomy with a subse-

quent reduction in the rate of future ischemic events [67].

A retrospective study analyzed 205 patients with high-

grade carotid artery stenosis scheduled for elective revas-

cularization with stenting or endarterectomy. Patients were

divided into two groups: one group was treated with

standard of care, while the other underwent time of flight

MR angiography as a gatekeeper for subsequent

endarterectomy. Decisions for further treatment in the MRI

cohort were based on the presence of a high-intensity

signal in the plaque, as this is considered a sign of insta-

bility. Patients without MRI had a significantly higher

incidence (9.5% vs. 1.8%, p = 0.034) of peri-procedural

adverse events compared with patients in which MRI

determined whether endarterectomy was performed. In

addition, MRI-based treatment selection was the only

independent predictor of peri-procedural events

(p = 0.043) in this study [68••].

Compared with the carotid arteries, the study of coro-

nary vessel walls with cardiac Magnetic Resonance imag-

ing (cMRI) is technically more demanding due to the high

spatial resolution required to properly study the small

luminal area and thin wall [69].

Since cMRI image resolution is proportional to scan

time, an extended scan may be necessary to reach ade-

quate spatial resolution, thus resulting in a higher sus-

ceptibility to motion-related artifacts such as ghosting and

blurring [69].

Fig. 6 MRI and MRA visualization of atherosclerotic disease in a

74-year-old man. 3D reformations (a) and maximum intensity

projection (b) images showing severe stenosis of the left common

carotid artery (white arrows); total occlusion of the left internal

carotid artery (blue arrows); bilateral occlusion of the vertebral

arteries (green arrows); and occlusion of the basilar artery (red

arrows). Axial T2-weighted (c) and postcontrast T1-weighted (d) im-

ages showing a heterogeneous atheromatous plaque in the left

common carotid artery (white open arrows). The lack of flow voids in

the vertebral arteries (blue open arrows) indicates slow arterial blood

flow. Atherosclerotic plaque can also be visualized in the right

common carotid artery with normal flow void (green open arrows)

Table 2 Conventional MRI findings for atherosclerotic plaque components

Vulnerable plaque

feature

MRI sequences MRI finding Sensitivity

(%)

Specificity

(%)

Plaque ulceration 3D TOF, T1w, T2w, PD, black blood MRA,

CET1w

Plaque surface disruption 80 70

LRC T1w Hyperintense 82–100 40–10

Calcification All contrast images Hypointense 76–84 86–94

IPH T1w, Tw fat suppression, TOF MRA IPH\6 weeks-

hyperintense

82–97 74–100

IPH[6 weeks- hypointense

TOF time of flight, PD proton density, MRA magnetic resonance angiography, CET1w contrast enhancement T1 weighted, LRC lipid-rich

necrotic core, IPH intraplaque hemorrhage
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This technical challenge constitutes an unsolved limi-

tation of coronary artery plaque characterization with MRI.

Positron Emission Tomography-Computed

Tomography

PET allows for the detection of underlying pathophysio-

logical processes associated with atherogenesis and sub-

sequent plaque destabilization, particularly through the use

of radiotracers specific to metabolic processes character-

istic of plaque development [70].

F-flurodeoxyglucose (FDG) is utilized to detect vascular

inflammation in the context of FDG-PET/CT [71]. More-

over, an investigation performed by Figueroa et al.

including 513 patients with recent stroke demonstrated that

active carotid inflammation in the context of atheroscle-

rotic disease acts as an independent predictor of recurrent

stroke [72].

Atheroma inflammation may favor plaque microcalcifi-

cation deposits, which can predispose plaques to rupture

due to mechanical disruption of the fibrous cap or inter-

action of preexisting inflammation with the calcium

deposit. This process can be detected using 18F-sodium

fluoride (NaF), since this radiotracer replaces the hydroxyl

group of hydroxylapatite at sites of mineralization, allow-

ing for accurate evaluation [71].

A recent study corroborated the clinical use of NaF-PET

imaging, demonstrating in histological specimens that NaF

was preferentially colocalized to areas of pathological

mineralization, indicative of emerging calcification and

active unstable atherosclerosis. The grade of NaF adsorp-

tion is proportional to the surface area of the mineralized

spots. Consequently, the convex surface structure of

microcalcifications allows for the increased fluoride

bonding relative to macrocalcifications which are charac-

terized by a flatter appearance and reduced surface area

[73•].

In addition, other experiments showed a lack of colo-

calization between regions of macrocalcification and fluo-

ride uptake. Notably, the tracer showed an inverse

relationship to plaque calcium score. This finding suggests

that microcalcification represents an active mineralization

process rather than the macrocalcification burden [74–76].

Furthermore, NaF-PET/CT has proven to be a precise

imaging technique, reaching an intraclass correlation

coefficient of 0.99 [77].

In addition, PET/CT can be applied to measure the

effects of pharmacological treatments on plaque charac-

teristics. Specifically, atheroma stabilization due to the

anti-inflammatory effects of statin therapy can be observed

as a reduction in FDG uptake in serial acquisitions. This

may represent a potential benefit of statin therapy beyond

its lipid reducing effect [78, 79].

Despite its notable role in plaque characterization, the

implementation of PET imaging in atherosclerosis is lim-

ited by its relatively low availability, high cost, increased

radiation exposure, and low spatial resolution (*3 mm). In

addition, in FDG imaging, the proximity of a hand-drawn

region of interest to tissues with high resting metabolic

activity such as ganglia or myocardium may hinder

inflammation detection [70].

Future Directions

Current research in plaque imaging is largely focused on

developing noninvasive methods to guide treatment deci-

sions for patients at risk of an acute event. In terms of

coronary atherosclerosis, CT is the most promising tech-

nique to meet this demand. The interplay of semiautomated

plaque characterization, artificial intelligence, and nonin-

vasive quantification of fractional flow reserve has the

potential to yield a comprehensive assessment of CAD that

allows for the identification of functionally significant

plaque.

Development of new PET tracers is a particularly

promising avenue for clinical application, largely due to

their capacity to highlight underlying pathologic processes

linked to plaque vulnerability. Hybrid PET/MRI is an

innovative technique in which the complimentary nature of

MRI and PET may allow for the simultaneous assessment

of plaque morphology and metabolism [80, 81].

Despite the potential advances of the aforementioned

techniques, the translation of these into a comprehensive

decision-making protocol that incorporates multiple

imaging modalities must be continually re-evaluated with

every new technological improvement.

Conclusion

New developments in imaging and the characterization of

atherosclerotic plaque have improved our knowledge

regarding the pathophysiology of plaque development and

rupture, demonstrating that plaque assessment cannot be

based solely on anatomical parameters. Promising clinical

implications of these improvements have the potential to

benefit a large patient population, with added benefits to

overall patient cost. Specifically, the combination of mul-

tiple noninvasive imaging techniques could be used to

develop clinical strategies that help guide future treatment

decisions, including progression to invasive imaging and

intervention. Despite these potential benefits, further

prospective clinical trials must be performed to demon-

strate how incorporation of these new techniques into

clinical practice affects patient outcomes.
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