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ABSTRACT

Non-invasive atherosclerosis findings have been demonstrated to provide incremental diagnostic and predictive values for ischemia, acute coronary syndrome, and
cardiovascular outcomes. The challenge is to translate research findings to a clinical role. Here, we review the current utility of atherosclerotic imaging and the
incremental value of plaque imaging. We also evaluate future clinical and research implications for three patient populations: asymptomatic prevention, stable chest

pain, and acute chest pain.

1. Introduction

Coronary artery disease remains the leading cause of death in the
United States, and the majority of deaths are not preceded by coronary
symptoms.’ Coronary computed tomographic angiography (CCTA) de-
monstrates a high negative predictive value for the evaluation of lu-
minal obstruction.” However, as the majority of myocardial infarctions
are preceded by non-obstructive plaques, increasing attention has
turned to evaluation of atherosclerosis anatomy. This includes non-
obstructive plaque, plaque composition, and adverse plaque features
(also known as atherosclerotic plaque characterstics, APCs).>® (see
Figs. 1 and 2)

As proof of concept, invasively determined APCs that correlated
with high risk histopathologic features in sudden coronary death pre-
dicted future culprit lesions in the PROSPECT trial.® However, non-in-
vasive techniques such as CCTA would improve the generalizability and
applicability of atherosclerosis imaging. In this review, we will discuss
the clinical role of non-invasive atherosclerosis imaging by CCTA and
outline potential knowledge gaps for future investigation.

Some desirable clinical goals with coronary atherosclerosis imaging
include prognostication, decision making for preventive medical
therapy, and decision making for referral to invasive angiography. We
will review these goals in the context of three major patient groups
(Table 1): asymptomatic patients for consideration of preventive
therapy, stable patients suspected of coronary artery disease,and acute
chest pain patients.

2. Atherosclerosis imaging in prevention

Preventive medical therapy for coronary artery disease has been
prescribed using clinical risk scores and targeting high-risk groups with
sufficiently elevated risk equivalents, such as diabetics and elderly. The
population-based approach has been favored over the use of tools such
as coronary artery calcium (CAC) to individualize patient risk stratifi-
cation. New evidence and guidelines over the last year have brought
this approach strongly into question. Aspirin for primary prevention
demonstrated no overall benefit in the ASCEND and ARRIVE trials for
diabetics and older adults respectively, and the 2018 ACC/AHA
guidelines for lipid-lowering preventive therapy added an increased
role for risk enhancers such as CAC.”

Currently, the guideline-recommended clinical role of athero-
sclerosis imaging in primary prevention is in the use of CAC as a risk
enhancer to reclassify borderline and intermediate risk patients.” CAC
scoring has consistently demonstrated incremental prognostic value
over Framingham Risk Score and individual risk factors, most notably
in the MESA study, an NHLBI-sponsored population-based cohort of
6814 patients.'® Importantly, a CAC score of 0 demonstrates a 10 year
event rate of 1.1-1.7%, and the absence of CAD reclassifies 41% of
statin recommended candidates as not eligible for statin therapy.'’-'*
The MESA, Dallas Heart and Heinz-Nixdorf Recall Study were used to
develop a summary risk score for CAC and risk factors for shared de-
cision-making."?

Additional CAC evaluation besides Agatston score may enhance risk
prediction. CAC plaque features offer prognostic value above score
alone. CAC density, defined as CAC score divided by CAC volume, was
observed by Criqui et al. in the MESA cohort to be inversely associated
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Fig. 1. Precursors of ACS and controls as identified by CCTA. A. Adjudicated first ACS cases with CCTA measurements (n = 234) of a nested case-control cohort of
25,251 patients undergoing CCTA exhibit elevated fibro-fatty and necrotic core volumes (65.2 + 95.4 mm3); 34.6% exhibit diameter stenosis >=50% and 52.1%
exhibit high-risk plaque. B. Non-event controls propensity matched by demographics, risk factors, and number of obstructive vessels by CCTA exhibit lesser fibro-
fatty and necrotic core volumes (45.6 *= 68.8, multivariate adjusted p = 0.008) with no difference in calcified or total plaque volumes (p = NS for all); %DS and HRP
are significantly decreased in control patients (p < 0.05 for all). Inset image. A 67-year old man with NSTEMI. One year previously he underwent CCTA for typical
angina, demonstrating nonobstructive CAD. ICA was performed during the NSTEMI, with PCI of the LAD (white arrow) that was adjudicated as the culprit lesion by
EKG findings. The baseline CCTA precursor lesion to which the culprit was aligned exhibited 41%DS (asterisk indicates lumen in cross-section), HRP with PR, LAP,
SC, and high cross-sectional plaque burden. The second OM (gray arrow) also appeared diseased at the time of the NSTEMI, but did not undergo PCI. The baseline
CCTA precursor lesion to which the OM was aligned exhibited 13%DS (asterisk indicates lumen in cross-section) with PR but no other features of HRP. Compared to
the OM precursor lesion, the LAD precursor lesion demonstrated longer lesion length, higher plaque volume, and a lower percentage of calcified plaque. C. Culprit
lesion precursors exhibit elevated fibro-fatty and necrotic core volumes (31.32 + 55.5 mm3). D. Within-patient controls, using the non-culprit with the highest
baseline %DS, exhibit lesser total plaque and necrotic core volumes (p < 0.05 for both). E. Between-patient controls, using the lesion with the highest %DS in the
control patient, exhibit lesser non-calcified plaque components (p = 0.04), but no decrease in calcified plaque volume (p = NS). ACS, acute coronary syndrome; CAD,
coronary artery disease; CCTA, coronary computed tomographic angiography; %DS, percent diameter stenosis; EKG, electrocardiogram; HRP, high-risk plaque; ICA,
invasive coronary angiography; LAD, left anterior descending artery; LAP, low-attenuation plaque; NRS, napkin-ring sign; NS, nonsignificant; NSTEMI, non-ST
elevation myocardial infarction; OM, obtuse marginal; PR, positive remodeling; SC, spotty calcification. (Adapted with permission from JACC Imaging).

with risk independent of CAC volume.'* Blaha et al. observed among repeat scanning after 5 years was more predictive of MACE events and
the same patients that multivessel CAC adds significantly to CAC for easier to interpret than CAC progression.'® CAC progression is primarily
prediction of CHD and CVD events.'® Sex-specific interpretation of useful in primary prevention patients not taking statins; patients taking
atherosclerosis imaging may also be important. Among 63215 asymp- statins have improved outcomes with paradoxically faster vascular
tomatic patients in the multicenter CAC consortium, CAC density was calcification and decreased non-calcified plaque.’®° In the St. Francis
not independently predictive of CV mortality in women (p = 0.51), but Heart Study, statins reduced MACE events while increasing CAC score.
was in men (p < 0.001).'® Within CAC subgroups, women had fewer Thus, statin prescription appears to decouple the link between calcifi-
calcified lesions and vessels, but greater lesion size and plaque density cation and outcomes, and CAC progression is not interpretable.
compared to men. Detectable CAC was associated with 1.3-fold higher CCTA, which can visualize stenosis severity and non-calcified
hazard for CV death among women compared to men (p < 0.001). plaque, improves plaque imaging compared to CAC. Given the large
The role of serial CAC is not welldefined. Budoff et al. observed in body of primary prevention data and the historically lower radiation
the MESA cohort that elevated CAC progression is associated with an dose of CAC, CCTA is rated as inappropriate for primary prevention
increased risk for future CHD events independent of baseline CAC, with patients.”*' However, the incremental prognostic value of CCTA to
an adjusted hazard ratio of 1.2 (1.0-1.9) for every 100 units annual CAC is apparent in certain subpopulations with intermediate CAC and

change in CAC.'” Lehmann et al. suggested a simpler approach with the in the elderly. For intermediate CAC, in the CONFIRM study, Cho et al.
Heinz Nixdorf Recall Study, demonstrating that the follow-up CAC on found that among 3217 asymptomatic individuals that CCTA stenosis
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NSTEMI ICA : RCA culprit lesion

Baseline CCTA: 37% diameter stenosis

Calcified >350 HU

Fig. 2. 51 year old female smoker with atypical chest pain presenting to the ED.
An initial troponin was normal with nonspecific EKG changes, and she under-
went CCTA with multiple nonobstructive lesions with HRP. Later that day the
repeat troponin became abnormal and she was referred for ICA, which revealed
an RCA culprit lesion (white arrow) The CCTA precursor lesion to which the
culprit was aligned exhibited 37%DS (blue arrow), HRP with PR and LAP, and
no SC or NRS. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)

severity provided incremental prognostic utility in individuals with
CACS>100, with an increment in area under the curve of 0.24 and NRI
of 0.62 (p < 0.001 for all), but not among those with CACS < 100 or
> = 400.%? For the elderly, Han et al. found that CCTA stenosis severity
improved discrimination and reclassification beyond Framingham Risk
Score and CAC only among patients in the highest tertile of age >62. It
may be that in age <62, there are insufficient patients with CACS >100
for significant information gain by CCTA.?®

Additionally, CCTA allows visualization of noncalcified plaque
characteristics associated with plaque rupture that cannot be observed
with noncontrast CAC. Motoyama et al. initially defined atherosclerotic
plaque characteristics (APCs) of unstable high-risk plaques (HRP) as
positive remodeling (HU), noncalcified low-attenuation plaque (LAP)
with Hounsfield unit <30, and spotty calcification (SC).** Subse-
quently, in a single center cohort of 3158 patients, she observed that the
presence of both PR and LAP in HRP predicted ACS independent of
clinical risk factors and stenosis.>®> Maurovich-Horvat and colleagues
additionally identified in histopathology the napkin-ring sign (NRS),
which is relatively rare compare to the other APCs, correlates best to
advanced fibroatheroma and strongly predicts MACE events.’®?’ Ta-
kamura et al. observed that in a consecutive cohort of 495 consecutive
patients and only 9 cardiac events, the presence of PR or LAP was an
independent predictor of cardiovascular events above CACS alone, with
an NRI of 0.96 (p < 0.007).%®

As newer scanning protocols lower CCTA radiation doses to ap-
proach those of CAC and newer tools are developed to automatically
quantify non-calcified coronary plaque that may not be visualized by
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CAC, CCTA based atherosclerotic imaging may become more applicable
to primary prevention. Future applications in primary prevention may
include presence of CCTA-visualized nonobstructive plaque for risk
reclassification and plaque quantification or APCs for risk prediction, or
CAC to exclude low-risk older patients or diabetics that will gain in-
sufficient benefit from aspirin. In addition, CCTA may be useful in
younger patients with non-traditional risk factors and less calcification
such as autoimmune disorders, gestational diabetes and preeclampsia,
HIV or oncology treatment.

3. Atherosclerosis imaging in stable coronary disease

Currently, the primary clinical role of atherosclerosis imaging in
stable coronary artery disease is in the use of luminal evaluation for
decisions on referral to ICA, and to improve patient risk stratification
for decisions on medical therapy. In the CONFIRM study, early re-
vascularization reduces the 1-year mortality in high- and intermediate-
risk, but not low-risk CAD, as determined by CCTA.?° The severity and
extent of any coronary plaque, whether obstructive or nonobstructive,
is prognostically and therapeutically important. Improved preventive
treatment in the CCTA arm of the SCOT-HEART trial, perhaps due to
CCTA-visualized nonobstructive CAD and HRP, is attributed for the
dramatic 41% reduction in 5 year MACE.*°

The prognostic importance of HRP has been validated in several
large studies of symptomatic patients, most notably in the SCOT-
HEART and PROMISE randomized controlled trials. In the CCTA arm of
the SCOT-HEART study, the presence of either PR or LAP increased
MAGCE events threefold.>’ The SCOT-HEART investigators observed no
incremental prognostic value for HRP or obstructive CAD above CACS
in 1778 symptomatic patients.>’ Although, the CCTA was necessary to
determine the primary study endpoint of angina diagnostic certainty.>'
In the CCTA arm of the PROMISE trial, high-risk plaque independently
predicted MACE above and beyond ASCVD risk score and stenosis se-
verity, particularly in patients with nonobstructive CAD.** This was
also a stronger predictor in women and younger patients, who are more
likely to exhibit nonobstructive disease.’” Based upon this data, the
Coronary Artery Disease — reporting and data system (CAD-RADS)
consensus document recommends reporting of HRP inclusive of PR,
LAP, SC, and NRS as a separate modifier independent of coronary artery
disease severity.>®> Given the benefit of treatment for nonobstructive
CAD and the particular prognostic importance of HRP in women with
nonobstructive disease, it is all the more important to reduce sex dis-
parities in treatment and prevention. In the PROMISE trial, even
women with abnormal noninvasive tests were significantly less likely to
receive downstream statins than men.>*

HRP may identify features that promote plaque rupture, but non-
HRP coronary plaque can lead to ACS events when HRP is obscured by
calcium or other artifacts. This could be via non-rupture mechanisms of
coronary thrombosis, such as plaque erosion and calcified nodule. Thus,
investigators have found that simple qualitative characterization of
plaque extent by the number of involved segments, or of composition as
calcified, noncalcified, and mixed plaque, can be prognostically useful.
Several scores incorporating qualitative plaque composition have ob-
served the adverse effect of non-calcified and mixed plaque compared
to calcified plaques, including the CONFIRM risk score and the CT-
Leaman score.’>*° Most recently, the Leiden risk score utilized the
Leiden and CONFIRM cohorts to derive and validate a score inclusive of
plaque extent, location, and composition.?” They found improved dis-
crimination when added to clinical risk factors (0.768 vs 0.742,
p = 0.001) compared to the CADRADS classification of stenosis se-
verity.>” Furthermore, in the CONFIRM study, a machine learning score
incorporating only the stenosis and plaque composition from a 16-
segment coronary tree exhibited greater discrimination (AUC 0.771)
than other scores including the Duke prognostic index, the segment
stenosis score, and the CT-Leaman score (ranging from 0.685 to 0.701,
p < 0.001 for all).*®
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Table 1
Future directions with plaque imaging in major clinical categories.
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Standard of care

Future directions with plaque imaging

Primary prevention  Agatston score as risk enhancer for ASCVD risk categories
Individualized risk prediction with MESA CAC score
Presence of obstructive CAD for referral to invasive coronary
angiography

Segment-based scores for risk assessment

Presence of HRP for elevated risk

Absence of CAD for rapid discharge from ED

Stable CAD

Acute chest pain

Improved scores for risk prediction incorporating novel CAC evaluation
Risk prediction with CCTA

Treatment of nonobstructive coronary artery disease for risk reduction
Precision risk prediction with quantitative and qualitative plaque evaluation

Normal hsTnlI and low-risk nonobstructive, non-HRP CAD for rapid discharge from
ED

Quantitative plaque imaging, a time-consuming research technique,
can provide more valuable insights into stable coronary disease. Plaque
burden is frequently quantified as plaque volume or as percent
atheroma volume (PAV, defined as plaque volume/vessel volume con-
gruent to the invasive vascular ultrasound literature, and also termed
variously as mean plaque burden or aggregate plaque volume), and is
associated with ischemia in vessel-specific ischemia.®**° Furthermore,
the importance of individual plaque components was demonstrated in
the ICONIC study, a nested case-control study within the CONFIRM
cohort of 234 patients with downstream ACS compared to non-events
propensity matched for CAD risk factors and CCTA-evaluated ob-
structive (> =50%) CAD.* Over 65% of ACS patients had non-ob-
structive CAD at baseline, highlighting the importance of plaque eva-
luation, although maximal percent diameter stenosis severity was
higher in cases than controls (Figure). ACS patients did not differ sig-
nificantly from matched controls by total plaque, calcified, or fibrous
plaque volume, but had significantly higher fibrofatty (58.7 + 85.8 vs.
41.4 + 62.2mm>, p = 0.009) and necrotic core volumes. An important
measure from the PROSPECT study, the maximal cross-sectional plaque
burden (defined as the plaque area over the vessel area), was also sig-
nificantly higher in cases than controls (66.1 + 25.8 vs. 56.5 *+ 28.7,
p < 0.001). On the other hand there was no significant difference in the
mean plaque burden (also known as PAV, defined as the total plaque
volume over the total vessel volume). ACS patients exhibited HRP more
frequently than controls (52.1% vs 33.3%, p = 0.003), but a significant
fraction of the precursor lesions did not exhibit HRP. This highlights a
risk prediction gap that may improve with quantitative plaque eva-
luation.

Quantitative plaque evaluation also permits careful evaluation of
plaque progression. In the PARADIGM multinational registry of 1335
patients who underwent serial CCTA > 2 years apart, both baseline and
annualized change in PAV significantly improved risk prediction for
MACE.*! Quantitative plaque evaluation also provides an explanation
for the negative results of the St. Francis Heart Study. Lesions in the
statin-exposed patients compared to statin-naive patients exhibited a
slower overall and noncalcified PAV progression, but faster calcified
PAV progression (p < 0.001). In addition, statins were associated with
a 35% reduction in HRP development.® As a corollary, in statin-naive
patients, CACS progression is positively associated with non-calcified
plaque progression, but in statin-exposed patients, CACS progression is
negatively associated with non-calcified plaque progression.’® Thus,
CCTA-visualized plaque progression of separate plaque components
may be a promising tool for monitoring efficacy of therapy.*?

In the future, APC and automated quantitative plaque imaging may
be utilized to identify low-risk nonobstructive plaques that are below
the risk-benefit threshold of medical therapy, and high-risk plaques
(whether obstructive or not) that may exhibit ischemia and will benefit
from revascularization. Serial plaque quantification may be useful in
selected high-risk patients to monitor response to therapy and to re-
classify risk.
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4. Acute chest pain

Currently, CCTA has a class Ila, Level of Evidence B recommenda-
tion for acute chest pain with low-to-intermediate pretest likelihood of
ACS and negative EKG and biomarkers.*® CCTA exhibits a sensitivity of
95% and a specificity of 87% to detect ACS in patients with chest pain
in the ED, and has been demonstrated to safely permit earlier discharge
and time to diagnosis.** However, approximately one fifth of acute
chest pain patients with ACS have nonobstructive coronary disease, so
HRP is critically important for improved triage of ACS.*®

In ROMICAT II, at least one high-risk plaque feature was present in
95% of patients with ACS and 30% without ACS (p < 0.001), and all
nonobstructive ACS patients had at least one high-risk plaque.
However, while approximately 2/3 of patients with = 50% stenosis
have ACS, only 1/5 of patients with any HRP features have ACS. Even
the highest-risk HRP feature of napkin ring sign has a positive pre-
dictive value of <50%. Thus, acute chest pain patients with = 50%
stenoses or any high-risk plaque feature cannot be safely discharged,
but should not be automatically sent to invasive coronary angiography.
Plaque imaging should determine which patients should be observed
for a longer duration, and ACS patients should be subsequently referred
to ICA on clinical grounds. An algorithm incorporating CCTA stenosis
severity and HRP with high-sensitivity cardiac troponin may safely
exclude acute chest pain patients with low risk for ACS.*® Furthermore,
in a modeling exercise among acute chest pain patients eventually di-
agnosed as non-ACS, the presence or absence of nonobstructive CAD
would result in reclassification of 14% patients for statin eligibility
compare to ASCVD risk score.*”

The time pressure for acute chest pain highlight some major chal-
lenges of plaque imaging and adoption in routine clinical practice.
Plaque imaging requires excellent image quality and greater inter-
pretation time. In addition, the interobserver variability of APCs may be
a limiting feature; that of spotty calcification is quite low (kappa 0.28),
while that of napkin-ring sign is quite high, at least in research cohorts
(kappa 0.86)°°*® In the future, automated plaque quantification or
machine learning detection of high-risk features in ED patients may
provide improved risk stratification for discharge and ICA referral.

5. Conclusions and future directions

Recent studies have highlighted the prognostic value of athero-
sclerosis plaque imaging with APCs and quantitative plaque composi-
tion, but trials that integrate atherosclerosis plaque imaging in ther-
apeutic choices have not yet been performed. In current practice, we
highlight the value of reporting CAC and CCTA findings according to
current interpretation guidelines. For primary prevention, we empha-
size the use of CAC findings as a risk enhancer for primary prevention.
For stable CAD, we highlight the evaluation of HRP and qualitative CT
scores in stable CAD, and the mortality benefit of medical therapy for
nonobstructive CAD. For acute chest pain, we emphasize the im-
portance of HRP evaluation in addition to stenosis severity, as the
prevalence of nonobstructive CAD in ACS is not low.

In the future, important steps are needed to incorporate plaque
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imaging into clinical practice for maximal information gain. First, de-
velopments in automated plaque quantification, machine learning, and
radiomic plaque features will reduce the time and interobserver
variability of plaque evaluation. Second, incorporation of HRP and
novel imaging markers into risk scores specific to asymptomatics, stable
CAD and acute chest pain will allow risk-benefit analysis and shared
decisionmaking. Third, trials that incorporate plaque evaluation into a
treatment strategy will allow translation of imaging into action.
Dramatic changes in the clinical role of atherosclerosis plaque imaging
are on the horizon.
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