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Abstract

Purpose of Review Coronary computed tomography angiography (CCTA) is the diagnostic modality of choice for
patients with stable chest pain. In this review, we scrutinize the evidence on the use of CCTA for the screening of
asymptomatic patients.

Recent Findings Clinical evidence suggests that CCTA imaging enhances cardiovascular risk stratification and prompts the
timely initiation of preventive treatment leading to reduced risk of major adverse coronary events. Visualization of coronary
plaques by CCTA also helps patients to comply with preventive medications. The presence of non-obstructive plaques and
total plaque burden are prognostic for cardiovascular events. High-risk plaque features and pericoronary fat attenuation index,
enrich the prognostic output of CCTA on top of anatomical information by capturing information on plaque vulnerability
and coronary inflammatory burden.

Summary Timely detection of atherosclerotic disease or coronary inflammation by CCTA can assist in the deployment of
targeted preventive strategies and novel therapeutics to prevent cardiovascular disease.

Keywords Coronary computed tomography angiography - Cardiovascular prevention - Cardiovascular risk stratification -

High-risk plaque features - Fat attenuation index

Introduction

Coronary computed tomography angiography (CCTA)
is a non-invasive imaging method to visualize the anat-
omy of coronary arteries in three dimensions with a high
sensitivity for the detection of coronary atherosclerosis
[1]. CCTA has recently gained ground as a first step
diagnostic approach for stable patients with chest pain
and low/intermediate pretest probability for obstructive
coronary artery disease (CAD) [2]. While functional
ischemia tests inform on the presence of obstructive
Iuminal stenoses, CCTA identifies both obstructive and
non-obstructive plaques.

CCTA is currently indicated only for symptomatic
patients, but accumulating evidence advocates for its
use in asymptomatic individuals too. Besides identifying
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calcium and estimating total plaque burden, CCTA
provides information on plaque composition and the
presence of high-risk plaque (HRP) features [3]. Post-
processing of CCTA images can also provide the fat
attenuation index (FAI), a CCTA-derived metric that
detects coronary inflammation based on gradients
in pericoronary adipose tissue CT attenuation [4, 5]
(Fig. 1). Therefore, CCTA is a valuable tool that beyond
diagnosis also reduces the incidence of coronary events,
as shown by the large randomized clinical trials SCOT-
HEART (Scottish Computed Tomography of the Heart)
and PROMISE (Prospective Multicenter Imaging Study
for Evaluation of Chest Pain) [6, 7ee].

In this review, we discuss the evolution of CCTA from
a diagnostic tool of CAD into a companion diagnostic
for the selection of vulnerable patients and the targeted
deployment of preventative treatment. We provide an
overview of novel CCTA-derived imaging biomarkers that
complement the traditional anatomical information pro-
vided by CCTA and discuss the current evidence and chal-
lenges for the introduction of CCTA in everyday clinical
practice as a screening tool in asymptomatic individuals.
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CCTA as a screening tool

Anatomical assessment

Obstructive / non-obstructive CAD

Extent of disease / plague burden
(Duke index, SIS, SSS, CAD-RADS 2.0)

HRP features (LAP, PR, SC, NRS)

LAD=-67.7 HU

Calcified / non-calcified (soft) “

-190 HU

Fat Attenuation Index (FAI) / FAI Score
RCA= -66.2 HU

LCX=-70.1 HU

-70.1 HU

15 HU

higher vascular inflammation

Fig.1 Overview of the diagnostic tools provided by CCTA and
implications for risk stratification and CVD prevention. CAD coro-
nary artery disease, CAD-RADS Coronary Artery Disease Reporting
and Data System, CCTA coronary computed tomography angiogra-
phy, FAI fat attenuation index, HRP high-risk plaque, HU Hounsfield

CCTA for the Anatomical Assessment
of the Coronary Arteries

Coronary Artery Calcium Score (CCS)

Coronary calcium depositions on the coronary wall, mostly
suggestive of coronary atherosclerosis, can be identified and
quantified in non-contrast enhanced CT images [8]. Image
acquisition for Agatston CCS measurement is performed with
the use of low radiation dose (<1 mSv), and calculation of
CCS is easy and inexpensive [9]. Since the seminal study of
Agatston et al. the prognostic value of CCS has been confirmed
in several studies [10-13] and is recommended for enhanced
risk stratification for low- and intermediate-risk asymptomatic
individuals (class IIb) and the deployment of statins [14, 15].
Although the “power of zero”” CCS as a negative risk modifier
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units, LAD left anterior descending, LAP low attenuation plaque,
LCX left circumflex, NRS napkin ring sign, PR positive remodeling,
RCA right coronary artery, SC spotty calcification, SIS segment
involvement score, SSS segment stenosis score

is advocated [16], young individuals may present with “soft,”
i.e., non-calcified plaques. Moreover, statins may increase
plaque calcification, and therefore, the value of calcium scor-
ing in patients under statin treatment is limited [17]. Despite
its limitations, CCS is currently the most widely used imaging
marker to risk stratify asymptomatic individuals.

Epicardial Coronary Artery Disease
and the Significance of Non-Obstructive Plaques

CCTA is highly sensitive and has an excellent negative pre-
dictive value for obstructive CAD [18-20]. Patients without
any luminal stenoses on CCTA have excellent prognosis with
almost no cardiac events (either fatal or non-fatal) in large
clinical studies with a long-term follow-up period, up to ten
years [21-23]. Conversely, obstructive CAD is associated with
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increased mortality risk as shown by the CONFIRM registry
[21]. Importantly, patients with non-obstructive plaques (< 50%
luminal stenosis) also carry higher mortality risk compared to
patients with no coronary atheromatosis [21, 23]. The impor-
tance of non-obstructive plaques has been also highlighted by
the findings of a Danish registry in asymptomatic individuals,
which indicated similar risk for CVD events for patients with
either non-obstructive or obstructive CAD [24]. This finding
is hardly unexpected, given that most culprit plaques for acute
coronary syndromes are small non-obstructive atheromas [25].
This is an important clinical observation, since CCTA is cur-
rently the only imaging modality capable of detecting non-
obstructive plaques in contrary to ischemia tests that rely on
the presence of significant luminal stenoses. The importance of
non-obstructive plaques favors the clinical use of CCTA even
in asymptomatic individuals before the development of angina
symptoms to deploy preventive treatment and reduce the risk
of plaque rupture.

Extent of Coronary Atherosclerosis and Total
Plaque Burden

Beyond the assessment of luminal stenosis, CCTA can also
assess the extent of coronary atherosclerosis. Several scores have
been developed to incorporate CAD extent in CCTA reporting
such as the Duke index [22], segment stenosis score [26], and
segment involvement score [27]. Coronary artery disease-report-
ing and data system (CAD-RADS) is now the recommended
scoring system to describe both CAD severity and extent in
CCTA images [28]. In patients with non-obstructive CAD from
the CONFIRM registry, an added 6% mortality risk was observed
for each additional segment with non-obstructive plaque [29].
Similarly, in patients with obstructive CAD the mortality risk
increased in a dose—response relationship depending on the num-
ber of coronary vessels with obstructive CAD [21]. CAD extent
is closely associated with cardiovascular risk independently of
CAD severity (i.e., traditionally defined as the number of vessels
with obstructive disease); extensive CAD is associated with an
increased risk of MACEs equally for both patients with obstruc-
tive and non-obstructive CAD [30e]. Importantly, coronary
plaque extent offers incremental prognostic value on top of clini-
cal risk profile, the presence, and number of epicardial arteries
with obstructive CAD [31]. The association of CAD extent with
CVD outcomes could justify the initiation or intensification of
preventative measures such as statins, especially in patients with
high plaque burden (e.g., in>5 coronary segments) even in the
presence of non-obstructive CAD [32].

Plaque Phenotyping and High-Risk Plaque Features

Beyond the severity and extent of coronary atherosclerosis,
thanks to its high spatial resolution, CCTA can be used for

plaque characterization or phenotyping. Certain anatomical
plaque characteristics detected by CCTA, known as HRP fea-
tures, flag plaque vulnerability and increased risk for plaque rup-
ture [33]. These features include the presence of low-attenuation
plaque (LAP), positive remodeling (PR), spotty calcification
(SC), and the napkin-ring sign (NRS) [33].

LAPs, commonly defined by a mean attenuation of <30
Hounsfield units (HU) in 3 regions of interest of a non-calcified
plaque, correspond to soft plaques with a large necrotic core
[34]. These plaques are well characterized as vulnerable plaques
in histological studies [35] and are more frequently observed
in culprit lesions for acute coronary syndromes (ACS) than in
stable lesions [33]. In a cohort of 1769 stable patients with chest
pain, LAP burden was a strong predictor of myocardial infarc-
tion (MI), independent of traditional CVD risk factors, CCS, and
area stenosis [36]. PR is defined as an outward compensatory
remodeling of the external elastic membrane leading to a diam-
eter at the plaque site at least 10% larger than this in the proximal
reference luminal area [3, 37]. Presence of PR and LAP features
was associated with thin-cap fibroatheroma (TCFA) with mac-
rophage infiltration by optical coherence tomography [38]. PR
prevalence was significantly higher in culprit lesions for ACS
compared to stables plaques [33]. SC is characterized as a plaque
calcification with diameter less than 3 mm surrounded by non-
calcified components [39]. SC detection by CCTA indicated a
higher risk for the composite endpoint of cardiac mortality and
non-fatal MI, irrespective of clinical risk factors and CAD sever-
ity in a cohort of 1615 patients with a 10.5-year follow-up [40].
NRS is defined by the presence of a plaque core surrounded by
a ring with CT attenuation higher than the core but less than
130 HU [41]. NRS has been closely associated with vulnerable
plaque characteristics such as TCFA in imaging studies [42, 43]
and was highly specific for TCFA identification in pathology
specimens [44]. Prospective clinical data suggest that NRS is the
HRP feature most strongly associated with the risk of a future
cardiac event [41, 45].

While HRP features are predictive for future MACEs, the
presence of HRP features is a common finding (about 15-30%),
and their positive predictive value is only modest [46, 47]. In a
study of 1059 patients, coronary plaques with two HPR features
(PR and LAP) were associated with significantly higher risk
of coronary events compared to plaques with only one feature
(22.2% vs 3.7%, respectively) [3]. The clinical significance of
plaques with>2 HRP features is stressed in the latest CAD-
RADS 2.0 expert consensus document which characterizes
these plaques as HRPs and recommends their inclusion in the
CCTA clinical reporting [48]. HRP feature detection enhances
risk stratification over and above the extent of coronary athero-
sclerosis [49ee]; however, clinical evidence for the management
of such patients is limited. Based on available evidence, the
detection of HRP could justify the initiation or intensification
of preventive treatment such as statins, which reduce plaque
progression and necrotic core volume in HRPs [50].
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Coronary Inflammatory Burden
by Pericoronary Fat Imaging

Imaging of pericoronary adipose tissue (PCAT) has been
recently added to the available imaging markers that can be
extracted from routine CCTA. PCAT attenuation is a validated
method for the quantification of the inflammatory burden of
the coronary arteries. The rationale of using PCAT imaging as
a metric of coronary inflammation is based on experimental
evidence showing phenotypic changes in adjacent PCAT in
response to vascular wall inflammation (i.e., inhibition of adi-
pocyte differentiation and intracellular lipids’ accumulation) [4,
51]. Such changes can be detected on standard CCTA images as
an increase in PCAT CT attenuation. Fat attenuation index (FAI)
has been developed to detect inflammation-driven changes in
PCAT and is a good surrogate marker of vascular inflammation
as shown by pathology, gene expression, and correlated positron
emission tomography (PET) data [4, 52].

Evidence for the prognostic value of pericoronary FAI was
first provided by the large prospective Cardiovascular RISk
Prediction using Computed Tomography (CRISP-CT) study,
which included two independent cohorts of 3912 patients
undergoing clinically indicated diagnostic CCTA [53].
Increased FAI around the right coronary artery (RCA) was
associated with a~7-fold cardiac mortality risk and a~3-fold
all-cause mortality risk. These findings were independent of
traditional CVD risk factors, CAD extent, and HRP feature
presence. Importantly, FAI also enhanced cardiac mortality
risk prognostication, beyond CVD risk factors, CAD extent,
and presence of HRP [53]. FAI retained its incremental prog-
nostic value even after the inclusion of CCS in the prognostic
model for both endpoints. These findings on the prognostic
value of FAI have been confirmed by two recent meta-anal-
yses [54, 55].

Importantly, in contrary to markers of plaque burden or vulner-
ability (e.g., CCS or HRP) that flag irreversible anatomical changes
in the vascular wall, FAI is a biomarker responsive to changes in
the levels of coronary inflammation, e.g., after a plaque rupture
event or the initiation of treatment. A decrease in FAI was observed
in patients who started statin or anti-inflammatory treatment with
anti-TNF-a, anti-IL-12/23, or anti-IL-17 for psoriasis [56-58].
These findings suggest that FAI could be used to select patients
with evidence of coronary inflammation eligible for guiding the
deployment of anti-inflammatory treatments, e.g., colchicine or
novel high-cost therapeutics and monitor disease activity.

The measurement of FAI is currently clinically available
as part of a regulatory-cleared medical device that can be
used for the estimation of coronary inflammatory burden
(FAI-Score) [59]. Age- and sex-specific nomograms and
percentile curves are generated for FAI-Score around each
of the major coronary arteries as reference diagrams to
individually interpret FAI-Score in clinical practice, which
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can be used together with the risk factor profile and CCTA-
derived information on anatomical disease to estimate the
8-year individualized risk for a fatal cardiac event [59].

Preventative CCTA Imaging: Ready
for Prime Time?

Clinical Benefit of CCTA Use: Moving
from Symptomatic to Asymptomatic Populations

The clinical use of CCTA for patients with chest pain is cost-
effective, reducing invasive coronary angiogram referrals and
cardiovascular morbidity and mortality, as shown by real-world
data from a large UK population, including about 2,000,000
individuals [60]. Evidence from large randomized, multi-center
clinical trials indicates that CCTA imaging refines CVD risk
stratification in stable patients with chest pain and is associ-
ated with a reduction of CVD risk, which is most possibly
attributed to the early deployment of preventive measures. In
the SCOT-HEART study, including 4146 patients with stable
chest pain followed-up for~5 years, CCTA on top of standard
care decreased the risk for fatal or non-fatal coronary events
compared to standard care alone [7e¢]. The PROMISE study
showed better MACE prognostication with CCTA than with
functional testing in~9000 individuals [6]. Also, a subanalysis
of the ISCHEMIA trial showed that CCTA performed better
than functional testing in MACE prediction [61].

On the other hand, evidence on the use of CCTA imaging in
asymptomatic individuals is limited. In the large, multicenter,
prospective CONFIRM study, CCTA did not offer incremental
prognostic value when added to a model including risk fac-
tors and CCS [62, 63]. However, significant changes in CCTA
technology and clinical practice have been introduced since
the conduction of these studies. Ongoing studies, such as the
SCOT-HEART 2 (NCT03920176), are expected to provide
a definitive answer to the clinical value of CCTA imaging in
asymptomatic participants with at least one risk factor. Cur-
rently, only the use of CCS is indicated in asymptomatic indi-
viduals for enhanced risk stratification, while the use of CCTA
remains a class III indication in asymptomatic patients based
on the latest clinical guidelines [14, 64, 65].

The main argument against the use of CCTA for popula-
tion screening is the exposure of patients to ionizing radia-
tion and the risks associated with the use of intravenous
iodinated contrast agents. Nonetheless, the overall radiation
dose for CCTA has been considerably reduced over the last
decade through better patient preparation, the implementa-
tion of low-dose tube voltage, and improved data acquisition
protocols with the latest technology CT scanners [66—68],
which can bring CCTA dose down to~ 1 mSv levels similar
to that used for calcium scoring.
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The Rationale of Using CCTA as a Screening Tool

CCTA is an appropriate imaging method for screening, as it
is inexpensive and highly sensitive for coronary atheroscle-
rosis detection. Clinical risk score such as the SCORE-2 [14]
or ASCVD [69] has only modest prognostic performance
and cannot reliably detect patients with subclinical athero-
sclerosis at risk for coronary events. Coronary plaques may
remain latent for years and untreated before they develop any
symptoms either due to obstructive luminal stenosis or acute
rupture. Also, given that most plaques that rupture are non-
obstructive, waiting for patients to become symptomatic and
develop angina before referring them for diagnostic testing
unnecessarily delays treatment. In the recent Danish study
that included 9533 asymptomatic individuals age 40 years
or older, almost half of them (46%) had evidence of coro-
nary atherosclerosis [30e]. Screening by CCTA could per-
mit the early detection of coronary plaques and lead to the
timely administration of preventive treatment (e.g., low-dose
aspirin or statins) to prevent plaque progression or rupture.
CCTA screening for the detection of anatomical disease or
vulnerable plaques could be also justified in individuals with
risk factors not adequately captured by clinical risk scores,
such as autoimmune conditions, chronic infections, or high
lipoprotein(a) to exclude significant disease [70-72].

Moreover, and despite clinical guidelines [14], current
clinical practice is already changing. At least 28% of patients
in the large CONFIRM registry undergoing CCTA were
asymptomatic [29], in which referral for CCTA to exclude
significant CAD was based on the grounds of history of
peripheral arterial disease, cerebrovascular disease, or mul-
tiple CAD risk factors. A multinational survey also showed
34% of CCTA referrals were ordered “for the exclusion of
CAD in clinically healthy patients” [73].

CCTA as a Companion Diagnostic for Lipid Lowering
and Anti-Inflammatory Treatments

Initiation of statins is currently favored for patients at high or
very high CVD risk based on clinical risk scores [14]. CCS can
be used to decide upon earlier (for patients with CCS > 100th
or>75th percentile) or delayed (zero CCS) deployment of
statins [15]. Beyond CCS, high total plaque burden, presence
of HRP, or high FAI-Score could be used to identify high risk
patients likely to benefit from earlier or more aggressive inter-
vention with lipid lowering treatments (LLT), although robust
evidence on the effectiveness of this approach is currently lack-
ing. A more refined approach for the tailored up-titration of
LLT could consider atherosclerosis regression or progression
in response to LLT and the administration of newer therapeutics
such as PCSK9 inhibitors or inclisiran.

Residual cardiovascular risk, beyond lipid lowering,
includes the tackling of vascular inflammation which is a

major cause of atherosclerosis development, plaque pro-
gression, and rupture. Methods for the detection of vascular
inflammation are useful to detect vulnerable individuals at
risk for events. Next to LLT, CCTA could help in the precise
deployment of anti-inflammatory agents to those patients
that need them the most. Colchicine administration is cur-
rently recommended for high CVD-risk patients, especially
in the secondary prevention setting [14], although so far, we
have been currently lacking a companion diagnostic to guide
the administration of novel high-cost anti-inflammatory
therapeutics with evidence of coronary inflammation. Cur-
rently, the only method for the detection of residual inflam-
matory risk is the use of plasma biomarkers of inflammation
such as C-reactive protein which however are non-specific to
arterial inflammation. In a large meta-analysis of available
data from prospective clinical studies, we have shown that
the use of plasma biomarkers of inflammation provided only
minimal increments in risk prognostication over the clinical
risk profile [49ee]. Conversely, the use of imaging, particu-
larly the combination of FAI with HRP in CCTA may be a
more efficient approach to capture residual inflammatory
risk (Fig. 2), with significant additive prognostic information
offered on top of clinical risk profile or CAD extent [49ee].
Pericoronary FAI mapping and FAI-Score estimation could
be used to monitor disease activity and residual risk despite
control of traditional risk factors and help in the deployment
of novel therapeutics such as canakinumab [74], rilonacept,
or ziltivekimab [75]. The role of CCTA as a screening tool
in asymptomatic individuals is presented in Table 1.

Current Tools and Future Perspectives

CCTA can reliably detect the presence and extent of coro-
nary atherosclerosis and plaque characteristics related
to adverse outcomes (HRP features). Post-processing of
CCTA images can also contribute to the identification of
coronary inflammatory burden by pericoronary fat imag-
ing. All these modalities maximize the prognostic output
of CCTA, identifying CVD risk beyond clinical risk fac-
tors. The combination of risk factor profile, CAD extent,
plaque phenotype, and coronary inflammatory burden
into a single metric [59] paves the way for the deployment
of precision medicine in cardiovascular prevention. For
example, patients with high inflammatory burden could
benefit from statin and/or anti-inflammatory treatment
such as colchicine [14]. Data from the Oxford Risk Fac-
tors And Non Invasive Imaging Study (ORFAN Study),
comprising a large dataset of 250,000 individuals with
available CCTA datasets and a clinical follow-up of up
to 15 years, is expected to provide further insights into
the clinical use of CCTA in low-risk populations and
provide a benchmark for developing and testing novel
Artificial Intelligence (AI)-derived risk markers [76]
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Imaging biomarkers
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Fig.2 According to a meta-analysis of available published evidence
from clinical studies (n=351,628 individuals), plasma biomark-
ers offer only minimal incremental prognostic information on top of
clinical risk factors for major adverse cardiovascular events. Con-
versely, the added prognostic value of imaging biomarkers on top of
patient risk profile and coronary atherosclerosis extent is significantly
greater than that of plasma biomarkers. The combination of high-risk
plaque features with the perivascular fat attenuation index (FAI) by
CT was associated with the maximum added prognostic information

with appropriate validation before regulatory approv-
als for clinical use [77]. Algorithms for the automated
segmentation of coronary plaques and quantification of
total plaque burden are already under development and
could be ready soon for clinical use, refining risk predic-
tion. Beyond coronary atherosclerosis, automated algo-
rithms have been developed to automate the quantifica-
tion measure epicardial adipose tissue volume in CCTA
images from the ORFAN study [78]. Application of Al on
CCTA images has been successfully applied to generate
novel risk metrics and radiomic features with prognostic

—

5=

TNFa PET/CT CT-HRP CT-PVAT

among the studied vascular inflammation biomarkers. CRP C-reactive
protein, HRP high-risk plaque, IL-6 interleukin-6, PET/CT posi-
tron emission tomography/computed tomography, PVAT perivascu-
lar adipose tissue, TNF-a tumor necrosis factor o (Reprinted from:
Antonopoulos AS et al. ] Am Coll Cardiol Img. 2022 Mar, 15 (3)
460471, with permission from Elsevier) [49®®]. (Parts of the figures
were drawn by using pictures from Servier Medical Art (http://smart.
servier.com/), licensed under a Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/licenses/by/3.0/))

value, such as the radiomic texture of PCAT associated
with tissue fibrosis and vascularity which is prognostic
of MACEs [79] or the inflammatory footprint of COVID-
19 [80] to assess COVID-19-related CVD risk and guide
treatment. Other studies based on CT radiomics reported
culprit lesion discrimination [81], discrimination of acute
MI from unstable angina [82], and enhanced risk prog-
nostication for MACEs [83]. The integration of Al tools
in cardiovascular prevention and risk stratification is only
around the corner, and large real-world CCTA datasets
such as ORFAN are invaluable resources towards this end.

Table 1 Rationale on the use of coronary computed tomography angiography (CCTA) as a screening tool in asymptomatic individuals

Strengths

‘Weaknesses

e Refined risk stratification (over clinical scores)

e Detection of CAD in populations with non-traditional risk factors, e.g., autoimmune disease, HIV,

high lipoprotein(a)
o Timely identification of latent plaques
e Timely deployment of treatment

o lonizing radiation risks

e Risk associated with contrast agents
e Data on incremental prognostic value
o Data on cost-effectiveness

e Detection of risk associated with non-obstructive plaques and plaque burden

o Detection of high-risk plaques

o Quantification of coronary inflammatory burden by PCAT imaging
o Tailored administration of lipid lowering treatment

o Tailored administration of anti-inflammatory agents

CAD coronary artery disease, HIV human immunodeficiency virus, PCAT pericoronary adipose tissue
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Conclusions

The detection of non-obstructive disease, high-risk plaques, and
coronary inflammation by pericoronary fat imaging, as well
as the steadily decreasing doses of ionizing radiation used,
provides solid rationale on the use of CCTA for detecting
asymptomatic individuals at risk for events. In the real-world
practice, CCTA usage is already gaining ground as a screening
tool, and ongoing studies are expected to provide an answer
on the efficacy of this approach to reduce CVD risk and hard
clinical endpoints. Next to refined risk stratification, CCTA has
the potential to be used as a companion diagnostic for the tai-
lored deployment of lipid lowering or anti-inflammatory treat-
ments to those patients likely to benefit the most. Therefore,
the conceptual framework and technological prerequisites on
the preventative use of CCTA are mature, but stronger clinical
evidence is required on the cost-effectiveness of this approach
and introduction into clinical care pathways for the screening
asymptomatic individuals or guiding treatments.
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