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Abstract

The world of cardiac imaging is proposing to physicians an ever-increasing spectrum of options and tools with the disad-
vantages of patients presently submitted to multiple, sequential, time-consuming, and costly diagnostic procedures and tests,
sometimes with contradicting results. In the last two decades, the CCTA has evolved into a valuable diagnostic test in today’s
patient care, changing the official existing guidelines and clinical practice with a pivotal role to exclude significant CAD, in
the referral of patients to the Cath-Lab, in the follow-up after coronary revascularization, and finally in the cardiovascular

risk stratification.
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Introduction

The cardiovascular diseases (CVD) are the principal cause
of death and health expenditure in western countries, more
than all cancers combined and with the coronary artery dis-
ease (CAD) still the leading killer [1]. The CAD is a long-
term pathological process characterized by a progressive
atherosclerotic plaque accumulation along the wall of the
epicardial arteries, whether obstructive or non-obstructive
and with a more or less long subclinical phase [2], which
can be modified by lifestyle adjustments, pharmacological
therapies, and invasive interventions aimed to reach disease
stabilization or regression. The CAD is a chronic disease
with long and stable periods but most often progressive,
even in clinically apparently silent periods and can become
unstable at any time, typically due to an acute atherothrom-
botic event caused by plaque rupture or erosion [2]. Not
rarely, the fatal event may be the first clinical presentation
[3]. Following the recent guidelines of the European Society
of Cardiology (ESC), the dynamic nature of the CAD results
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in various clinical presentations, classifiable as acute coro-
nary syndrome (ACS) or chronic coronary syndrome (CCS)
[2]. In general, in stable patients, a high suspicion of CAD
with a clinical indication to invasive coronary angiography
(ICA), in order to pursue an invasive treatment, is placed by
the pretest probability assessment (PTP) of disease based on
appropriate clinical risk scores such as the Framingham Risk
Score (FRS) [4] or the Diamond and Forrester Score modi-
fied and updated [5]. To date, in clinical practice, between
one half and two-thirds of elective ICA are completed with-
out intervention [6], which indicates that current diagnostic
strategies for stable patients suspected of having CAD may
overestimate disease [7]. Given the lower than expected
real prevalence of CAD and the fact that not all patients
with coronary stenosis >50% require invasive treatment, it
is necessary to have a noninvasive diagnostic test that can
hypothetically act as an effective gatekeeper for the cardiac
Cath-Lab in patients with current indications for ICA and
that allows patient management to be promptly addressed
by the results of the noninvasive test without the need for
additional diagnostic procedures.
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Coronary CT angiography

Since its clinical introduction in the early 2000s, thanks
to a continuous technological evolution in both hardware
(HW) and software (SW) components, the coronary CT
angiography (CCTA) has rapidly satisfied all the basic
characteristics and the so-called perceived values of each
new imaging diagnostic test: less invasiveness, more avail-
ability, less time-consuming, more user-friendly, greater
accuracy, significant impact on patient management, and
costs [8]. The explosion of a huge scientific literature over
the past 1015 years on the role not only diagnostic but also
prognostic [9, 10] of CCTA has certified its evolution from
mere innovation to established technology in the cardiologi-
cal clinical arena through the achievement and overcom-
ing of all the different phases relative to the definition and
widespread of a new diagnostic technique (Fig. 1). Since
the first CCTA multicenter/multivendor studies [11-14], the
common denominator has been its high negative predictive
value (NPV), identifying the CCTA as the only one nonin-
vasive diagnostic method able to rule out significant CAD
and the consequent need for further tests or revasculariza-
tion procedures. Furthermore, its capability to differentiate
healthy coronary arteries (i.e., free from any atherosclerotic
plaques) from atherosclerotic coronary arteries (obstructive/
non-obstructive) and to assess the coronary plaque burden
[15] has progressively opened the door to its potential role in
the stratification of the cardiovascular risk in the individual
patient unlike what is offered by population-based clinical
scores.

CCTA as the first test in patient with stable angina

In the last 15 years, many scientific guidelines, statements,
or appropriateness criteria have proposed/indicated the diag-
nostic role of CCTA in different clinical scenarios,

Fig.1 Transition from mere
innovation to established tech-
nology and widespread of a new
diagnostic technique
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proposing this technique initially to support and subse-
quently to replace second- or higher-level diagnostic tests in
the patient’s diagnostic workflow with suspected CAD. The
assessment of CAD by CCTA was initially based on the
exclusion or confirmation of stenosis using a binary
approach (greater or lesser) with a significance threshold set
at the 50% reduction in the vessel lumen diameter, but sub-
sequently transformed into a multi-grade approach [16, 17]
with different stenosis values (0, <25%, 25-49%, 50-69%,
70-89%, > 90%) in order to stratify at best the severity of
disease and put stronger indications on further functional
tests or treatment’s procedures [16]. Despite the availability
of quantitative analysis SW from several years, the CAD
assessment by CCTA is performed in clinical practice by
means of a visual evaluation, which rarely differs from the
quantitative analysis of coronary angiography (QCA) by
more than one range of stenosis. Generally, CCTA sten-
oses < 50% rarely require consideration for revascularization,
while intermediate stenoses (50-69%) are associated with
QCA stenosis > 70% in 15% of cases; so, additional assess-
ment of myocardium ischemia may significantly impact
patient management. A CCTA stenosis >70% corresponds
to ICA criteria for revascularization at least 50% of the time,
while stenoses >90% are virtually diagnostic of severe CAD/
occlusion [16]. Anyway, it has been demonstrated that the
visual evaluation during ICA (mostly performed in clinical
practice in the majority of the Cath-Labs) yields higher ste-
nosis degrees compared with QCA [18]. The state-of-art CT
scanners (i.e., > 64-row CT) for optimal CCTA allow to
evaluate not only the patency/stenosis of the coronary lumen
but also an accurate evaluation of all the main plaques char-
acteristics in terms of composition, attenuation pattern, and
high-risk features useful to assess the so-called plaque bur-
den (Table 1) [15] and with proved prognostic significance
[10]. Several quantitative research tools, anyway with still
limited application in the clinical routine, allow to discrimi-
nate the different components of atherosclerotic plaques on
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Table 1 Noninvasive
assessment of CAD by CCTA

PARAMETER

TYPE

. Distribution

. Position

. Length

. Grading

. Characterization

. Remodeling

. Attenuation pattern

0 N N BN =

. Plaque burden

proximal/mid/distal

eccentric/concentric

focal/segmental

non-obstructive/obstructive [binary” or multi-grade® approach]
non-calcified (lipid and fibrous)/mixed/calcified

positive (outward remodeling )/negative (inward remodeling)
homogeneous/heterogeneous/napkin-ring sign (NRS)
1+2+43+4+5+6+7"

*Binary: <50% (non-obstructive)/ >50% (obstructive)
#Multi-grade: <25% or 25-49% (non-obstructive); 50-69% (intermediate); 70-89% or >90% (obstructive)

TPlaque’s features helpful to detect high-risk plaques as well as to assess the prognosis

the basis of their density values (Hounsfield Units, HU) such
as the low-density core (< 60HU or even < 30UH), consid-
ered nowadays an hallmark finding suggestive for unstable
plaque, in particular, if associated with other findings as the
positive remodeling (PR) [19] and the napkin-ring sign
(NRS) [10, 20]. Even if interesting, these quantitative analy-
ses are still time-consuming and strongly influenced by the
overlapping HU-values of the different plaque components,
with CT-attenuation values still depended by different scan
and technical parameters (scan protocols, slice thickness,
kVp, reconstruction algorithms/filters, noise, HU-threshold
values), by the iodine concentration of the contrast agent
administered intravenously and consequent adjacent vessel
lumen contrast-enhancement [21]. The Scot-Heart study has
shown that the addition of CCTA to standard of care (SOC)
in patients with suspected angina due to CAD clarifies the
diagnosis and enables targeting of interventions [22], result-
ing in a significantly lower rate of death from CAD or non-
fatal myocardial infarction (MI) at 5 years than SOC alone,

Fig.2 Diagnostic workflow
and the clinic role of CCTA
in symptomatic patient at low/

without resulting in a significantly higher rate of ICA or
coronary revascularization (13.5% versus 12.9%) [23]. Sev-
eral studies assessed CCTA for selective ICA [24-26]; in
particular, the Conserve study [27], a multinational and ran-
domized clinical trial with more than 1.600 patients either
direct ICA or CCTA, showed that the absence of >50% ste-
nosis on ICA was significantly lower in the CCTA-guided
arm (25% vs 61%, p <0.001), the major adverse cardiovas-
cular events (MACE) rates were similar (4.6% vs. 4.6%) at
median of 1-year follow-up, and that 57% of lower costs
were observed in the CCTA-guided arm ($2755 vs $1183).
Figure 2 shows the typical diagnostic workflow and the role
of CCTA in symptomatic patient at low/intermediate pretest
likelihood of CAD, underlining the well-recognized limita-
tions of such noninvasive anatomical test in the evaluation
of intermediate stenosis (60—70%), in which a functional test
is often required. The recent 2019 ESC guidelines for the
diagnosis and management of CCS [2] as well as the latest
update of the National Institute for Health and Care

Pre-test likelihood of CAD
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CAD coronary artery disease, I
LMA left main artery, RF's ‘ . . . |
risk factors, 3VD three-vessel Non Invasive Diagnostic Test for ATS
disease) | | |
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,—{ Ischaemia Test }—\
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modification close monitoring revascularization
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Excellence (NICE) clinical guidelines [28] put an end to
doubts and discussion about the CCTA, officially recogniz-
ing its diagnostic role in this clinical setting. In particular,
CCTA is nowadays recommended as the initial test for diag-
nosing CAD in symptomatic patients in whom obstructive
CAD cannot be excluded by clinical assessment alone (Class
I), with functional imaging for myocardial ischemia recom-
mended if CCTA has shown CAD of uncertain functional
significance or is not diagnostic (Class I). Similarly, CCTA
should be considered as an alternative to ICA if another
noninvasive test is equivocal or non-diagnostic (Class I1a).
Differently, CCTA is not recommended when extensive
coronary calcification [15], irregular heart rate, significant
obesity, reduced respiratory compliance, or any other condi-
tions make good image quality unlikely (Class III) [2]. To
this acknowledgment corresponds a significant limitation of
the role of exercise-ECG, now recommended for the evalu-
ation of exercise tolerance, symptoms, arrhythmias, blood
pressure response, and event risk in selected patients (Class
I) or as an alternative test to rule-in/rule-out CAD when
other noninvasive or invasive imaging methods are not avail-
able (Class IIb) [2]. The continuous evolution of CT technol-
ogy has also recently allowed the development and execution
of functional analysis of coronary flow, in a sort of hybrid
imaging, through the evaluation derived from CT of the frac-
tional flow reserve (FFRct) [29-31] or myocardial perfusion
(CT perfusion, CTP) [32], with the advantage of reducing

the false positive (FP) test results, mainly in the assessment
of the intermediate stenoses (50-70%) and thus increasing
both the positive predictive value (PPV) and specificity [33,
34] (Tables 2 and 3). The rationale behind the assessment of
ischemia is given by the fact that although the severity of the
stenosis is one of the factors capable of predicting the pres-
ence/absence of ischemia, the association between anatomy
and ischemia is poor. The FAME study [35] has shown that
stenoses of 50-70% can cause ischemia (FFR <0,8) in 35%
of cases, while stenoses >70% can result in no-ischemia
(FFR >0.8) in 20%. A recent meta-analysis on the diagnostic
performance of different invasive and noninvasive cardiac
imaging techniques compared to invasive FFR [36], consid-
ered the reference-standard for the functional assessment of
CAD [37], showed higher specificity and diagnostic accu-
racy for the FFRct alone or even higher if associated with
CCTA compared to cardiological (ICA and stress echocar-
diography) or nuclear medicine techniques. The first real-
world experience of CCTA with FFRct as gatekeeper to the
Cath-Lab in non-emergent symptomatic patients with inter-
mediate CAD [38] showed that a conclusive FFRct result
has obtainable in 98% of patients who had CT scans referred
for FFRct testing (i.e., very low dropout rate) and that the
implementation of FFRct for clinical decision making may
influence the downstream diagnostic workflow. Actually, in
case of FFRct < (.75 the risk of a FP result using FFR as the
reference-standard is very low (< 10%), while patients with

Table 2 Meta-analysis of per-

8 . . Modality Studies Patients X-ray dose Sensi- Speci- PPV (%) NPV (%) LR+ LR- DOR
patient diagnostic performance tivity ficity
of CCTA, CTP, FFRct versus (%) (%)
invasive FFR modified from
[33] CCTA 9 1039 35mSv 92 43 57 87 164 019 9.17
CTP 3 187 9.6 mSv 94 77 33 92 385 0.09 63.42
FFRct 4 662 - 90 72 70 90 370 0.16 23.34

Legend: CCTA coronary CT angiography, CTP CT perfusion; FFRct CT-derived FFR, PPV positive pre-
dictive value, NPV negative predictive value, LR likelihood ratio, DOR diagnostic odds ratio

Table 3 Diagnostic accuracy (per-patient analysis) of FFRct (<0.80) and CCTA (>50%) for each trial and pooled analysis modified from [34]

Study Patients Method Sensitiv-  Specific- PPV (%) NPV (%) LR + LR - DOR AUC
ity (%) ity (%)

DISCOVER-FLOW [29] 103 CCTA 94 25 58 80 1.25 0.23 5.51 0.70
FFRct 93 82 85 91 5.03 0.091 55.56 0.92

DeFacto [30] 252 CCTA 84 42 61 72 145 0.38 3.83 0.68
FFRct 90 54 67 84 1.98 0.19 10.68 0.81

NXT trial [31] 254 CCTA 94 34 40 92 1.42 0.18 7.70 0.81
FFRct 86 79 65 93 4.06 0.17 23.23 0.90

Meta-analysis [34] 609 CCTA 89 35 52 81 1.40 0.29 4.99 -
FFRct 89 71 70 90 3.31 0.16 21.21 -

Legend: CCTA coronary CT angiography, FFRct CT-derived FFR; PPV positive predictive value, NPV negative predictive value, LR likelihood

ratio, DOR diagnostic odds ratio
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FFRct > 0.80 may be deferred from ICA having a favorable
short-term prognosis. Differently, in patients with FFRct
ranging between 0.76 and 0.80, a non-negligible number of
FP results may be still expected. The ADVANCE-Registry
has shown that FFRct modifies the treatment recommenda-
tion in two-thirds of subjects as compared to CCTA alone,
is associated with less negative ICA, predicts revasculariza-
tion, and identifies subjects at low-risk of MACE [39]. A
recent NXT-trial sub-study [40] has shown that a FFRct
value <0.8 in individuals with stable CAD is a strong predic-
tor of long-term clinical outcomes and superior to the ana-
tomical detection of significant stenosis on CCTA, while a
normal FFRct is associated with favorable clinical outcome
and that the FFRct numeric value is an independent predic-
tor of outcomes. The presence of gross parietal calcifications
or calcified plaques extended circumferentially for more than
180° still constitute today, for the so-called beam-hardening
artifacts, a limit of the method and the main cause of over-
estimation of stenoses [15]. It has even recently shown that
FFRct provides high and superior diagnostic performance
compared with CCTA alone in patients with high coronary
artery calcium scores (CACS) [41] as well as at all levels of
CACS [42]. Table 4 summarizes and compares the main
strengths and limitations of CTP and FFRct. Further analysis
from the DISCOVER-FLOW [43] and the NXT [44] trials
also demonstrated how the analysis and implementation of
the FFRct allow a cost reduction of 30-32% improving the
clinical outcomes (12-19% less events) at 1-year follow-up
(versus ICA visual strategy).

CCTA for risk stratification
The ICA is not an accurate predictor of the ACS. Most

of the MI occur on coronary arteries affected by steno-
sis <70% [45], while the angiographic severity of stenosis

Table 4 Strengths and limitations of CTP and FFRct

may be inadequate to predict time and location of a subse-
quent occlusion that will produce a MI [46]. The clinical
risk scores evaluate simply and easily measurable risk fac-
tors (RFs) variables predicting (a priori) the 10-year risk
of CAD for a population, dividing arbitrarily subjects into
three categories of risk: low (< 10%), intermediate (10-20%)
and high risk (>20%) [4]. The NCEP ATP-III guidelines
couple the treatment intensity to the magnitude of risk, with
attention on lipid modification and LDL-cholesterol targets
[47]. Anyway, these guidelines have never been validated
through randomized controlled trials, but their simplicity,
low cost, and reasonable prognostic accuracy have made
this approach the standard template for prevention. In addi-
tion, the FRS underestimates the variability of the magni-
tude of atherosclerotic burden between subjects with similar
levels/profiles of RFs, presumably related to other known/
unknown genetic/environmental factors [48]. Most of the
subjects with sudden cardiac death (SCD) or non-fatal MI
do not experience prior chest pain or exertional dyspnea,
emphasizing the importance of early detection and treatment
of underlying subclinical atherosclerosis (ATS). More than
75% of all hard-coronary events occur in people misclassi-
fied at low/intermediate risk by the traditional RFs-based
approach and, consequently, this not offers optimal preven-
tive therapy [49, 50], while others are misclassified as high
risk and advised to take drugs that reduce RFs they do not
need and remain under medical treatment for the rest of their
lives. To date, no guideline indicates CT as a screening tool
for CAD prevention. In particular, the current guidelines in
primary prevention provide an initial assessment and risk
stratification (RS) based on the analysis of traditional RFs,
followed by goal-directed therapy when necessary [51]. The
cerebral/peripheral vascular diseases, diabetes mellitus, pre-
vious myocardial ischemia, or more than 2 traditional RFs
are currently considered equivalent of the coronary heart

STRENGTHS

LIMITATIONS

CTP Simultaneous data on coronary anatomy and perfusion;
higher DA than other MPI techniques for MVD;
fast and well-tolerated exam.

FFRct
CCTA study;
provides measure for lesion specific ischemia;

no additional (to CCTA) radiation, contrast material, or medications;

fast and well-tolerated exam.

Z-axis coverage and acquisition over multiple heartbeat;
artifacts (motion, beam hardening);

lower contrast resolution than SPECT or pCMR;

X-ray dose;

large contrast dose and medication;

require optimal contrast timing;

no outcome data.

Simultaneous data on coronary anatomy and physiology using single Off-site processing (results provided for a fee within 24 h);

adequate CCTA image quality required;
further data needed on clinical effectiveness outside clinical trial;
single SW analysis.

Legend: DA diagnostic accuracy; MPI myocardial perfusion imaging; MVD multi-vessel disease; pCMR perfusion Cardiac Magnetic Resonance;

SW software
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disease (CHD) [52], but the existing guidelines do not rec-
ognize the non-obstructive CAD as an CHD-equivalent
event, though most of the heart attack originate from non-
obstructive plaques and frequently without any pre-monitory
symptoms [53]. From histology and intravascular imaging
(intravascular ultrasound, IVUS; optical coherence tomog-
raphy, OCT) studies, distinct features of vulnerable plaques
at higher risk of rupture have been identified [54]: large
plaque volume, large necrotic core, thin fibrous-cap ath-
eroma (TFCA), spotty calcification, and PR [55]. The cur-
rently emerging research is focusing on improving coronary
RS tools using CCTA parameters based on what we learned
from invasive imaging [56, 57], given the high correlation
described between the histological and IVUS/OCT plaque
features (TCFA, plaque burden) more frequently observed
in patients with acute MI or ACS than stable angina [56],
with those plaques showing low-attenuation core, PR, and
NRS at CCTA [19, 57]. The technical evolution and the con-
siderable radiation dose reduction (even < 1 mSv) offered
by state-of-art CT scanners allow to scan subjects with less
restricted inclusion criteria for CCTA, with a further com-
pelling application in the field of CAD-detection in addition
to the role of gatekeeper to ICA: the RS of asymptomatic
individuals to target/personalize medical therapy to prevent
CHD. The recent 2019 ACC/AHA guidelines on the Pri-
mary Prevention of Cardiovascular Disease [58] state that
the assessment of CACS can be indicated (Class II) in case
of uncertainty about the initiation of preventive interventions
(e.g., statin therapy) in patients classified at intermediate
risk for CAD (>7.5% to <20% 10-year) or in selected adults
at borderline risk (5% to<7.5% 10-year). But what if in
these patients the CACS was 0 and the CCTA documented
a non-calcific and non-obstructive plaque? The guidelines
say nothing about it and while they recognize the CACS as
a risk modifier in asymptomatic subjects (Class IIb; level
B), they do not recognize this role to CCTA in individuals
at borderline or intermediate risk. The CCTA is the only
diagnostic technique able to noninvasively detect the sub-
clinical ATS, with the advantage to go beyond the simple
luminal stenosis assessment analyzing all other CAD fea-
tures suggestive for high-risk plaque (HRP) like the low-
density non-calcified plaque (LD-NCP), total plaque volume
(TPV), spotty calcifications, PR, and the NRS both visually
and with semiautomated coronary plaque quantification/
characterization analysis [59]. All these plaques character-
istics have been shown to be independent predictors [19-21]
as well as the strongest MACE predictors, thus suggesting
their integration into the coronary RS and intensification
of individual preventive measures [13]. Two other recent
studies from the NXT trial have shown that differences in
plaque volumes and composition may explain the discord-
ance between coronary stenosis severity and ischemia,
being the plaque volumes inversely proportional to the FFR

irrespective of stenosis severity and with a strong associa-
tion between stenosis severity, plaque characteristics, FFRct
and FFR, suggesting some threshold values of quantitative
plaque analysis as predictors of FFR <0.80 (LD-NCP vol-
ume > 30 mm?>, NCP volume > 185 mm?>, TPV > 195 mm?>,
and plaque length >30 mm) [60] and that the adding total
vessel HRP-volume to stenosis severity improves discrimi-
nation of ischemia in CCTA performed in patients with
stable angina pectoris [61]. Recently, the development and
first application of artificial intelligence (AI) with an inte-
grated machine-learning (ML) ischemia risk score seem
to improve the prediction of lesion-specific ischemia by
invasive FFR, over stenosis, plaque measures, and pretest
likelihood of CAD [62]. Summarizing, HRP-features can be
easily determined during routine evaluation of CCTA and
should be included in standardized reports in accordance
with the current guideline recommendations [17], offering
relevant prognostic information, with incremental value in
comparison with clinical scores and other imaging modali-
ties (CACS or myocardial perfusion imaging, MPI). The
noninvasive assessment of ATS could offer a more patient-
specific approach for the clinical management of disease,
permitting risk reclassification. CCTA will have a pivotal
role in guiding preventive therapeutic strategies in the next
future, encouraging clinicians to careful management of the
associated RFs, to intensify the prophylactic treatment, and
carefully follow-up patients to prevent future MI.

CCTA in the emergency department

Acute chest pain (ACP) is one of the most common reasons for
admission in the Emergency Department (ED); initial triage
has on one hand to rapidly identify ACS for immediate treat-
ment, on the other to identify very low-risk patients that can
be safely discharged. However, clinical presentation, common
RFs, and risk scores are not sufficient, and the MACE rate of
very low-risk patients is about 2% [63]. Consequently, nonin-
vasive tests are mandatory: the introduction of high-sensitive
troponins (hs-Tn) sampling deeply modified and accelerated
patients’ triage, increasing sensitivity; nevertheless, the speci-
ficity of a mild troponins increase is not so high, and in this
scenario, CCTA can play a significant role, because of its well-
known high NPV. Many guidelines and consensus documents
analyzed the role of CCTA in ACP. Appropriateness criteria
defined as appropriate the use of CCTA in low- to intermedi-
ate-risk patients presenting with ACP and non-conclusive ECG
and serum biomarkers [64, 65]; ESC non-ST ACS guidelines
suggested CT as test in patients with non-conclusive serum
biomarkers [66]. Also, important clinical trials demonstrated
the role of CT, not only in diagnosis but also in prognosis defi-
nitions. The first trial was the ROMICAT [67], whose results
were published in 2009; 368 patients with ACP, normal serum
markers, and negative or non-conclusive ECG underwent
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CCTA: 50% of patients showed normal coronary arteries,
31% non-obstructive CAD and 19% showed non-conclusive
results or obstructive CAD. Conclusions were that due to the
high number of negative studies in low- to intermediate-risk
patients, CCTA significantly improves patient management in
ED. In 2011, the CT-STAT trial [68] was the first published
multicenter randomized trial comparing CCTA or MPI and
SOC triage, in 699 patients, having as primary and secondary
endpoints efficacy and safety and costs, respectively. CCTA-
triage resulted in reduced time to diagnosis and lower costs.
In 2012 the ACRIN trial [69] was published, enrolling 1370
low- to intermediate-risk patients, randomized 2:1 to CCTA
and SOC strategies. Primary endpoint was safety at 30 days,
while secondary endpoints were length of stay in ED (lower in
CCTA group) and direct discharge (increased in CCTA group).
In this trial, no increased access to ICA was observed, and
patients of CCTA arm showed a lower rate of ICA findings,
compared to SOC arm. In 2012, the ROMICAT II results were
published [70]; 1000 patients with suspected ACS, without
ECG ischemic changes and negative initial serum markers
were randomized between CCTA and SOC; the ACS rate was
8%. Hospitalization length was lower and discharge rate higher
in the CCTA group, without differences in the outcome at
28 days, but with increase in downstream exams and no costs
reduction in the CCTA group. As CCTA can give information
not only about stenosis severity, but also about plaque char-
acteristics (Fig. 3), in 2015 a cohort observational study from
the ROMICAT II population was performed [71], to compare
hs-Tn and advanced analysis of CCTA (stenosis plus plaque
assessment) versus standard troponins and conventional CCTA
(stenosis only). Results showed higher risk stratification and
better diagnostic accuracy for the first approach. (AUC: 0.84
vs 0.74). However, not all randomized clinical trials dem-
onstrated similar results in terms of better outcome; on the
other hand, quite all trials showed decreased length of stay
in ED, decreased admission rates, and reduced costs in the
CCTA groups. In 2015, the PROSPECT trial [72] compared
CCTA and stress-MPI in 400 patients, randomized 1:1, hav-
ing as primary endpoint the selection of patients to invasive
management within 1 year. This trial did not demonstrate any

Fig.3 CCTA in patient with
ACP: 3D VR a and curved
MPR b well show non-calcified
plaques in proximal and mid
LAD with PR (b-d), suggest-
ing for vulnerable plaques
(ACP acute chest pain, LAD
left anterior descending artery,
MPR multiplanar reconstruc-
tion, 3D VR three-dimensional
volume rendering, PR positive
remodeling)

@ Springer

significant statistical difference between the two arms, neither
for the primary endpoint, nor for the secondary one (length of
stay, costs, clinical events). In terms of outcome, the CATCH
trial (median follow-up 18.7 months) [73], demonstrated that
a CCTA-guided treatment strategy improves clinical outcome
in patients with recent ACP and normal ECG and troponin val-
ues compared to SOC with a functional test (MPI, myocardial
perfusion imaging). The introduction of hs-Tn [74], widely
available in Europe, in the SOC made the early noninvasive
imaging testing debatable. The BEACON trial, published in
2016 [75], was the first one that compared CCTA and SOC
(including stress-ECG or MPI or direct discharge) with hs-Tn
available in both arms (total population 500 patients). No sig-
nificant differences were found in terms of primary endpoint
(revascularization rate), and secondary endpoints as readmis-
sion to ED or MACE, while costs and further testing rate were
reduced in the CCTA arm. However, further trials are needed
to evaluate the impact of the association of hs-Tn and CCTA
in outcome evaluation. Furtherly, the integration of new CT
techniques, as CTP or FFRct, is still under investigation in
ACS. We can conclude that nowadays the triage in ED is based
on hs-Tn and in case of high clinical suspicion in patients with
mildly elevated values and low to intermediate risk, CCTA
should be performed.

CCTA post-coronary revascularization

Timing of follow-up of revascularized patients has been
object of debate for a long time. It is important to differenti-
ate if the revascularized patient is symptomatic or asympto-
matic, according to AHA-ACC-SCCT criteria [64]:

(a) In presence of symptoms, CCTA is appropriate after
CABGs, while is considered uncertain after stenting
with stent diameter > 3 mm; for stents <3 mm, CCTA
is not indicated;

(b) For asymptomatic subjects, CCTA is considered appro-
priate in case of left main stenting (stent>3 mm)
(Fig. 4), while is uncertain 2 years after stent>3 mm
implantation and 5 years after CABGs.

mid LAD
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Fig.4 Curved MPR a-b in patent stents in LMA and proximal LAD
with homogeneous enhancement of the lumen. 3D VR e, curved
d—e and stretched f MPR in mid-distal occlusion of LAD stent with
hypodensity of the lumen, absent run-off proximal to the distal edge

(c) No indications exist for lower temporal intervals.

In case of coronary stent, the major limitation for the
assessment of in-stent restenosis (ISR) is represented by the
blooming artifact, caused by the high density stent structure
that obscures the stent lumen; possible solution is the use of
high convolution reconstruction algorithms; however, the
final result depends on stent material and thickness of stent

of the stent (arrowhead in d—f), and thin enhancement of distal LAD
(arrow in d-f) due to collaterals (MPR multiplanar reconstruction,
LMA left main artery, LAD left anterior descending artery, 3D VR
three-dimensional volume rendering)

strut (better if 100 pm) and works better in case of higher
diameter of the stent (>3 mm) [76]. Other factors limiting
stent imaging are bifurcation stenting and elevated heart
rate; in the last case, the use of scanners > 64 slices and or
higher temporal resolution can improve accuracy.

In case of CABGs, CCTA is able to clearly depict the
patency or occlusion of the graft (Fig. 5), the origin or its
anastomosis on the ascending aorta, the body of the graft,

@ Springer
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Fig.5 3D VR a—c and curved MPR d—f in multiple (5) CABGs: pat-
ent LIMA to LAD, patent RIMA to RI with a retro-aortic course,
patent SVG to right-PL branch with a sequential anastomosis on OM
branch (arrow in b), and 2 SVG occluded at the proximal anastomosis
on ascending thoracic aorta (arrowheads in a) (3D VR three-dimen-

and the anastomosis to native coronary artery [77]; further-
more, native coronaries distal to grafts have to be assessed.
CCTA in CABGs assessment is robust and effective, as dem-
onstrated by many studies, without significant differences
between 64-slice scanners and > 64 slice ones [78].

Going beyond current appropriateness criteria, CCTA in
CABGs could be applied also:

@ Springer

sional volume rendering; MPR multiplanar reconstruction; LSA left
subclavian artery; LIMA left internal mammary artery; LAD left ante-
rior descending artery; RCA right coronary artery; RIMA right inter-
nal mammary artery; Ao aorta; SVG saphenous vein graft, R/ ramus
intermedius; OM obtuse marginal branch; PL posterior-lateral branch)

— In asymptomatic patients with a positive stress-test;

— In patients with atypical chest pain and inconclusive
stress-tests;

— In preoperative planning for redo cardiac surgery (LIMA/
RIMA in situ graft course; RV anatomy).
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mm

Conclusions

World of cardiac imaging is proposing to physicians an ever-
increasing spectrum of options and tools with the disadvan-
tages of patients presently submitted to multiple, sequen-
tial, time-consuming, and costly diagnostic procedures and
tests, sometimes with contradicting results. In the last years,
CCTA has matured into a valuable diagnostic test in today’s
patient care, changing the official existing guidelines and
clinical practice with a pivotal role to exclude significant
CAD, in the referral of patients to the Cath-Lab, and finally
in the cardiovascular RS.
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