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Abstract

One of the foundations of the management of patients with suspected coronary artery disease (CAD) is to avoid unneces-
sary invasive coronary angiography (ICA) referrals. However, the diagnostic yield of ICA following abnormal conventional
stress testing is low. The ability of ischemia testing to predict subsequent myocardial infarction and death is currently being
challenged, and more than half of cardiac events among stable patients with suspected CAD occur in those with normal func-
tional tests. The optimal management of patients with stable CAD remains controversial and ischemia-driven interventions,
though improving anginal symptoms, have failed to reduce the risk of hard cardiovascular events. In this context, there is an
ongoing debate whether the initial diagnostic test among patients with stable suspected CAD should be a functional test or
coronary computed tomography angiography. Aside from considering the specific characteristics of individual patients and
local availability and conditions, the choice of the initial test relates to whether the objective concerns its role as gatekeeper
for ICA, prognosis, or treatment decision-making. Therefore, the aim of this review is to provide a contemporary overview
of these issues and discuss the emerging role of CCTA as the upfront imaging tool for most patients with suspected CAD.
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Introduction low, with only about 40% patients showing obstructive CAD,
compared to an approximate 70% of obstructive findings
Functional stress tests have been the imaging cornerstone  among patients referred from coronary computed tomog-
for the assessment of patients with suspected obstructive  raphy angiography (CCTA) [1, 2]. Such a suboptimal yield
coronary artery disease (CAD) for several decades. None- of ICA, derived from inaccurate risk stratification, or on
theless, the diagnostic yield of invasive coronary angiogra-  occasions from misleading functional tests, affects one of the
phy (ICA) following abnormal conventional stress testingis ~ foundations of the management of patients with suspected
CAD, which is to contain the number of unnecessary ICA
referrals (patients without obstructive CAD who undergo
ICA). The suboptimal performance of traditional functional
cardiac imaging might also be attributed to the discordance
Department of Cardiovascular Imaging, Instituto Medico between ischemia and stenosis highlighted by several clini-
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predict subsequent myocardial infarction (MI) and death is
currently being challenged in light of recent studies that will
be discussed below.
There is an ongoing debate whether the initial diagnostic
test among patients with new onset stable chest pain should
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S considering the specific characteristics of individual patients
Department of Nuclear Medicine, Diagnostico Maipu, such as their clinical likelihood of CAD, ECG interpretabil-
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& ity and exercise capacity (Fig. 1), a number of questions

Division of Cardiology, Department of Internal Medicine, arise related to the objective of the initial test: (1) Is it the

University of California San Francisco-Fresno, Fresno, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10554-020-01815-7&domain=pdf

1352

The International Journal of Cardiovascular Imaging (2020) 36:1351-1362

Establish clinical likelihood of CAD

$

1) Consider:
- Severity of symptoms
- ECGinterpretability*
- Exercise capacity
- Local expertise and availability
- Frequent premature beats
- Body mass index
Chronic obstructive pulmonary disease
- Renal dysfunction
- Previous PCI
Requirement of viability assessment
- Claustrophobia
- Uncontrolled hypertension
- Severe aortic valve disease

» -

2) Define objective of the test:

Unfavorable for CCTA:
- High likelihood of CAD
- Frequent premature beats
Morbid obesity
- Renal dysfunction
- Diffuse coronary calcification
- Small stents

- Gatekeeper of ICA
- Prognosis
- Revascularization planning

$— ¥ 3

‘ Functional testing ‘ ’ CCTA

‘ ‘ Invasive angiography ‘

Selective FFR-CT

Fig. 1 Graphical representation of the considerations for the initial diagnostic strategy in patients with stable suspected CAD. *Left bundle

branch block, pacemaker, resting ST-segment abnormalities

aim of the test to rule out obstructive CAD (gatekeeper
role)?; (2) Is it the purpose to predict the clinical outcome
(prognostic role)?; and/or (3) Is it the search for a tool that
offers a more rational assessment of the potential benefits
and risks of revascularization (decision-making)?. There-
fore, the aim this review is to provide a contemporary over-
view of these issues and discuss the emerging role of CCTA
as the upfront imaging tool for most patients with suspected
CAD.

Diagnostic yield and prognostic value
of functional vs. anatomic testing in stable
patients

A large number of studies using stress-echocardiography,
stress-single photon emission computed tomography
(SPECT), and stress-cardiac magnetic resonance (CMR)
have demonstrated the relationship between the magnitude
of myocardial ischemia and major adverse cardiac events
(MACE) [6-9]. In this context, the number of ordered car-
diac stress tests has steadily increased in the past decades,
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with almost 4 million tests performed annually in the United
States, a figure expected to increase given the aging popula-
tion [10]. However, there is a significant decline in the num-
ber of tests that are positive for myocardial ischemia in con-
temporary clinical practice (< 10%) [11, 12]. Likewise, the
prevalence of moderate to severe ischemia in SPECT studies
has also experienced a major decline, from 20.6% in 1991
to 4.6% in 2009 [11]. Such reduction in the frequency and
severity of myocardial ischemia, aside from lower threshold
or higher accessibility (resulting in lower risk patients under-
going testing), can be partly attributed to the reduction in the
risk factor burden and in the increasing use of statins and
beta-blockers, which parallels the significant decline in the
rates of MI and cardiac death in the US [13]. Furthermore,
the evidence indicating that noninvasive cardiac imaging
promotes a significant reduction in the risk of MI or death
is conflicting [14, 15].

Regarding the diagnostic yield of non-invasive testing,
in a very large registry including 661,063 patients under-
going elective catheterization, the diagnostic yield of ICA
for the prediction of obstructive CAD was below 50% [1].
Indeed, among patients with a positive stress test, only 41%
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showed obstructive CAD, and even among patients with
typical anginal symptoms and positive stress tests the diag-
nostic yield of ICA was below 55% [16]. Notwithstanding, it
should be acknowledged though that such registry excluded
a large number of patients who entered the National Car-
diovascular Data Registry (NCDR) CathPCI Registry such
as those with known CAD and sites without diagnostic
catheterization results. In addition, the definition of non-
invasive tests (NIT) as low, intermediate, and high risk was
left to each site interpretation; and such risk stratification is
not fully comparable between NITs. Likewise, the fact that
they used a low threshold for detecting obstructive CAD
(diameter stenosis >50%) might lead to further discrepan-
cies. Also, almost 60% of the patients were asymptomatic
or had atypical symptoms.

The PROMISE (PROspective Multicenter Imaging Study
for Evaluation of chest pain), SCOT-HEART (Scottish
COmputed Tomography of the HEART), and ISCHEMIA
(International Study of Comparative Health Effectiveness
With Medical and Invasive Approaches) randomized trials
have provided insightful data in this regard. The PROMISE
and SCOT-HEART trials compared clinical outcomes of
the management of stable symptomatic patients with CCTA
(anatomy) vs. standard of care (functional). The PROMISE
trial randomized 10,003 symptomatic patients to a strategy
of initial anatomical testing with CCTA or functional testing.
Although demonstrating similar clinical outcomes compared
to standard of care (SOC), CCTA enabled a significantly
better diagnostic yield of ICA, by leading to more ICA but
with significantly lower rates of non-significant lesions [17].

In an insightful sub-analysis of the PROMISE trial, Hoff-
mann et al. reported that CCTA provides better prognos-
tic information than functional testing. Furthermore, when
findings were stratified into mildly, moderately, or severely
abnormal (Fig. 2), CCTA showed a risk continuum com-
pared to a normal test [mild HR 2.94 (95% CI 1.64-5.26);
moderate HR 7.67 (95% CI 3.83-15.37); and severe HR
10.13 (95% CI 5.15-19.92), respectively], whereas func-
tional testing did not [mild HR 0.94 (95% CI 0.47-1.89);
moderate HR 2.65 (1.46—-4.83); and severe HR 3.88
(2.58-5.85)], respectively [18]. Moreover, in terms of pre-
diction of hard events, even mildly abnormal CT exams were
associated with death or MI [HR 2.73 (95% CI 1.20-6.25),
p=0.0170], whereas only severely abnormal functional tests
were associated with these hard endpoints [HR 2.13 (95%
CI 1.16-3.91), p=0.0141]. It is noteworthy that such risk
continuum provided by CCTA was achieved using a cat-
egorical approach considering only lesion severity, disre-
garding plaque characteristics with prognostic relevance that
are included within specific scoring systems such as the CT
Leaman score and the Leiden CT risk score.

The SCOT-HEART trial included 4146 patients and dem-
onstrated that using CCTA in addition to SOC in patients

Prevalence of findings in patients with suspected stable CAD (%)

Functional

Annual risk of events according to findings

<1% >4%

Functional

CCTA

. Severely abnormal*

Normal . Mildly abnormal Q Moderately abnormal

Fig.2 Graphical representation of the estimated prevalence and
annual rate of hard events according to the presence of normal, and
mildly, moderately, and severely abnormal functional and anatomic
(CCTA) tests in patients with suspected CAD [18]. *Although not
clearly established, criteria for moderate-severe ischemia is gener-
ally defined as>10% ischemic myocardium at stress-SPECT, >3/16
newly dysfunctional segments at stress-echo, or>2/16 ischemic
defects at perfusion CMR or>3/16 newly dysfunctional segments at
dobutamine stress-CMR [94]

with stable chest pain resulted in a significantly lower rate
of hard events (death from CHD or non-fatal MI) after a
follow-up of 5 years compared to SOC alone. Of note, such
gain did not result in significantly higher rates of ICA or
revascularization, and was mostly attributed to the abil-
ity of CCTA to improve targeting of preventive (statin and
antiplatelet) therapies [19, 20]. In keeping with this, a very
large (n=_86705) Danish registry demonstrated that among
patients with suspected CAD, initial evaluation with CCTA
was associated with a 30% lower risk of myocardial infarc-
tion (MI) compared to patients who underwent initial func-
tional testing [21]. Moreover, a recent meta-analysis includ-
ing randomized CCTA trials showed that among patients
with suspected CAD, CCTA was associated with a 30%
reduction in the incidence of MI compared to functional
stress imaging, CCTA patients were more likely to undergo
ICA and revascularization than those evaluated with func-
tional testing [22]. Taken all together, CCTA appears as the
more effective first choice in this clinical scenario.
Accordingly, there is supportive evidence that compared
to functional assessment CCTA is a more effective gate-
keeper to ICA, providing improved clinical outcome includ-
ing unsurpassed negative predictive value, and offering a
risk continuum for hard cardiac events (Fig. 2), as well as
enabling enhanced lifestyle modifications, eligibility, and
adherence to statin therapy and aspirin [20, 22-27]. In
terms of its economic impact, though this issue deserves
specific and much more detailed analysis. According to the
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PROMISE data (US centers) CCTA and functional test-
ing have similar costs at 3 years of follow-up. In contrast,
European studies suggest that CCTA might be a more cost-
effective strategy [28, 29]. Furthermore, in the recent mul-
tinational mostly Asian CONSERVE (Coronary Computed
Tomographic Angiography for Selective Cardiac Catheteri-
zation) study the cumulative diagnostic test costs were 57%
lower among patients randomized to selective (using CCTA
as gatekeeper) ICA referral compared to those with direct
ICA [2].

As a consequence of the above, the recent National Insti-
tute for Health and Care Excellences (NICE) clinical guide-
line recommended CCTA as the first-line investigation for
patients with stable chest pain [30]. The recently released
2019 ESC guidelines for the diagnosis and management of
chronic coronary syndromes recommend (class I) the use of
either noninvasive functional imaging (particularly among
patients with intermediate to high likelihood of CAD) or
anatomical imaging using CCTA (particularly among those
with low to intermediate likelihood of CAD) as the initial
test for diagnosing CAD [31].

Targeting cause or effect: implications
for evaluation and treatment

Until recently, the clinical relevance of myocardial ischemia
was unchallenged, and most clinical decisions were closely
related to the presence, extent, and distribution of inducible
ischemia. Indeed, stress-induced ischemia is broadly used
as a surrogate of the risk of MACE in patients with sus-
pected and established stable CAD, and generally promotes
and expedites the use of myocardial revascularization even
in asymptomatic patients [32, 33]. However, the associa-
tion between myocardial ischemia and CV events, though
still under debate given the results of the ISCHEMIA trial,
does not imply cause-effect [34]. The fundamentals of such
uncertain association rely on different backbone concepts,
summarized as follows. To begin with, almost 70% of acute
thrombotic events arise from angiographically mild lesions
and approximately half of acute MI occur in patients with
no history of previous symptoms [35-38]. Indeed, several
studies have documented the presence of high risk plaques
as well as plaque rupture outside the culprit lesions as a
relatively common finding in both stable and unstable
patients [39—42]. In keeping with this, in the PROSPECT
study (Prospective natural-history study of coronary ath-
erosclerosis), half of the subsequent major coronary events
were related to non-culprit lesions (with a mean baseline
diameter stenosis of 32%), although it is worth mentioning
that most of those events were rehospitalization for unsta-
ble angina [43]. On the other hand, among stable patients,
57% of cardiac events in the PROMISE trial occurred in
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patients with normal functional tests [18, 43]. Moreover, in
the international CLARIFY (Prospective Observational Lon-
gitudinal Registry of Patients With Stable Coronary Artery
Disease) registry, of the 469 hard events (CV death or MI),
58% occurred in patients without angina or ischemia [44].
Accordingly, it is difficult to relate ischemia with events.

In parallel, and as a consequence of the above, the opti-
mal management of patients with stable CAD remains con-
troversial, with imaging subanalysis of several trials such as
COURAGE (Clinical Outcomes Utilizing Revascularization
and Aggressive Drug Evaluation trial), BARI 2D (Bypass
Angioplasty Revascularization Investigation 2 Diabetes),
and FAME 2 (Fractional Flow Reserve Versus Angiogra-
phy for Multivessel Evaluation 2) showing lack of benefit
of revascularization in terms of reduction of MI or death
compared with optimal medical therapy (OMT) [45—47].
Indeed, in the FAME 2 study, 16% of patients with normal
fractional flow reserve (FFR > 0.80) had subsequent MACE
[48]. Furthermore, in the recently published 10-year follow-
up of the MASS II randomized trial, the presence of base-
line myocardial ischemia was not identified as a predictor
of MACE or of changes in left ventricular systolic func-
tion among patients with multiple vessel CAD [49]. In the
aforementioned CLARIFY registry, that included 32,105
patients with stable CAD, anginal symptoms (with or with-
out demonstration of ischemia) but not ischemia were related
to death or MI [44]. Moreover, almost 60% of such events
occurred in patients with neither angina nor ischemia, com-
pared to 12% among patients with ischemia, 12% among
those with angina alone, and 17% with both. These results
are in keeping with the findings of the COURAGE study,
where baseline ischemia did not predict events while ana-
tomic extension and severity did [50]. Notwithstanding,
none of the aforementioned studies were designed to com-
pare outcomes between revascularization and OMT accord-
ing to the extent of ischemia.

In turn, the ISCHEMIA trial was the first randomized
comparison of a noninvasive ischemia-guided revasculari-
zation strategy (invasive vs. conservative) in patients with
stable CAD. Of note, ischemia was severe in 54% of patients,
moderate in 33%, and mild in only 12% of patients. The trial
randomized 5,179 patients to ICA (followed by revasculari-
zation if needed) on top of OMT, or to an initial conserva-
tive strategy of OMT alone. After a median follow-up of
3.3 years, no differences were found between strategies both
regarding the primary endpoint of death, MI, hospitalization
for unstable angina, heart failure or resuscitated cardiac arrest
[13.3% in the invasive group vs. 15.5% in the OMT group
(adjusted HR 0.93; 95% CI 0.80-1.08)]; or to cardiovascu-
lar death or MI [11.7% in the invasive group vs. 13.9% in
the conservative group (HR 0.90; 95% CI 0.77-1.06] [34].
This long awaited trial was conceived from the uncertainties
raised by the COURAGE trial over a decade ago, reporting
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no benefit of revascularization over OMT in stable CAD. One
of the main criticisms of the COURAGE trial, beyond the
fact that it included a relatively low ischemic burden, was the
outdated stent technology and the many exclusions following
the initial angiogram. In contrast, the ISCHEMIA trial used
state-of-the-art OMT and revascularization strategies. Also,
randomization was performed without an initial ICA.

Will ischemia-driven intervention remain
the cornerstone of CAD management?

Although myocardial ischemia has been the foundation of
decision-making in patients with suspected CAD for sev-
eral decades, the demonstration of improved clinical out-
comes by means of revascularization, yet currently under
debate after the ISCHEMIA trial, has only been observed
in patients with large ischemic burden (more than 10% of
ischemic myocardium) [51, 52]. As a matter of fact, in the
COURAGE nuclear substudy, although a significant reduc-
tion of the ischemic burden lead to reduced unadjusted rates
of death or MI, adjusted differences (controlling for rand-
omized —revascularization-treatment) were comparable [53].
What might be more relevant, a post hoc analysis including
SPECT and quantitative ICA identified anatomic but not
ischemic burden as a predictor of death, MI, and non-ST
elevation acute coronary syndromes [50].

Furthermore, in a study including 549,078 patients with
suspected ischemia across 224 hospitals, centers with the
higher rates of noninvasive cardiac imaging were not asso-
ciated with a decrease in readmission rates for acute MI
despite higher rates of ICA [15]. Finally, in a meta-analysis
including 5 randomized studies evaluating PCI and OMT vs.
OMT alone for stable CAD with documented ischemia, PCI

was not associated with reductions in death or MI compared
with OMT alone [54].

Overall, ischemia-driven interventions, though improv-
ing anginal symptoms, have failed to reduce the risk of hard
cardiovascular events, thus disputing the role of ischemia
as an optimal surrogate of CV risk and as a therapeutic
target in stable syndromes. In contrast, statins, and more
recently novel anti-inflammatory drugs and icosapent ethyl
have shown a significant impact in the rates of death and
MI [55-58]. Such divergent impact of ischemia-driven vs.
atherosclerosis-driven interventions can be at least in part
explained by understanding that the former approach tar-
gets only the later stages of the actual underlying process.
However, the pathophysiology of anginal symptom:s is likely
more complex, and the degree of focal stenosis represents
only one of multiple contributors. This concept was sup-
ported by the aforementioned CLARIFY registry, where
anginal symptoms overruled ischemia as a predictor of hard
events [44].

Accordingly, we are likely at the dawn of a new era, that
comprises the convergence of three related developments
that will shape our management of CAD in the years to
come: (1) the unsatisfactory performance of functional tests
as gatekeepers of ICA; (2) Degradation of the prognostic
value of myocardial ischemia compared to anatomy relevant
for clinical decision-making; and (3) Equipoise between PCI
and an initial conservative strategy among most patients
with stable CAD in terms of MACE and survival [59].

Fig.3 Sixty-six year-old asymptomatic female, with hypertension.
She underwent an exercise (treadmill) stress test, where a brief (four
beats) episode of ventricular tachycardia associated with dyspnea and

without ST-T changes occurred. A CCTA was requested to rule out
CAD, which was normal
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Ischemic burden or anatomic burden: Why
not both?

There are several additional advantages of CCTA over
functional tests as the initial strategy for most patients with
suspected or established CAD. First, the identification of
complete absence of coronary atherosclerosis (Fig. 3) pro-
vides an unsurpassed negative prognostic value, enabling
an at least 5-year long safety window, with an annualized
rate of events lower than 0.25% [60-62]. This is a critical
discriminating aspect between anatomic and functional test-
ing (Fig. 2), since patients with extensive but non-obstruc-
tive disease have a higher risk of events independent of the
ischemic burden and clinical features [50]. Additionally, the
presence of any plaque, even mild, is associated with all-
cause mortality [63, 64]. Secondly, CCTA enables the iden-
tification of the presence, extent, and type of plaque (high-
risk plaque characteristics, including: positive remodeling,
low-attenuation, plaque burden > 70%, napkin-ring sign, and
spotty calcification; Table 1), and the spatial distribution of
nonobstructive plaque (Fig. 4) [65]. Such portrayal of the
atherosclerotic burden has major prognostic implications
that has gained clinical relevance in the past few years with
the demonstration, as mentioned above, that patients with
extensive but nonobstructive disease bear a similar prognosis
than those with obstructive but not extensive disease [63, 64,
66—69]. Third, and of immediate clinical relevance, CCTA
allows ruling out left main disease (Fig. 5), a high-risk sub-
set of patients found in 5% of the ISCHEMIA trial popula-
tion, in whom revascularization (regardless of the ischemic
burden) is regarded lifesaving [70].

In other words, if a stress test shows moderate or severe
ischemia one would certainly want to rule out left main

disease. Fourth, CCTA has the advantage of identifying
alternative causes of exertional and non-exertional chest
discomfort such as coronary anomalies (including fistu-
lae), pericardial, aortic, valve, and pulmonary disease, or
a hiatal hernia. In this regard, the presence of exertional
angina and nonobstructive CAD (INOCA) may have other
underlying mechanisms such as microvascular dysfunction
or coronary spasm that cannot be defined by CCTA and
deserve advanced functional imaging or, in some instances,
invasive techniques. In addition, the CT scan allows for the
measurement of epicardial fat and the detection of occult
(subendocardial) myocardial infarcts, both with independent
prognostic value [71-74].

Nonetheless, despite its very high sensitivity and negative
predictive value, CCTA has a relatively lower specificity,
particularly in the presence of diffuse calcification. Stress
myocardial CT perfusion (CTP) has emerged as a possi-
ble solution in this regard, and several studies have demon-
strated that CTP might offer a significant incremental value
over CCTA, though it demands an additional acquisition
thus substantially higher radiation and contrast dose [75,
76]. In contrast, the non-invasive assessment of FFR through
computational fluid dynamics obtained from conventional
CCTA datasets (FFR-CT, Fig. 6), enables the assessment of
the hemodynamic significance of coronary lesions from the
same CT angiogram. A number of multicenter clinical stud-
ies have demonstrated that FFR-CT provides incremental
value over CCTA, particularly by increasing the specificity
and reducing the number of unnecessary referrals to ICA
[77-80]. Indeed, in two recent head-to-head comparison
studies, the accuracy of FFR-CT was at least comparable
to functional tests for the assessment of the hemodynamic
significance of lesions [76, 81]. In addition, computational
fluid dynamics applied to CT angiograms can elucidate

Table 1 Summary of
conventional and additional
anatomic and hemodynamic

CCTA features with prognostic
value

Conventional Additional

Anatomic Functional
Lesion-specific
Severity (stenosis and MLA) Positive remodeling FFR-CT

Lesion length

Location (and distance from the ostium)

Patient-basis
CAC score?®

CAD extent (plaque burden scores)

Myocardial scar

AFFR-CT across the lesion
Wall shear stress

Low attenuation

Spotty calcification
Napkin-ring sign Axial plaque stress
Fat attenuation index
Epicardial fat volume Ventricular function®

Non-CAD findings®

MLA minimal lumen area, FFR fractional flow reserve

#Requires an additional scan

®Coronary anomalies, pericardial, aortic, valve, pulmonary, and hiatal hernia among other

“Requires multi-phase acquisition
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Fig.4 Fifty-two year-old female, with hypertension. She had two epi-
sodes of typical chest pain associated with palpitations, with normal
ECG and enzyme levels. She underwent a stress-echocardiogram,
showing inferior-wall ischemia. CCTA demonstrated absence of cal-
cifications and normal LAD (a) and LCX (b) arteries. The RCA (c¢)

showed two non-significant lesions at the mid portion (white asterisk,
and d) and at the distal/posterolateral branch ostia (yellow asterisk,
and panel e). Albeit mild, both lesions had high-risk characteristics
including positive remodeling, a low attenuation core, and napkin-
ring sign; as portrayed in cross-sectional views (d and e)

Fig.5 Seventy-eight year-old male, with obesity (body mass index
31 kg/m2). He has anginal chest pain and dyspnea. He underwent a
rest-stress myocardial perfusion imaging SPECT (90% maximum
heart rate, 7 METS), showing normal relative myocardial perfusion
(a), preserved post-stress left ventricular function (b) and absence of
ST-T changes (c); although ventricular premature beats and non-lim-
iting chest pain were documented at maximal stress. Given the dis-

cordant results between SPECT images and the symptom referred by
the patient during the treadmill test, an anatomic evaluation was rec-
ommended. CCTA revealed complex multi-vessel disease, including
severe stenoses of the LMCA (arrows in panels d and e), proximal
LAD (d) *, and distal RCA (asterisks in f), including a bifurcation
lesion with significant positive remodeling (f, white asterisk). The
LCX had moderate proximal stenosis (e, *)
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Al

the mechanical forces onto individual plaques, including
endothelial shear stress and axial plaque stress, which are
associated with adverse outcome (Fig. 6) [82]. Non-invasive
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assessment of the hemodynamic stress on plaques may iden-
tify lesion-specific precursor of an acute coronary event,
and improve the modest positive predictive value (<20%)
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«Fig.6 Seventy-two year-old female, with hypercholesterolemia and
atypical chest pain. She underwent stress-SPECT, showing normal
myocardial perfusion and unspecific ST-T changes. CCTA showed
mild calcification of the proximal left anterior descending (LAD)
artery, and a moderate non-calcified lesion at the mid LAD (a) *.
The left circumflex and right coronary arteries were normal. Non-
invasive computational flow dynamics analyses were performed to
rule out lesion-specific ischemia, displaying a normal FFR (b) but
adverse hemodynamic characteristics including high wall shear stress
(>154.7 dyn/cm2, ¢) and axial plaque stress (> 1606.6 dyn/cm?2, d)

of the currently available high-risk (anatomic) plaque char-
acteristics [43, 69, 83]. In this regard, the recently published
EMERALD (Exploring the Mechanism of plaque Rupture
in Acute coronary syndrome using coronary CT Angiogra-
phy and computational fluid Dynamics) trial demonstrated
improved identification of culprit lesions of future acute
coronary syndromes through the integration of anatomic
(including lesion severity and length, and adverse plaque
characteristics) and non-invasive hemodynamic parameters
(AFFR-CT, wall shear stress, and axial plaque stress) [84].
Hence, CCTA (with selective FFR-CT) has the potential
for comprehensive and integral evaluation of the anatomic
burden, tissue composition, spatial distribution, and hemo-
dynamic impact both on a patient and lesion-specific basis,
within a single exam and without the need of additional con-
trast, radiation, or vasodilatory stress agents [65].

Final considerations and future perspectives

It should be emphasized that the decision for the initial diag-
nostic strategy depends of many factors (Fig. 1), as well as
regional or institutional conditions that determine the pre-
ferred initial diagnostic test for patients with suspected or
new-onset stable CAD. Indeed, the selection of the initial
diagnostic test remains closely linked to individual patient
characteristics, and in some situations a simple exercise
ECG may be sufficient to guide patient management [85].

The role of coronary artery calcium score (CACS) among
symptomatic patients with suspected CAD also merits con-
sideration as it might potentially act as a gatekeeper for func-
tional tests, or refine risk stratification particularly among
patients with mildly abnormal or equivocal functional
tests. In this regard, a number of studies have shown that
the absence of calcifications (CACS 0) among symptomatic
patients with low to intermediate pre-test likelihood of CAD,
which is found in approximately half of these patients, is
related to very low rates of obstructive CAD (<4%) and of
MACE (annual rate ~ <0.5%) [86-89] [90].

As for the future perspectives, there are emerging
approaches to plan revascularization strategies without the
use of ICA. The CT-SYNTAX score, which may be calcu-
lated automatically using machine learning algorithms in the

near future, offers information regarding the extent, loca-
tion, length, calcification degree, and tortuosity of lesions,
among other features, aiding the selection of the revascu-
larization strategy and providing additional prognostic value
in patients with complex CAD [91, 92]. This was recently
shown in the SYNTAX III Revolution trial, a randomized
multinational trial where in patients with complex or exten-
sive CAD, treatment decision-making based on CCTA was
found to be similar to the decision derived from conven-
tional ICA, with a 93% agreement in the decision-making
and planning [93].

Overall, in view of the better diagnostic performance and
prognostic value, an (at least) similar economic burden at
follow-up, the promotion of a more rational use of ICA, the
aforementioned relevant additional characteristics provided
(Table 1) including ruling out left main disease, and the
possibility of evaluating lesion-specific ischemia from the
same scan; we believe that CCTA might become frontline,
comprehensive imaging tool for the majority of patients with
suspected CAD.
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