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Coronary CT angiography (CCTA) demonstrated high diagnostic accuracy for detecting coronary artery disease
(CAD) and a key role in the management of patients with low-to-intermediate pretest likelihood of CAD. However,
the clinical information provided by this noninvasive method is still regarded insufﬁcient in patients with diffuse and
complex CAD and for planning percutaneous coronary intervention (PCI) and surgical revascularization procedures.
On the other hand, technology advancements have recently shown to improve CCTA diagnostic accuracy in patients
with diffuse and calciﬁc stenoses. Moreover, stress CT myocardial perfusion imaging (CT-MPI) and fractional ﬂow
reserve derived from CCTA (CT-FFR) have been introduced in clinical practice as new tools for evaluating the
functional relevance of coronary stenoses, with the possibility to overcome the main CCTA drawback, i.e. anatomical
assessment only. The potential value of CCTA to plan and guide interventional procedures lies in the wide range of
information it can provide: a) detailed evaluation of plaque extension, volume and composition; b) prediction of
procedural success of CTO PCI using scores derived from CCTA; c) identiﬁcation of coronary lesions requiring
additional techniques (e.g., atherectomy and lithotripsy) to improve stent implantation success by assessing calcium
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score and calciﬁc plaque distribution; d) assessment of CCTA-derived Syntax Score and Syntax Score II, which allows
to select the mode of revascularization (PCI or CABG) in patients with complex and multivessel CAD.
The aim of this Consensus Document is to review and discuss the available data supporting the role of CCTA,
CT-FFR and stress CT-MPI in the preprocedural and possibly intraprocedural planning and guidance of myocardial
revascularization interventions.

 The integration of CCTA imaging in the work-up before coronary
revascularization as a tool for procedural planning is supported by its
accuracy for plaque and calcium characterization.

1. Rationale for the use of coronary CT angiography for planning
coronary revascularization
Several prospective multicenter studies conﬁrmed the high diagnostic
accuracy of coronary CT angiography (CCTA) for detecting coronary
artery disease (CAD) when compared to invasive coronary angiography
(ICA).1–11 Although this imaging modality is now considered the preferable method in patients with low-to-intermediate pretest likelihood of
CAD, functional imaging remains the ﬁrst-line approach in patients with
complex CAD.12–15 On the other hand, technology advancements, such as
improved temporal and spatial resolution or capability of calcium
removal by dual-energy CT, have shown to improve CCTA diagnostic
accuracy in patients with diffuse and calciﬁc stenoses.16 Recently, stress
CT myocardial perfusion imaging (CT-MPI) and fractional ﬂow reserve
derived from CCTA (CT-FFR) have been introduced in clinical practice as
new tools for evaluating the functional relevance of coronary stenoses,
with the possibility to overcome the main CCTA drawback, i.e.
anatomical assessment only.17 In addition, CCTA might be useful to
overcome main ICA limitations, such as depiction of only a
two-dimensional silhouette of the lumen, no assessment of atherosclerotic plaque burden, and vessel overlapping and foreshortening. Consequently, the number of patients referred to the catheterization laboratory
after a non-invasive workup based on CCTA is expected to increase over
the next decade. Although this diagnostic approach has not been
implemented in everyday clinical practice, the possibility of evaluating
with CCTA patients who are candidate for an invasive approach may lead
to a better and more efﬁcient organization of catheterization laboratory
activity and an improvement of procedural planning. Indeed, allocation
of resources and time can be tailored to case complexity. Moreover, in
cases with complex lesions (e.g. bifurcations and CTO), dedicated
personnel, longer time slots and speciﬁc resources can be made available
before the procedure. Finally, after a CCTA-based diagnosis of a hemodynamically signiﬁcant lesion, the catheterization laboratory can focus
mainly on interventional activities avoiding to waste time in unnecessary
diagnostic angiography.18 The role of CCTA to guide interventional
procedures stems from the fact that this imaging tool allows a detailed
evaluation of the extension, volume and composition of atherosclerotic
plaques,18 unlike conventional ICA that only assesses coronary lumen
narrowing. Although ICA limitations can be overcome by the systematic
use of invasive intravascular imaging tools, they are used in less than
10% of PCI for several reasons, including that they are time consuming,
increase procedural cost, have modest penetration in the real world and
need experienced knowledge of image interpretation.19–21
Therefore, aim of this Consensus Document, which has been proposed
by the Guidelines Committee and approved by the Board of Directors of
the Society of Cardiovascular Computed Tomography (SCCT), is to
expound the key technical aspects of CCTA and to review the available
clinical data supporting the role of CCTA, CT-FFR and stress CT-MPI in
the preprocedural and possibly intraprocedural planning and guidance of
myocardial revascularization interventions.
Bullet points:

2. Methods
The CCT clinical indications were discussed and arranged according
to the following two modalities: a brief paragraph dedicated to each
indication, with the description of its clinical usefulness; and each indication was rated by the technical panel for appropriateness, using a score
and a methodology previously described.22 In particular, the technical
panel rated indications independently.
The technical panel scores each indication as follows:
(1) Scores 7–9: ‘Appropriate’ test for a speciﬁc indication (the test is
generally acceptable and is a reasonable approach for the
indication).
(2) Scores 4–6: Uncertain for a speciﬁc indication (the test may be
generally acceptable and may be a reasonable approach for the
indication). Uncertainty also implies that more research and/or
patient information is needed to classify the indication deﬁnitively.
(3) Scores 1–3: Inappropriate test for a speciﬁc indication (the test is
not generally acceptable and is not a reasonable approach for the
indication).
The ﬁnal score is the arithmetic mean of the scores of each individual
panelist.
3. Technical basis (minimal requirements)
The major technological advances of CT scanners currently available
on the market and the scan techniques that are generally employed for
CCTA are reported in the Supplementary material section.
4. Atherosclerosis analysis and implication for interventional
procedures
Advanced atherosclerosis evaluation by CCTA is supported by several
reports suggesting its accuracy vs. invasive imaging23 and its prognostic
value.24,25 It is of importance for example that plaque calciﬁcation
presence and extent evaluated with CCTA led to the use of speciﬁc procedural techniques.26 On the other hand, Nakazawa et al. reported that
among 51 patients who underwent CCTA before PCI, transient no-reﬂow
phenomenon (i.e. absence or slow coronary ﬂow in the absence of signiﬁcant coronary stenosis) which is associated with worse prognosis was
more common in those with napkin ring sign and low attenuation plaque
at CCTA.27 Similarly, Watabe et al. demonstrated that the prevalence of
high-risk plaque features identiﬁed at CCTA (low-density plaque, positive remodeling and spotty calciﬁcation) was higher among patients with
post-PCI cTnT elevation >3 times the upper limit of normal.28 High-risk
plaque features have been linked to invasively determined myocardial
ischemia as well. A sub-analysis from the NXT trial, enrolling 254 patients who underwent both CCTA and invasive fraction ﬂow reserve
(FFR) evaluation, demonstrated that elevated low-attenuation plaque
volume quantiﬁed by CCTA was independently associated with
myocardial ischemia (FFR < 0.8) regardless of the degree of lumen

 CCTA has emerged as a ﬁrst-line noninvasive tool for the management of patients with chest pain and suspected CAD, at the same level
of recommendation of stress echocardiography, cardiac magnetic
resonance and nuclear imaging.
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plaque progression/regression after medical therapy.33 These data
should be taken into consideration for appropriate follow-up planning
when coronary revascularization is deferred (Table 1).
Bullet points:

Table 1
Non-invasive atherosclerosis evaluation by CCTA.
CCTA atherosclerosis evaluation
Qualitative features

Quantitative analysis






 Low-attenuation plaque volume (mm3)
 Non-calciﬁed plaque volume (mm3)
 Calciﬁed plaque volume (mm3)

Positive remodeling
Low-attenuation plaque
Napking ring sign
Spotty calciﬁcation

 Non-invasive detection and characterization of coronary atherosclerosis of the entire coronary tree may be useful for PCI planning.
 Plaque characterization should be part of every CCTA report.

Clinical insight for the interventionalist

5. Role of CT-FFR to guide coronary revascularization

 All adverse plaque features could be associated with higher rate of peri-procedural
MI
 Adverse plaque features could be associated with myocardial ischemia,
independently from lumen stenosis degree at invasive angiography
 Extensive presence of calciﬁed plaque could be associated with the need of
dedicated intra-procedural techniques (i.e., rotablator, intravascular lithotripsy)

CT-FFR is now an established method that allows non-invasive estimation of pressure drop during hyperemia from a standard CCTA with
high accuracy and agreement with invasive FFR.34
There are growing clinical data on the accuracy and safety of CT-FFR
in guiding ICA referral. The evidence supports ICA deferral in the setting
of negative CT-FFR and prior studies demonstrated signiﬁcantly higher
PCI/ICA ratio when decisions to perform ICA are guided by CT-FFR as
compared to CCTA alone35,36 (Fig. 1).
Building on this evidence, attention has turned towards combining
anatomy and physiology to guide not only decisions regarding ICA but
also to help revascularization planning. This new paradigm is supported
by the unique opportunity of having anatomy (lumen and plaque characteristics) and lesion speciﬁc physiology, a combined information that is
not provided by other non-invasive imaging modalities. This concept has
been tested in the SYNTAX II and III trials,37,38 where non-invasive
anatomy and physiology with CCTA and CT-FFR resulted in similar
revascularization guidance as that provided by invasive anatomy and
physiology assessment with ICA and FFR. The invasive Pullback Pressure
Gradient (PPG) allows to identify distinct CAD patterns (focal or
diffuse).39 Comparably, virtual CT-FFR pullbacks provide a rapid and
non-invasive identiﬁcation of CAD patterns and may detect functional vs.
anatomical mismatch.40,41 These data, along with growing clinical
adoption increased the interest in a planned PCI approach and bolstered
the Heart Team role for pre-procedural decision-making in a way similar
to that used for structural heart disease.
How to interpret the CT-FFR analysis:

stenosis.29 Similarly, data from the CREDENCE trial suggested that
complex coronary anatomy models might predict ischemia better that
myocardial stress perfusion imaging.30 Finally, in the recent CCTA-FFR
Registry31 high-risk morphologic features offered additive prognostic
value to coronary physiology that allowed to optimize selection of
treatment strategies by improving FFR-based risk predictions. Thus,
although further research is needed to investigate the clinical impact of
revascularization of high-risk plaque in the absence of signiﬁcant stenosis
and to assess whether CCTA could be used to identify these patients and
guide decisions, these data support that advanced analysis of coronary
atherosclerosis by CCTA may provide interventional cardiologists with
relevant information to guide PCI. This analysis should be tailored on the
speciﬁc characteristics of each patient and each particular PCI procedure.
However, the presence of high-risk plaque features should be routinely
included in CCTA reports, as suggested in the CADRADS reporting
model.32 Moreover, recent data derived from the PARADIGM trial
regarding the assessment of coronary plaque progression by CCTA
underlined the possibility to identify plaques and patients at higher risk
of progression. Among all different parameters, the percent atheroma
volume (PAV), deﬁned as [(plaque volume/vessel volume) x 100] was
demonstrated as the best predictor of plaque progression from
non-obstructive to more than 50% stenosis. However, volume changes of
plaque subtypes have been recently adopted as an effective measure of

1 Pressure measurements should be performed approximately 2 cm distal
to the coronary stenosis. A CT-FFR value < 0.8 distal to a stenosis is

Fig. 1. Image showing a co-registration of invasive coronary angiography (A), coronary CTA and straight MPR (panel B and C) with CTA cross sections (panel D),
corresponding OCT cross sections and longitudinal OCT view (E). Panel F shows the CT-FFR patient-speciﬁc model and panel G the result of the CT-FFR Planner.
Invasive coronary angiography (A), coronary CT angiography (B) and straight MPR (C) showing a calciﬁed ﬁbro-atheroma with positive remodeling in the proximalmid LAD. The CT-FFR (panel F) reaches a value of 0.59 with a focal gradient at the level of the MLA (panel D and E mid). The OCT cross sections mirror the CTA
images. The most distal CTA cross section exhibits a healthy landing zone for percutaneous stenting also visualized by OCT (E). Based on the CT-FFR model (F), an
appropriate stent length and position is selected (dashed lines). In panel G the predicted functional result by the CT-FFR Planner mimicking PCI can be appreciated.
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particular, quantitative perfusion studies beneﬁt from a regular rhythm
and an adequately performed breath hold for up to 30 seconds. Therefore, the increased radiation exposure (particularly for the dynamic
technique) and contrast medium are potential limitations of CT-MPI in
comparison to other imaging modalities, such as stress-echocardiography
or stress-cardiac MR. Advantages of CT-MPI are the short acquisition
time, high spatial resolution and coverage of the entire left ventricle.
Bullet points:

considered hemodynamic signiﬁcant. However, as with invasive FFR,
evidence suggests that CT-FFR values should be considered as a
continuous variable with lower values associated with higher risk.42–44
2 The CT-FFR gradient across a lesion should be included in the clinical
report and should be integrated in the decision-making regarding
revascularization.45
3 Anatomical location: while further methods are being developed to
provide a measure of the myocardium at risk, at present clinical reports of CT-FFR should comment on the location of the abnormal
physiology, coronary dominance, and coronary branches distal to the
physiological abnormality.

 Stress CT-MPI is a promising non-invasive tool to detect ﬂow-limiting
stenoses.
 Functional assessment by CT-MPI may improve decision-making in
patients with CAD on CCTA.

Recently, a novel tool that simulates PCI providing modeled CT-FFR
values after stenosis opening by using CT-FFR (PCI Planner) has been
tested in the prospective, multicenter P3 study (Precise Percutaneous
coronary intervention Plan study)46 in 123 patients with chronic coronary syndromes undergoing PCI. As a main ﬁnding, the measured invasive post-PCI FFR was 0.88  0.06 whereas the Planner CT-FFR predicted
0.86  0.06 (mean difference 0.02  0.07 FFR units). The high accuracy
of the CT-FFR Planner was conﬁrmed also in cases with focal and diffuse
disease, and low and high calcium burden.47 Therefore, CT-FFR Planner
can mimic PCI to predict the increase in coronary ﬂow after coronary
stenting. Finally, the CT-FFR Planner seems a promising tool in overcoming the limitations related to the assessment of serial lesions with
invasive FFR (cross talk between lesions – difﬁcult to predict physiological
impact of PCI of one lesion) by allowing for a non-invasive detection of
which lesion/s need to be treated to achieve an optimal result.48,49
Bullet points:

7. The contribution of CT-MPI in revascularized patients
PCI with stent implantation is the most common revascularization
procedure performed worldwide for the treatment of CAD patients.54
CCTA is generally not recommended in patients with coronary stents due
to artifacts resulting from metallic stent struts55,56 that may reduce the
diagnostic accuracy, particularly in <3.0-mm diameter stents and in patients who underwent complex revascularization procedures (e.g. bifurcation lesions). Stress CT-MPI has recently emerged as a promising
strategy to combine anatomical and functional evaluation in a single
technique.57 Several data demonstrated that CT-MPI might improve CCTA
diagnostic accuracy for detecting obstructive CAD(57). However, only few
and small studies investigated the potential value of cardiac CT that incorporates CT-MPI in stented patients, and showed that a combined CCTA
þ CT-MPI protocol improved the diagnostic accuracy as compared with
CCTA alone.57 The recent ADVANTAGE study,58 performed with a 256-detector row scanner in 150 patients, showed an increased diagnostic rate
(as a measure of image interpretability) of CT-MPI vs. CCTA (96% vs. 68%
in a patient-based analysis) and a signiﬁcantly higher diagnostic accuracy
of CT-MPI vs. CCTA when both QCA and invasive FFR were used as gold
standard (CT-MPI vs. CCTA diagnostic accuracy in comparison with
invasive FFR of 75% vs. 30.5%, p ¼ 0.0002, respectively). These ﬁndings
were associated with low radiation exposure (4.15  1.5 mSv for CCTA þ
stress CT-MPI) and support the use of cardiac CT for the preprocedural
planning of coronary revascularization also in stented patients (Fig. 2).
Indeed, the combined anatomical/functional information in patients with
complex anatomy, such as those who previously underwent multivessel
stenting, may allow focusing the interventional procedures on the target
vessels identiﬁed non-invasively. However, it should be noted that CT-FFR
is not yet available for stent evaluation.
Bullet points:

 CT-FFR is a validated tool for non-invasive assessment of the hemodynamic impact of coronary stenosisfrom a standard CCTA with high
accuracy and agreement with invasive FFR.
 CT-FFR allows to combine anatomy and physiology (estimation of
pressure drop across a lesion) to guide referral to ICA and to help
revascularization planning.
6. The contribution of CT myocardial perfusion imaging in
patients with untreated CAD
Compared to CCTA alone, the addition of CT-MPI improves the
diagnostic accuracy for the functional assessment of CAD. The reported
sensitivity and speciﬁcity of CT-MPI for detecting functionally signiﬁcant
CAD range between 82–92% and 73–86%,50 respectively, with invasive
FFR as reference. Meta-analyses indicate that CT-MPI performance to
identify FFR-positive CAD is equivalent to other non-invasive stress tests.
However, no head-to-head comparisons have been reported to date.50
The diagnostic accuracy of CT-MPI is in the same range of CT-based FFR.
Both functional applications of CT appear to have complementary diagnostic value, though CT-MPI may be preferred in patients with extensive
coronary calciﬁcation, chronic occlusions and in those with previous
revascularization.51
In the CRESCENT II trial, patients with suspected CAD were randomized to a tailored cardiac CT approach including dynamic CT-MPI or
standard stress testing. The study showed a higher rate of severe CAD
requiring revascularization in the CT group (88% vs. 50%) without
increasing the overall invasive catheterization rates.52 The CATCH trial
randomized patients after a recent hospital admission for acute chest pain
to CCTA or CCTA combined with CT-MPI and found that the latter
strategy decreased catheterization referral rates, without any effect on
long-term outcome.53
In clinical practice, CT-MPI can follow a positive CCTA to assess the
functional severity of coronary lesions, with the beneﬁt of direct spatial
correlation of stenotic branches and their dependent myocardium. Absolute quantiﬁcation of myocardial blood ﬂow may reduce the risk of
missing balanced ischemia in the presence of diffuse CAD. The use of
radiation and iodine-based contrast agent are drawbacks of CT-MPI. In

 CCTA alone is still inaccurate for the assessment of some coronary
stents (small diameter, overlapping, and bifurcations).
 In patients with previous stent implantation the addition of CT-MPI to
CCTA might increase the usefulness of CCTA alone as a non-invasive
tool for selecting the patient to submit to invasive evaluation.
8. Chronic total occlusions
Chronic total occlusions (CTO) are deﬁned as occluded coronary arteries with a Thrombolysis In Myocardial Infarction 0 ﬂow with an
estimated duration of at least 3 months.59 The prevalence of CTO in
patients referred to CCTA has been shown to be lower (1.4%) than that
reported in patients referred to ICA,60,61 similarly to the absolute rate of
events in the population evaluated by CCTA.62 This is probably due to the
different clinical proﬁle of patients referred to each modality.
The somewhat lower risk of MACE associated with CTO detected by
CCTA has important implications for management, as current guidelines
consider revascularization strategies only for symptomatic relief and
quality of life improvement in these patients.63 Indeed, no reduction in
events has been documented thus far with PCI or surgical
561
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Fig. 2. Stress CT-MPI for planning PCI in patients with known CAD. A complete protocol of adenosine stress-rest CT-MPI was performed. In panels A–C coronary
anatomy shows a critical LAD stenosis (panel A), occlusion of LCX (panel B) and patency of a previous stent in the RCA (panel C); the same scan demonstrates
reversible perfusion deﬁcit of the antero-septal wall and only partial reversible perfusion deﬁcit of the posterolateral wall (panel D–G). Invasive coronary angiography
conﬁrms LCX occlusion and a critical stenosis of the LAD (panel H–L). The interventional cardiologist was able to plan the revascularization procedure and, more
importantly, to decide with the Heart Team whether to treat LCX occlusion before bringing the patient to the cath lab.

minutes as well as procedural success (Fig. 4). Successful guidewire
crossing occurred in 100% of the lesions with a score 0, in 84% of those
with a score 1 or 2, in 51% of those with a score 3 and in 30% of those
with a score 4 or above. Similarly, procedural success was 100% for a
score 0 or 1, 94% for a score 2, 84% for a score 3 and 62% for a score 4 or
higher. When compared to several other scores, the authors reported a
higher discrimination for the KCCT.71
Finally, a third study compared the J-CTO score derived from ICA and
CCTA. This study concluded that a score derived from CCTA had higher
discrimination for procedural success as well as wire crossing within 30
minutes.72
Although no study to date have compared the three scores, it is unlikely that differences would be notable as several criteria are similar
(blunt stump, severe calciﬁcation, bending >45 and second attempt
after a previous failure to open the lesion).
Recently, the ﬁrst randomized clinical trial comparing routine preprocedural CTA to ICA in CTO patients demonstrated that coronary CTA
resulted in a 10% absolute increase in the success rate with a reduction in
periprocedural coronary perforations and periprocedural myocardial
infarction.73
Although still in a feasibility phase, an additional application of CCTA
prior to revascularization procedures is real-time fusion of CCTA and ICA
images. This approach may be used to provide additional information on
vessel tortuosity and calciﬁcation that can aid in procedural planning.
However, data supporting this technology are still limited.74
In conclusion, the current literature indicates that CCTA is a useful
tool to non-invasively diagnose and assess CTO. Additionally, CCTA-

revascularization, while CTO interventions are associated with
non-trivial periprocedural complications.64
With the aim of improving acute and long-term results of CTO interventions, several scores have been developed. Among them, the J-CTO
score is the most widely used, as it is a predictor of successful vessel
opening as well as a predictor of long-term events.65
Early studies using CCTA identiﬁed several features associated with
lower procedural success including occlusion length >15 mm, calcium
>50% CSA (i.e., calcium occupies more than half of the cross-sectional
area at the point of CTO maximum calciﬁcation), blunt stump, calciﬁcation at CTO entry point, calciﬁcation length >5.5 mm, percentage angulation, shrinkage of the vessel (identiﬁed as abrupt narrowing or severe
tapering to less than 1 mm in cross-sectional diameter of the distal
segment) and bending (deﬁned as an angle of >45 in the trajectory of the
vessel either of the occluded site or proximal vessel).66,67 Later, the
CT-RECTOR multicenter registry was the ﬁrst to derive a score from
pre-procedural CCTA in 240 patients with CTO lesions. The score included
six variables (Fig. 3). The authors divided the CTO lesions as easy (score 0),
intermediate (score 1), difﬁcult (score 2) and very difﬁcult (score  3). The
four groups were associated with successful lesions crossing within less
than 30 min in 95%, 88%, 57% and 22% of the cases, respectively.68,69
Similarly, the rates of ﬁnal procedural success were 95%, 91%, 66% and
40%, respectively. The authors concluded that the CCTA-derived score
showed a higher discrimination than the J-CTO score.70
The Korean Multicenter CTO CT Registry (KCCT) included 684 CTO
with pre-procedural CCTA. It incorporates seven clinical and CCTAderived criteria to predict successful lesion crossing within less than 30
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Fig. 3. CT-reactor score.

Bullet points:

derived scores may be used to accurately predicting procedural success.
Thus, CCTA may help in selecting patients who are unlikely to beneﬁt
from ICA and intervention and who are more adequately managed by
optimal medical treatment or surgical intervention. When PCI is indicated, CCTA can also provide information to plan the procedure and
select the adequate devices prior to PCI, and in some cases, to choose and
guide the interventional technique (i.e., antegrade vs. retrograde
approach).

 CCTA may help in identifying anatomical characteristics of CTO that
are associated with increased complexity of CTO PCI.
 Scores derived from the CT-RECTOR multicenter registry and Korean
Multicenter CTO CT Registry (KCCT) allow predicting the procedural
success of CTO PCI.
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Fig. 4. KCCT score.

9. Usefulness of CCTA to optimize medical therapy in patients
with evidence of coronary atherosclerosis

CAD based on the visual assessment of a signiﬁcant stenosis (>50%)
diagnosed by ICA.75 The functional SYNTAX score (FSS) adopting
physiological parameter such as fractional ﬂow ratio in anatomical
SYNTAX score reclassiﬁes a substantial number of patients with multivessel disease from high to lower risk of adverse events after PCI.76,77
Because of its signiﬁcant prognostic value in patients with 3VD or LM
disease, undergoing either PCI or CABG, the Syntax score is part of the
guidelines and has been increasingly used during Heart Team discussion
to decide the revascularization mode (CABG or PCI).
The SYNTAX score II combines anatomical Syntax Score and seven
independent clinical predictors for 4-year all-cause mortality in patients
undergoing either surgical or percutaneous revascularization.78–80
Recently, the prediction model was updated as Syntax Score 2020, which

The potential implication of CCTA ﬁndings on medical therapy
optimization are reported in the Supplementary material section.
10. How to integrate CCTA and CT-FFR in a non-invasive
functional syntax score: CCTA for the decision-making in
complex CAD
In addition to its primary use to rule-out CAD, CCTA is employed to
diagnose and evaluate disease extension and severity (Fig. 5). The
anatomic Syntax score quantiﬁes the extent and anatomic complexity of
564
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Fig. 5. Role of CCTA in different degrees of CAD.

Although initially developed as an angiographic score, the anatomic
Syntax Score and its derivative scores are also derived from CCTA
(CT-Syntax Score).82 CCTA overcomes the major limitations of ICA
stemming from its 2D cine-ﬂuoroscopic nature and lack of strong
reproducibility due to subjective assessments of multiple observers. With
its non-invasiveness and capability to assess coronary stenoses as well as
their functional impact by CT-FFR, CCTA enables us to assess the severity
of coronary lesions, the length of the lesion, the diffuse character of
lumen reduction, the tortuosity of the target vessel, the single, double or
triple involvement of a bifurcation and the degree of coronary calciﬁcation etc., in brief, all the individual components of the anatomic
SYNTAX score.36
The potential role of CCTA in Heart Team discussion for decisionmaking between PCI and CABG was investigated in the Syntax III
Revolution trial, which enrolled patients known for having 3VD with or
without LM disease diagnosed by ICA. The agreement on treatment
decision (surgery or PCI) of two heart teams was measured. The heart
teams received, in order to make their decision, either a conventional
ICA or CCTA of cases with 3VD with or without LM disease.37 The decision making of “CABG only”, “PCI only” or “equipoise CABG-PCI” was
concordant between the two heart teams in 86% of the cases, with a
Cohen's kappa of 0.82, qualifying the agreement as almost perfect according to the statistical Cohen's kappa categorization.37 This was a
virtual trial since after signing off the decision-making, both Heart
Teams were unblinded so that they had all the information available
prior to the real clinical treatment, either in the interventional suite or
in the operative room. The question remains whether cardiac surgeons
would really be willing to perform surgery without prior ICA, using
CCTA as the sole guidance of coronary grafting. In a survey among
surgeons involved in the Syntax III trial, six surgeons reviewed 20 CCTA
of 20 patients who underwent CABG performed previously by them
during the course of the SYNTAX III trial.83 Each surgeon had to declare
for himself whether the planning and the execution of surgery would be
feasible. In 84% of the cases, they declared that patients would be
eligible for surgery without prior conventional ICA. Subsequently, the
Fast-Track CABG trial was designed and is currently ongoing to investigate whether the policy of surgical treatment without prior ICA and
CCTA guidance only is feasible and safe (NCT04142021).84 So far, 45
patients have been enrolled in the FAST-TRACK CABG trial and in all
cases, anatomical SYNTAX Score, SYNTAX II 2020 score and functional
SYNTAX Scores were used to plan and guide the surgical bypass
procedure.

Table 2
SYNTAX score: from anatomy to comorbidity and functional assessment.
1. Anatomic SYNTAX Score (2005): Anatomy (ICA or CTA), population strata
outcome, PCI versus CABG
 Predict MACCE (all-cause mortality, stroke, myocardial infarction,
revascularization) prognosis from 1 to 5 years in the SYNTAX trial (PCI vs. CABG in
three-vessel disease and left main) and mortality up to 10 years in the SYNTAXES
study.
2. SYNTAX Score II (2013): Anatomy (ICA) and comorbidity, PCI versus CABG
 Predict 4-year all-cause mortality in the SYNTAX trial.
 Used as an inclusion criteria for PCI population based on equipoise prediction of allcause mortality after PCI versus surgery in three-vessel disease and left main (the
SYNTAX II trial).
3. Functional SYNTAX Score (2011, 2018): Anatomy (ICA or CTA) and
functionality (iFR, FFR, CT-FFR), PCI population
 Treatment decision making based on anatomy and functionality.
4. Logistic clinical SYNTAX Score (2020): Anatomy (ICA) and comorbidity,
individualized outcome for “all-comers” PCI
 Predict all-cause mortality at 2 years in “all-comers” PCI trials.
5. SYNTAX Score III: Anatomy (CTA), comorbidity, and functionality (CT-FFR),
PCI and CABG
 Treatment decision making between PCI and CABG in three-vessel disease and left
main based solely on multi-slice CT scan with CT-FFR in the SYNTAX III REVOLUTION trial.
6. SYNTAX Score III: Anatomy (CTA), comorbidity, and functionality (CT-FFR),
CABG population
 Planning and execution of surgery in three-vessel disease and left main applying
SYNTAX Score III derived solely on CTA scan with CT-FFR (the FASTTRACK CABG
trial, First in men).
7. SYNTAX Score 2020 (2020): Anatomy (ICA) and comorbidity, PCI versus CABG
 Predict 5-year MACE and 10-year all-cause mortality based on cross validation in the
SYNTAX trial and on external validation in the FREEDOM, BEST, and PRECOMBAT
trials.

CABG: coronary artery bypass grafting; CTA: computed tomography angiography; FFR: fractional ﬂow reserve; ICA: invasive coronary angiography; iFR:
instantaneous wave-free ratio; PCI: percutaneous coronary intervention.
Evolution of the risk score algorithms derived from the historical SYNTAX I trial.

could predict 5-year MACE and 10-year all-cause mortality based on
cross validation in the SYNTAX trial and on external validation in the
FREEDOM, BEST and PRECOMBAT trials81 (Table 2).
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Bullet points:

whereas the addition of a functional assessment by CT-FFR further reﬁnes treatment decision and planning prior to revascularization.85
The identiﬁcation of hemodynamic signiﬁcance of a lesion, visualization of landing zone for the distal surgical anastomosis and distal runoff emerged as the most important factors supporting the feasibility of
this approach. CCTA identiﬁes non-diseased target segments for grafting.
In addition, it provides insights into vessel course including an intramyocardial coronary path, presence of coronary anomalies and target
vessel size. In case of CTO, assessment of the vessel distal to the occlusion
proves usually feasible also providing information not always readily
available with ICA, where only in case of well-developed collateral ﬂow
the course and size of the distal coronary bed is evaluable. Moreover, the
amount of subtended myocardium and identiﬁcation of potential
myocardial scar by CCTA and optional CT-MPI can help omit futile
grafting or optimize CABG strategies when limited grafting material is
available.
CCTA 3D-volume rendering also facilitates the assessment of coronary anatomy. The course of and distance between the LAD and diagonal
branches is relevant for planning minimal invasive sequential MIDCAB
LIMA-LAD or sequential bypass grafting. Furthermore, CCTA can also
assess the anatomy, caliber and length of the left and right internal

 Syntax Score and its derivative have been introduced to assess on ICA
the complexity and total burden of CAD, which is used to guide the
selection of the revascularization mode (PCI or CABG), especially in
patients with complex CAD (e.g. 3VD, LM disease).
 With its 3-dimensional nature and physiological assessment (e.g. CTFFR), CCTA allows to assess Syntax Score and Syntax Score II, which
provide the Heart Team with a recommendation on the mode of
revascularization (PCI or CABG) for patients with complex disease
based on long-term mortality. The decision-making of two Heart
Teams based on ICA or CCTA accounting for clinical characteristics
and comorbidities was proven to have a high level of agreement in the
Syntax III trial.
11. Pre-procedural surgical planning of coronary
revascularization by CCTA
Although ICA is the preferred diagnostic method to guide the treatment decision between CABG and PCI, SYNTAX III Revolution trial has
demonstrated the potential usefulness of CCTA in this clinical setting,37

Fig. 6. CCTA prior to and after Bypass surgery. Left side: CCTA before CABG. Upper panel: Curved multiplanar reconstructions of major epicardial vessels showing the
lesions scored in the SYNTAX score. Mid panel: CT-FFR analysis. Lower panel: 3D Volume rendering and MIP reconstructions. Right side: CCTA after CABG. Upper
panel: 3D Volume rendering images showing the three grafts on LAD, OM and RCA. Mid panel: Curved multiplanar reconstructions of the three grafts. Lower panel:
CT-FFR of native arteries and grafts. LAD ¼ left anterior descending artery; MIP ¼ maximum intensity projection; OM ¼ obtuse marginal branch; RCA ¼ right coronary
artery; 3D ¼ three dimensional.
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deep cannulation that may concealed the lesion.
Thanks to its 3-dimensional nature, CCTA can be potentially useful to
overcome some limitations of conventional ICA such as vessel foreshortening, which affects the evaluation of lesion length that is subsequently needed to select stent length. Although clear evidence supporting
this approach is lacking, foreshortening might be minimized choosing
upfront the optimal angulation based on CCTA. Optimal selection of
angiographic projection is of upmost importance in two lesion subsets,
namely bifurcation and ostial lesions.90 In coronary bifurcations, correct
visualization of the side branch ostium is crucial to deﬁne PCI strategy
and the need of additional interventions at the level of the side branch.
Likewise, in ostial lesions, the precise demarcation of the ostium is
essential for correct stent positioning and deployment.90 Although ﬁxed
projections for right and left coronary ostia evaluation and visualization
of LAD/Diagonal or LCX/obtuse marginal bifurcations have been proposed, CCTA imaging allows determining a patient-speciﬁc angulation
for a given coronary segment.91 CCTA may also help predicting the risk of
side branch occlusion during bifurcation PCI(91). Pre-PCI assessment is
based on the evaluation of plaque extension, composition and characteristics. Lesion length is assessed as the distance between healthy (i.e.,
plaque free) landing zones proximal and distal to the coronary stenosis.92
Of note, lesion length derived from CCTA is unaffected by foreshortening.
Thus, this approach has the potential to improve the selection of device
length. The presence of a severely calciﬁed plaque with circumferential
and lengthy calciﬁcations have been shown to be associated with stent
under-expansion and sub-optimal result, which have been consistently
identiﬁed as predictors of adverse events after PCI(12). Therefore, in
vessels with high calcium burden detected by CCTA, use of additional
techniques like rotational or orbital atherectomy and intracoronary
lithotripsy may improve stent expansion. In the other spectrum of the
atherosclerotic disease, namely non-calciﬁed plaque with positive
remodeling and low-attenuation components, PCI has been associated
with periprocedural myocardial infarction and no-reﬂow phenomenon.
Thus, plaque characterization by CCTA may help in stratifying the risk of

mammary arteries by using the curved multiplanar reconstruction and
the “lumen visualization” view. The presence of disease in the ascending
aorta may prompt alternative surgical approaches such as no-touch aorta
technique with the potential to minimize cerebral embolization during
surgery. Maximal Intensity Projection (MIP) are particularly useful for
the evaluation of aortic calciﬁcations eventually changing cannulation or
impacting the selection of a good location to sew the origin of the bypass
graft.86 In patients referred to redo-CABG, CCTA informs about the distance between sternum and heart and warns about a potential pre-aortic
graft path for sternotomy. Fig. 6 summarizes the value of CCTA for
guiding CABG.
The role of CCTA to assess graft patency is well recognized. Future
research should conﬁrm if CT-FFR, providing not only a distal CT-FFR
value but also insights into the endotype of CAD (e.g., focal or diffuse
disease) could predict long-term graft patency comparable to invasive
FFR or angiography-derived functional assessment.87
Bullet points:
- CCTA images may help cardiac surgeons in the planning of CABG
procedure.
- The ongoing multicenter FAST TRACK CABG study is aimed at
assessing whether CCTA alone is able to support the cardiac surgeon
in the procedural planning of CABG without information from ICA.
12. PCI guidance by integration of CCTA into the catheterization
laboratory
Using CCTA, the location of the coronary ostia can be ascertained.88
Coronary ostia in their normal position can be easily cannulated with
standard catheters and maneuvers. However, in cases of coronary
anomalies or normal variants, knowledge of ostia position informs the
operator on distinct maneuvers or special coronary catheter shapes
required for selective cannulation.89 Moreover, the presence of an ostial
or proximal lesion in the coronary artery prompts the operator to avoid

Fig. 7. Prototype of coronary CT angiography catheterization laboratory viewer for online PCI guidance. Software prototype allowing for visualization of the coronary
anatomy and plaque components extracted from coronary CT angiography (CCTA) inside the catheterization laboratory. The central panel shows a three-dimensional
(3D) reconstruction of a left coronary artery (red) with colored-coded visualization of the plaque components (white for calcium and green for non-calciﬁed plaque).
The inferior panel shows a straight MPR reconstruction with three markers (green, blue and red lines) related to 3D reconstruction. This tool allows for the measurement of lesion length for stent length selection. The top right panel shows a CCTA cross-sectional view of the left anterior descending artery displaying the lumen
and vessel contours (yellow and orange lines). The dimension of the lumen and vessel, both mean diameter and area, are shown in the right mid-panel, and in the
bottom right corner, the diameter function line in the y-axis and length in the x-axis. Software prototype QAngio Cath Lab from Medis Medical Imaging. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 8. CCTA-derived parameters for PCI planning and guidance. The ﬁgure shows the main features of a CT-guided PCI approach, including assessment of coronary
ostium position for guiding catheter selection, 3-vessel overview of coronary tree for evaluation of calcium extent and distribution, plaque composition and quantiﬁcation analysis, functional signiﬁcance of stenosis and virtual PCI planning by CT-FFR, estimation of myocardial mass at risk and online procedural guidance.

periprocedural complications.91,92
The potential future of CCTA is to join ICA in daily practice. Real-time
automated co-registration of CCTA and live ﬂuoroscopic images has been
shown to be feasible and has the potential to improve PCI results.93
Indeed, further studies are required to establish the clinical beneﬁt of this
approach (Fig. 7). Fig. 8 summarizes the CCTA-derived parameters
potentially useful for the preprocedural planning and intraprocedural
guidance of PCI.
Bullet points:

assessment of functional outcome after virtual treatment.45 However,
prospective, multicenter studies on this tool are needed in order to
demonstrate its diagnostic accuracy in predicting the functional impact
of the interventional treatment. Of note, a part from few clinical cases94
showing its potential usefulness, the CT-FFR calculation is still not validated and available for routine use in stented vessels. Finally, further
evidence are needed to demonstrate the utility of CCTA as an alternative
to intracoronary imaging, in particular for guiding stent sizing, stent
length and lesion preparation with dedicated lesion modiﬁcation strategies (i.e., rotational atherectomy, intravascular lithotripsy).
Bullet points:

 Before PCI, CCTA can be utilized to overcome several limitations of
conventional ICA, including vessel foreshortening and difﬁculties in
selecting optimal projections. In this regard, CCTA is of upmost
importance in two lesion subsets, namely bifurcation and ostial
lesions.
 Plaque characterization by CCTA may help in stratifying the risk of
periprocedural complications.

 Studies are underway to assess the feasibility of CABG planning based
on CCTA only and the effectiveness of interactive PCI planner.
 Randomized studies are needed to evaluate the outcome of coronary
revascularization based on CCTA-directed procedures (PCI and
CABG).

13. Evidence gaps that need focused research

14. Critical appraisal

The SYNTAX III Revolution study opens new perspectives on CCTA
use as a tool to provide interventionalists and cardiac surgeons with a
non-invasive roadmap for planning myocardial revascularization strategies and raises the question if a cardiac surgeon might be conﬁdent in
using only the non-invasive coronary information provided by CCTA to
plan CABG. The intriguing hypothesis was tested ﬁrst in a theoretical
feasibility survey study83 and is now evaluated in a “ﬁrst-in-man”,
proof-of-concept feasibility and safety trial.84 The further step might be a
large, international, prospective and randomized trial on the revascularization outcome by comparing patients who underwent a novel
non-invasive vs. a traditional invasive roadmap. In addition, the interactive planner, which is a new application of CT-FFR, might improve
treatment selection while tailoring procedural strategy based on

The ﬁnal score on the Appropriate Use Criteria for the Preprocedural Planning of Coronary Revascularization by CCTA is reported in Table 3. With the introduction of CCTA into clinical practice
over 15 years ago, non-invasive evaluation of CAD has become an
important anatomical alternative to traditional functional imaging
modalities. Technological advances have enabled to progressively
improve image quality, reduce radiation dose and limit artifacts. A
major advantage of CCTA, not provided by functional imaging, is the
additional characterization of plaque features, which hold important
prognostic and therapeutic consequences even in the absence ischemiainducing lesions. As a consequence, CCTA should now be considered the
initial test of choice to analyze the presence of CAD in the majority of
patients. The major drawback of mere anatomical imaging without
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Table 3
Pre-procedural planning of coronary revascularization by CCTA: appropriate use criteria.
Indication

Appropriate use
score

Rationale for the use of coronary CT angiography for planning coronary revascularization
CCTA has emerged as a ﬁrst-line noninvasive tool for the management of patients with chest pain and suspected CAD, at the same level of recommendation of
stress echocardiography, cardiac magnetic resonance and nuclear imaging.
The integration of CCTA imaging in the work-up before coronary revascularization as a tool for procedural planning is supported by its accuracy for plaque and
calcium characterization.
Atherosclerosis analysis and implication for interventional procedures
Non-invasive detection and characterization of coronary atherosclerosis of the entire coronary tree may be useful for PCI planning.
Plaque characterization should be part of every CCTA report
Role of CT-FFR to guide coronary revascularization
CT-FFR is a validated tool for non-invasive assessment of the hemodynamic impact of coronary stenosisfrom a standard CCTA with high accuracy and agreement
with invasive FFR.
CT-FFR allows to combine anatomy and physiology (estimation of pressure drop across a lesion) to guide referral to ICA and to help revascularization planning.
The contribution of CT myocardial perfusion imaging in patients with untreated CAD
Stress CT-MPI is a promising non-invasive tool to detect ﬂow-limiting stenoses.
Functional assessment by CT-MPI may improve decision-making in patients with CAD on CCTA.
The contribution of CT-MPI in revascularized patients
CCTA alone is still inaccurate for the assessment of some coronary stents (small diameter, overlapping, and bifurcations).
In patients with previous stent implantation the addition of CT-MPI to CCTA might increase the usefulness of CCTA alone as a non-invasive tool for selecting the
patient to submit to invasive evaluation.
Chronic total occlusions
CCTA may help in identifying anatomical characteristics of CTO that are associated with increased complexity of CTO PCI.
Scores derived from the CT-RECTOR multicenter registry and Korean Multicenter CTO CT Registry (KCCT) allow predicting the procedural success of CTO PCI.
How to integrate CCTA and CT-FFR in a non-invasive functional Syntax score: CCTA for the decision-making in complex CAD
Syntax Score and its derivative have been introduced to assess on ICA the complexity and total burden of CAD, which is used to guide the selection of the
revascularization mode (PCI or CABG), especially in patients with complex CAD (e.g. 3VD, LM disease).
With its 3-dimensional nature and physiological assessment (e.g. CT-FFR), CCTA allows to assess Syntax Score and Syntax Score II, which provide the Heart
Team with a recommendation on the mode of revascularization (PCI or CABG) for patients with complex disease based on long-term mortality. The decisionmaking of two Heart Teams based on ICA or CCTA accounting for clinical characteristics and comorbidities was proven to have a high level of agreement in the
Syntax III trial.
Pre-procedural surgical planning of coronary revascularization by CCTA
CCTA images may help cardiac surgeons in the planning of CABG procedure.
The ongoing multicenter FAST TRACK CABG study is aimed at assessing whether CCTA alone is able to support the cardiac surgeon in the procedural planning of
CABG without information from ICA.
PCI guidance by integration of CCTA into the catheterization laboratory
Before PCI, CCTA can be utilized to overcome several limitations of conventional ICA, including vessel foreshortening and difﬁculties in selecting optimal
projections. In this regard, CCTA is of upmost importance in two lesion subsets, namely bifurcation and ostial lesions.
Plaque characterization by CCTA may help in stratifying the risk of periprocedural complications.

A (9)
A (7)

A (7)
A (8)
A (8)
A (7)
U (6)
U (6)
A (8)
A (7)

A (8)
A (8)
A (8)
A (7)

U (6)
A (7)

A(7)
A (7)

CABG: coronary artery bypass grafting; CCTA: coronary computed tomography angiography; FFR: fractional ﬂow reserve; ICA: invasive coronary angiography; MPI:
myocardial perfusion imaging; PCI: percutaneous coronary intervention.

pivotal clinical role for planning and guiding revascularization
procedures.95

information on the functional signiﬁcance of coronary lesions have
been overcome by the development of CT-FFR and, to a lesser extent,
CT-MPI. Multiple studies have demonstrated the additional diagnostic
value of CT-FFR as well as its beneﬁcial impact to limit referral for
(futile) ICA. Besides enabling a more judicious referral to the catheterization laboratory, more recently CT-FFR-based software tools have
attempted to predict the effects of stent implantation on actual FFR with
the aim of optimizing PCI result without the need of invasive interrogation. Although not ready for clinical use at this time, these developments are quite promising and may facilitated CT-guided PCI in
the near future. Thus far, CCTA has been primarily regarded as a useful
tool in patients without known CAD but this paradigm is quickly
shifting to patients with known CAD showing features that are more
complex. For example, pre-procedural CT acquisition is now commonly
accepted for the routine planning of CTO PCI in patients with complex
anatomy. Recent studies have also shown the feasibility to plan Heart
Team decisions in patients with multivessel disease based on CCTA in
conjunction with CT-FFR alone, paving the way for a future in which
ICA may increasingly lose its dominant role for decision-making
regarding revascularization procedures. Although many hurdles still
need to be overcome, the available evidence indicates that CCTA may
emerge in the ﬁeld of interventional cardiology no longer as a mere
diagnostic tool. However, further prospective multicenter studies will
be needed to conﬁrm that this noninvasive imaging modality may play a
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