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1. Introduction: scope of the document

Cardiac computed tomography (CT) has changed rapidly since
the last major guideline from SCCT.1 While there have been sig-
nificant advances in technology, the most gratifying part has been
the development of a robust evidence base for the use of cardiac CT
in diagnoses of heart disease, prognostication and modulating
therapy (both medical and interventional). Such a systematic
development of knowledge base has not been the usual practice for
any other imaging modality before widespread clinical acceptance
in the past. It is no surprise that major guideline bodies have started
to endorse incorporation of cardiac CT more definitively than
before, and some, like the NICE guidelines in the UK,2 have even
given it first line status. While CTA has been shown to be very good
for prognosticating risk, excluding significant coronary artery dis-
ease (CAD) in stable patients with chest pain and has high
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sensitivity for the identification of significant coronary stenoses, it
is somewhat less robust in specificity and positive predictive ac-
curacy, leading to the development of value added CT angiography
(CTA) strategies like fractional flow reserve derived from CT (CT-
FFR) and CT perfusion (CTP); these have arrived into the clinical
arena since the last guidelines and, more importantly, have pro-
duced a large volume of scientific data showing significant clinical
utility. Finally, some questions that often arise in regular clinical
practice lack robust trial based evidence and a considered expert
opinion might help the clinician make appropriate decisions in
everyday practice. It is thus clear that an updated scholarly com-
pendium of recent data is needed to bridge the knowledge gap
since the last iteration of the SCCT guideline documents. This SCCT
consensus statement summarizes current evidence, updates pre-
vious recommendations, addresses key questions regarding the use
of CTA in multiple different cardiac scenarios and brings together
the collective corpus of literature in the form of definitive recom-
mendations. CTA in acute coronary syndromes will be presented in
a separate document. The Expert Consensus recommendations are
summarized in Table 1 and Fig. 1.
ier Inc. All rights reserved.
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Table 1
SCCT coronary CTA expert consensus recommendations.

Evaluation of Stable Coronary Artery Disease: Coronary CTA in Native Vessels
� It is appropriate to perform CTA as the first line test for evaluating patients with no known CADwho present with stable typical or atypical chest pain, or other symptoms

which are thought to represent a possible anginal equivalent (e.g. dyspnea on exertion, jaw pain).
� It is appropriate to perform CTA as a first line test for evaluating patients with known CAD who present with stable typical or atypical chest pain, or other symptoms

which are thought to represent a possible anginal equivalent (e.g. dyspnea on exertion, jaw pain).
� It is appropriate to perform coronary CTA following a non-conclusive functional test, in order to obtain more precision regarding diagnosis and prognosis, if such

information will influence subsequent patient management.
� It is recommended to perform CTA as the first line test when considering evaluation for revascularization strategies using the ISCHEMIA Trial.
� It may be appropriate to perform CTA in selected asymptomatic high risk individuals, especially in those who have a higher likelihood of having a large amount of non-

calcified plaque
� It is rarely appropriate to perform coronary CTA in very low risk symptomatic patients, e.g., <40 years of age with non-cardiac symptoms (chest wall pain, pleuritic chest

pain).
� It is rarely appropriate to perform CTA in low- and intermediate risk asymptomatic patients.

Evaluation of Stable Coronary Artery Disease: Coronary CTA Post Revascularization
� It is appropriate to perform coronary CTA in symptomatic patients with intracoronary stent diameter �3.0 mm. Measures to improve accuracy of stent imaging should

be utilized, to include strict heart rate control (goal <60 bpm), iterative reconstruction, sharp kernel reconstruction, and mono-energetic reconstructions (when
available). Protocols to optimize stent imaging should be developed and followed.

� It may be appropriate to perform coronary CTA in symptomatic patients with stents <3.0 mm, especially those known to have thin stent struts (<100 mm) in proximal,
non-bifurcation locations.

� It is appropriate to perform CTA for evaluation of patients with prior CABG, particularly if graft patency is the primary objective.
� It is appropriate to perform CTA to visualize grafts and other structures prior to re-do cardiac surgery.

Evaluation of Stable Coronary Artery Disease: Coronary CTA with FFR or CTP
� It may be appropriate to perform CT derived FFR and CT myocardial perfusion Imaging to evaluate the functional significance of intermediate stenoses on CTA (30e90%

diameter stenosis) particularly in the setting of multivessel disease to help guide ICA referral and revascularization treatment planning. LM stenosis�50% and severe
triple vessel disease should undergo invasive coronary angiography.

� Adding FFRCT and stress-CTP to CTA increases specificity, positive predictive value, and diagnostic accuracy over regular CTA.
� FFRCT and stress-CTP may be largely comparable in diagnostic utility. CTP is a potentially valuable alternative particularly when CT-FFR is technically difficult (e.g.,

suboptimal CTA quality, prior revascularization).

Evaluation of Stable Coronary Artery Disease: Coronary CTA in Other Conditions
� It is appropriate to perform CTA for coronary artery evaluation prior to noncoronary cardiac surgery as an equivalent alternative to invasive angiography in selected

patients, e.g., low-intermediate probability of CAD, younger patients with primarily non-degenerative valvular conditions.
� CTA may be considered an appropriate alternative to other noninvasive tests for evaluation of selected patients prior to noncardiac surgery.
� It is appropriate to perform CTA to exclude coronary artery disease in patients with suspected non-ischemic cardiomyopathy.
� It may be appropriate to perform late enhancement CT imaging to detect infiltrative heart disease or scar in selected patients who have non-ischemic or ischemic

cardiomyopathy and who cannot undergo cardiac MRI. Such imaging may be performed if it has the potential to impact the diagnosis and/or treatment (e.g. planning for
ablation therapy).

� It may be appropriate to perform CTA as an alternative to invasive coronary angiography for the screening of patients for coronary allograft vasculopathy in selected
clinical practice settings.

� It is appropriate to perform CTA for the evaluation of coronary anomalies.
� It is appropriate to EKG gate aortic dissection and aneurysm CTA, as well as pulmonary embolus studies in men >45 years and women >55 years, and analyze and report

the coronary arteries.
� CTA with a limited delayed image (60e90 sec) is an appropriate alternative to TEE when the primary aim is to exclude LA/LAA thrombus and in patients where the risks

associated with TEE outweigh the benefits. In all situations CTA and TEE should be discussed with the patient in the setting of shared decision making.
� It may be appropriate to perform late enhancement CT imaging for the evaluation of myocardial viability in selected patients who cannot undergo cardiac MRI. Such

imaging may be performed if it has the potential to impact the diagnosis and/or treatment (e.g. planning for revascularization).

Reporting on CTA: Coronary and Non Coronary Information
� The CAD-RADs reporting is recommended.
� It is appropriate to report prior myocardial infarction when its features are evident on CTA.
� It is appropriate to report remote myocardial infarction when fatty metaplasia or calcification within an area of infarction are present.
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2. Evidence base

2.1. Diagnostic accuracy

2.1.1. Introduction
Since the recognition that coronary artery stenoses can produce

chest pain, the imperative has been to identify through non-
invasive testing both the patients whose chest pain is ischemic in
etiology, and, with a view towards revascularization, the arteries
and specific stenoses that are responsible for the ischemia. To fulfill
this need, testing has evolved from simple exercise treadmill test
(ETT) to (a) Measures estimating myocardial blood flow changes:
myocardial perfusion imaging by single photon emission computed
tomography (SPECT), positron emission tomography (PET), mag-
netic resonance imaging (MRI), (b) Measures detecting the func-
tional consequence of reduced myocardial blood flow: stress
echocardiography (SE), (c) Anatomic Imaging: CTA, and finally (d).
2

Combination of anatomic coronary imaging coupled with physi-
ology or perfusion: CTA derived fractional flow reserve (FFRCT) and
CTP. How these modalities compare with each other has important
implications for diagnostic strategies.

The gold standard for determining ischemia has also evolved
from percent diameter stenosis (DS) on invasive coronary angiog-
raphy (ICA) to more physiologic measures, such as invasive frac-
tional flow reserve (FFR) that better reflect coronary blood flow and
inducible ischemia. Using DS as a reference standard often provides
an inaccurate assessment of ischemia. For instance, when
compared to invasive FFR �0.80, the sensitivity of ICA is 69%, and
the specificity is 67%.3 Although invasive FFR was initially validated
by functional noninvasive testing (SPECT and SE), this method has
become a universally accepted gold standard by virtue of its strong
association with outcomes.4e6 Nonetheless, %DS continues to be
used much more often than invasive FFR before percutaneous
coronary intervention (PCI), - In the ALKK Registry in Germany, FFR



Fig. 1. Central Illustration Role of CTA in chronic CAD. Also please see Table 1.
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was performed in only 3.3% of 40,160 patients undergoing ad hoc
PCI from 2010 to 2013.7 There has been an increase in invasive FFR
use in the US, from 8.1% in 2010 to 30.8% in 2014, in a registry of
397,737 patients undergoing nonacute PCI.8 Consequently, the non-
invasive imaging modalities will be compared to both %DS and FFR.
The best level of evidence is provided by meta-analyses, which will
serve as the basis for comparisons, with the exception of 2 recent
single center studies not included in meta-analyses. The meta-
analyses included patients with and without confirmed CAD and
did not draw distinctions between them.

2.1.2. Diagnostic performance of functional imaging and CTA
compared to >50% diameter stenosis by ICA

The National Cardiovascular Data Registry9 suggested that
functional testing is suboptimal for detecting significant coronary
stenoses. Of the 661,063 patients undergoing elective catheteriza-
tion, 64% had testing before the invasive coronary angiogram (ICA);
of those, only 51.9% were abnormal. The percentages of patients
with <50% DS on subsequent ICA ranged from 55 to 56% after an
abnormal exercise treadmill test (ETT), stress echocardiography
(SE), single photon emission computed tomography (SPECT) and
magnetic resonance imaging (MRI); for resting CTA, the percentage
was 30%. In the oldest report, Fleischmann et al. evaluated 5874
patients in 41 studies from 1990 to 1997, and reported sensitivity
and specificity of 85% and 77% for SE and 87% and 64% for SPECT,
with 52% and 71% for exercise ECG.10 DeJong et al. (Table 2A), in a
meta-analysis of 5088 patients in 51 studies from 2000 to 2011
evaluated MRI, SE and SPECT with >50%DS by ICA as reference.11

MRI was the most sensitive and specific (91% and 80%), with SE
(87% and 72%) and SPECT (83% and 77%) roughly similar. Jaarsma
et al. (Table 2B ), reported on SPECT, MRI and positron emission
tomography (PET) in 141 per-patient studies and 70 per-vessel
studies.12 Per-patient diagnostic odds ratio (DOR) was highest for
PET (36.47) followed by MRI (26.42) and SPECT (16.31). In per-
vessel analysis, PET and MRI were equal (24.74 and 24.11), while
SPECTwas lowest (11.75). In ameta-analysis limited to 26 studies in
which CTA was compared to either ETT or SPECT in the same group
of patients, Nielsen et al.13 (Table 2C) reported CTA sensitivities of
95e99%, specificities of 68e93% and DOR of 128e728.
3

Corresponding ranges for ETTwere 65e70%, 24e60% and 0.7e4 and
for SPECT were 67e73%, 48e52% and 2e4. It is important to un-
derstand that available meta-analyses are also challenged by the
small numbers of patients in some of the individual reports, po-
tential referral bias, and often include a mixture of newer and older
technology (e.g., planar and SPECT imaging). Finally, in a paper
published too recently for meta-analysis inclusion, 391 symptom-
atic patients, 52%with intermediate and 46%with high risk pre-test
probability, who were scheduled for ICA, underwent both CTA and
SPECT with >50%DS by ICA as reference.14 Sensitivity, specificity,
positive and negative predictive values were 0.92, 0.75, 0.84 and
0.87 for CTA and 0.62, 0.68, 0.74 and 0.55 for SPECT. AUC was
significantly higher for CTA (0.91 versus 0.69, p < 0.001.

2.1.3. Diagnostic performance of functional imaging and CTA
compared to FFR

There have been several recent meta-analyses of the correlation
between noninvasive testing and Invasive FFR �0.80. Takx et al.15

(Table 3A) compared multiple myocardial perfusion imaging mo-
dalities to FFR in 2048 patients and 4721 vessels in 37 studies. They
reported the highest areas under the receiver operator character-
istic curve (AUC) per patient for CTP (0.93), PET (0.93) and MRI
(0.94) compared to SPECT (0.82) and SE (0.83). Similarly, the
highest per vessel sensitivities were for MRI (89%), CTP (88%) and
PET (84%) compared to SE (69%) and SPECT (74%). Specificities were
similar for all modalities, ranging from79% for SPECT to 87% for PET,
with 80% for CTP and 84% for SE and MRI.

A second meta-analysis, analyzing 3798 patients and 5323
vessels in 23 studies, by Danad et al.,3 (Table 3B), excluded studies
inwhich <75% of vessels were evaluated by FFR, included CTA >50%
diameter stenosis and ICA >50%DS and excluded PET, for which
there were not sufficient numbers after excluding studies with
<75% of vessels having invasive FFR. Sensitivity was highest for CTA
and MRI in both per patient (90%) and per vessel (91%) analyses.
SPECT sensitivity was the lowest of the functional tests for both
patients (70%) and vessels (57%) while SE was also suboptimal
(77%). ICA sensitivity was dramatically lower (69%) than for CTA
even though both depict coronary anatomy. Specificity was highest
for MRI for both per patient (94%) and per vessel analysis (85%),



Table 2
Meta-analyses of the diagnostic performance of functional imaging and CCTA with ICA >50%DS as reference standarda.

A. MRI, SE and SPECT

Sensitivity Specificity PLR NLR DOR

MRI Overall 91% 80% 4.43 0.12 37.69
(n ¼ 2970) Suspected 90% 86% 6.61 0.12 54.70

CAD>50% 89% 79% 4.25 0.13 31.84
CAD>70% 91% 82% 4.97 0.11 46

SE Overall 87% 72% 3.08 0.18 16.94
(n ¼ 795) Suspected 88% 89% 8.35 0.13 62.76

CAD>50% 86% 74% 3.28 0.19 17.59
CAD>70% 90% 65% 2.58 0.15 17.04

SPECT Overall 83% 77% 3.56 0.22 15.84
(n ¼ 1323) Suspected 83% 79% 3.88 0.21 18.15

CAD>50% 81% 81% 4.15 0.24 17.24
CAD>70% 85% 66% 2.53 0.22 11.42

B. SPECT, MRI and PET

No. of studies Sensitivity Specificity DOR

Patient
SPECT 105 88% 61% 15.31
MRI 27 89% 76% 26.42
PET 11 84% 81% 36.47

Territory
SPECT 46 69% 79% 11.75
MRI 17 84% 83% 24.11
PET 7 77% 88% 24.74

C. CCTA, XECG and SPECT

No. studies Sensitivity Specificity PPV NPV DOR

CCTA vs ETT 7
CTA 98% 87% 85 97.5 221
ETT 67% 46% 41 72 2

CCTA vs ETT 5
(ICA in all)
CCTA 99% 88% 89% 99% 728
ETT 68% 39% 50% 51% 1.2

CCTA vs ETT 4
(inconclusive excluded)
CCTA 98% 68% 75% 97% 128
ETT 70% 60% 49.5% 78% 4

CCTA vs ETT 3
(intention to diagnose)
CCTA 95% 93% 93% 96% 192
ETT 65% 24% 32% 55% 0.7

CCTA vs SPECT 5
CCTA 99% 71% 91% 95.5% 172
SPECT 73% 48% 80% 33% 2

CCTA vs SPECT 2
(ICA in all)
CCTA 99% 74% 91% 96% 228
SPECT 67% 52% 78% 38%

Abbreviations: AUC ¼ area under receiver operator characteristic curve, CAD ¼ coronary artery disease.
DOR¼ diagnostic odds ratio, CTA¼ coronary computed tomographic angiography, MRI¼ stress magnetic resonance imaging, NLR¼ negative likelihood ratio, NPV¼ negative
predictive value, PET ¼ positron emission tomography, PLR ¼ positive likelihood ratio, PPV ¼ positive predictive value, SE ¼ stress echocardiography, SPECT ¼ single photon
emission computed tomography myocardial perfusion imaging, XECG ¼ exercise electrocardiogram.

a Reprinted with permission of Oxford Academic from Hecht et al. Eur Heart J 2019:40;1440e1453
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followed by the other 2 functional modalities of SPECTand SE in the
75e78% range. CTA specificity was remarkably lower (39%) than
both the functional tests and ICA (66%). The likelihood ratios and
AUC reflect these differences; MRI was superior for both positive
and negative likelihood ratios and AUC. CTA negative likelihood
was excellent as well but had the lowest per patient and per vessel
positive likelihood ratio and AUC. Comparison of the anatomical
modalities indicates that %DS is overestimated by CTA and under-
estimated by ICA, explaining the higher sensitivity and lower
specificity for CTA.

A third meta-analysis of all the functional imaging modalities
with considerably more patients, by Dai et al.16 (Table 3C) of 74
studies, included CTFFR and CTP and excluded solely anatomic CTA.
As before, CTP, CTFFR CMR and PET had superior per patient
4

sensitivity (88e90%), specificity (84e87%) and DOR (41e57). The 2
most frequently performed functional imagingmodalities of SE and
SPECT were the least accurate: 69% and 78% sensitivity, 77% and
79% specificity, and 7.40 and 13.40 DOR.

Finally, in the PACIFIC trial, a single center study of 208 patients
who underwent CTA, SPECT, PET and ICA with FFR, CTA was 90%
sensitive, 60% specific and 74% accurate, compared to 87%, 84% and
85% for PET and 57%, 94% and 77% for SPECT.17

CT has 2 additional advantages in diagnosis and management of
chronic stable CAD. It can prognosticate very well18e22, and has the
unique ability to identify adverse coronary plaque characteristics
that portend adverse risk23e33 and might even influence the
occurrence of ischemia (34). Some of the newer value added tech-
nologies like CT-FFR and CTP (35,36) have now been shown to



Table 3
Meta-analyses of the diagnostic performance of functional imaging and CCTA with FFR �0.80 as reference standarda.

A. CTP, SPECT, SE, MRI, PET

Index test N Sensitivity Specificity PLR NLR AUC

Patients
CTP 316 88% 80% 3.79 0.12 0.93
SPECT 533 74% 79% 3.13 0.39 0.82
SE 177 69% 84% 3.68 0.42 0.83
MRI 798 89% 84% 6.29 0.14 0.94
PET 224 84% 87% 6.53 0.14 0.93

Vessels
CTP 1074 78% 86% 5.74 0.22 0.91
SPECT 924 81% 84% 3.76 0.47 0.83
SE NA e e e e e

MRI 1830 83% 89% 8.27 0.16 0.95
PET 870 83% 89% 7.43 0.15 0.95

B. CCTA, SE, FFRCT, ICA, MRI, and SPECT

Index test N Sensitivity Specificity PLR NLR DOR AUC

Patients
CCTA 694 90% 39% 1.54 0.22 6.91 0.57
FFRCT 609 90% 78% 3.34 0.16 21.94 0.94
SPECT 110 70% 78% 3.40 0.40 9.06 0.79
SE 115 77% 75% 3.00 0.34 9.51 0.82
MRI 70 90% 94% 10.31 0.12 92.15 0.94
ICA 954 69% 67% 2.52 0.46 5.46 0.79

Vessels
CCTA 2085 91% 51% 2.09 0.17 13.15 0.85
FFRCT 1050 83% 78% 4.02 0.22 19.15 0.92
SPECT 470 57% 75% 2.34 0.55 4.72 0.74
SE NA e e e e e e

MRI 371 91% 85% 6.16 0.11 73.53 0.97
ICA 3196 71% 66% 2.26 0.45 5.34 0.76

C. CMR, FFRCT, CTP, DSE, PET and SPECT
Index test N Sensitivity Specificity PLR NLR DOR AUC

Patient
MRI 1054 88% 84% 5.62 0.14 40.69 0.91
FFRct 662 90% 75% 3.60 0.14 25.87 0.90
CTP 532 88% 87% 6.97 0.14 49.88 0.94
DSE 359 69% 77% 2.96 0.40 7.40 0.78
PET 609 90% 84% 6.00 0.12 56.59 0.92
SPECT 1142 78% 79% 3.76 0.28 13.52 0.85
Vessel
MRI 3260 87% 89% 8.15 0.14 57.93 0.94
FFRCT 2782 86% 83% 5.10 0.17 29.37 0.89
CTP 1444 89% 89% 7.82 0.13 61.98 0.94
DSE 94 62% 87% 4.66 0.44 10.51 0.86
PET 2017 86% 88% 7.15 0.17 42.39 0.92
SPECT 1288 72% 79% 3.45 0.36 9.71 0.83

D. CCTA, CTP and FFRCT

Index test N Sensitivity Specificity PLR NLR DOR PPV NPV

Per patient
CCTA 1039 92% 43% 1.64 0.19 9.17 57% 87%
CTP 187 94% 77 3.85 0.09 63.42 83% 92%
FFRCT 662 90% 72% 3.70 0.16 24.34 70% 90%
Per vessel
CCTA 1239 89% 65% 2.66 0.17 19.78 48% 94%
CTP 264 83% 76% 3.68 0.22 20.10 61% 91%
FFRCT 714 83% 77% 3.76 0.23 18.21 63% 91%

Abbreviations: CTA ¼ coronary computed tomographic angiography CTP¼ CT perfusion DOR ¼ diagnostic odds ratio FFR ¼ fractional flow reserve FFRCT ¼ fractional flow
reserve by computed tomography ICA ¼ invasive coronary angiography MRI ¼ stress magnetic resonance imaging NA ¼ not available NLR ¼ negative likelihood ratio
NPV ¼ negative predictive value PET ¼ positron emission tomography PLR ¼ positive likelihood ratio PPV ¼ positive predictive value SE ¼ stress echocardiography
SPECT ¼ single photon emission computed tomography myocardial perfusion imaging.

a Reprinted with permission of Oxford Academic from Hecht et al. Eur Heart J 2019:40;1440e1453.
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improve the accuracy of CAD diagnosis over and above CTA alone.
Addition of physiologic studies to anatomic information in the

same CT scan improve test performance.35,36 The meta-analysis by
Gonzalez et al., of 1535 patients in 18 studies, compared CTA, CTP
and CT-FFR.35 Per patient sensitivities were similar (90e94%), but
5

specificities (43%, 77% and 72%) and DOR (9.17, 63.42 and 24.34)
were lowest for CTA without a functional imaging component. Per-
vessel results were much less disparate, with sensitivities of 89%,
83% and 83%, specificities of 65%, 76% and 77%, and virtually iden-
tical DOR of 19.78, 20.10 and 18.21. A more recent meta-analysis
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(5330 patients) comparing CTA, CTP and CT-FFR also showed
improved efficacy for diagnosing hemodynamically significant CAD
compared with CTA alone with higher vessel level, pooled speci-
ficity with CTP (0.86; 95% confidence interval [CI]: 0.76 to 0.93), and
CT-FFRCT (0.78; 95% CI: 0.72 to 0.83) than that of CTA (0.61; 95% CI:
0.54 to 0.68); addition of either FFRCT, or CTP to CTA improved
specificities (0.80e0.92) and superior diagnostic accuracy for CTP,
FFRCT, and combined CTA and CTP, compared with CTA. On-site FFR
performed as well as off-site FFR and dynamic CTP was more sen-
sitive (0.85 vs. 0.72), but less specific (0.81 vs. 0.90) than static
CTP.36

With few exceptions, these meta-analyses represent a compi-
lation of prospective and retrospective single center studies with
their implicit biases and general lack of direct inter-modality
comparisons in the same group of patients. Nonetheless, they
offer the most comprehensive evaluation by virtue of their large
numbers, and the similarities of the findings irrespective of the
inclusion criteria for the meta-analyses.

2.1.4. General conclusions

a. With ICA >50%DS as the reference, CTA, MRI and PET are the
most sensitive and specific modalities; SPECT and SE are less
sensitive and specific.

b. With invasive FFR �0.80 as the reference, CTA, MRI and PET are
the most sensitive and MRI and PET are the most specific. CTA is
the least specific but CT-FFR and CTP increase the specificity to
the level of MRI and PETwithout loss of sensitivity. SPECTand SE
are the least sensitive.

c. These accuracy data should inform the suspected ischemia de-
cision making process, which will also be strongly affected by
the availability and expertise of the imaging centers, as well as
by outcome and cost studies, some of which are already avail-
able after short term analysis.

d. While proceeding to testing was predicated upon estimating pre
test probability, the current practice patterns pose some chal-
lenges e patients are at lower risk than before and the per-
centage of positive tests is declining. Models for predicting pre
test probability, derived from older data perform sub opti-
mally37,38 and therefore require an update.39 There is now a
strong movement towards dispensing wth this completely as
formulated in the NICE guidelines.

e. Adding non CT modalities for myocardial perfusion (which have
better specificity) to CTA (which has excellent sensitivity) is an
attractive strategy to minimize the disadvantages of each tech-
nique but this has not worked out very well in practice; hybrid
cardiac imaging improves diagnostic specificity but with only
modest improvement in overall diagnostic performance.

2.2. Prognostic value and comparison with functional testing

The prognostic value of CTA has now been established in both
large registry studies andmore recent randomized controlled trials.
This increasing depth of evidence highlights that CTA provides
prognostic information for patents with all levels of cardiovascular
risk. In addition, both normal and abnormal CTA results provide
important information that can alter downstream investigations
and management and influence subsequent outcomes. Our
knowledge of the utility of CTA has moved beyond confirmation of
diagnostic accuracy, with comparative effectiveness studies now
underpinning the prognostic benefit of CTA in large randomized
populations. The identification of both obstructive and non-
obstructive coronary artery disease by CTA provides important in-
formation in patients with both stable chest pain and acute
symptoms.
6

Registry studies have established the excellent prognostic value
of a normal CTA, both for short-term outcomes and longer term
mortality.40e44 Previous analysis of stress myocardial perfusion
imaging (MPI) identified that a normal study is associated with a
low risk of subsequent major adverse cardiovascular events,
equating to less than a 1% annual risk for patients without
comorbidities.45 Similarly, a meta-analysis of patients 122,721 pa-
tients in 165 studies identified that a normal CTA (without plaque)
in patients with suspected or known coronary artery disease (CAD)
was associatedwith a low risk of subsequent events, which is below
an annual event rate of 1%.46 This low event rate was maintained
after correction for the underlying population event risk and the
proportion of patients with CAD.46 After correction, the event rate
for a normal CTA was similar to that of a normal SPECT, ETT, CMR,
PET or stress echocardiogram.46 Indeed, a normal CTA is associated
with an excellent prognosis extending beyond 5 years.40e44 There is
now data showing that a normal CTA strongly predicts event free
survival even over a 10 year follow up.47

The identification of both obstructive and non-obstructive CAD is
associated with worse prognosis in patients undergoing CTA. The
COronary CT Angiography EvaluatioN For Clinical Outcomes: An In-
teRnational Multicenter (CONFIRM) registry found that both the
presence and severity of CAD was important in predicting subse-
quent events.48,49 The presence of obstructive disease and number of
vessels involved were predictive of mortality at 2 years in 23,854
patients without known CAD undergoing CTA.48 Other registry and
cohort studies have identified a similar impact on subsequent out-
comes based on the presence and severity of obstructive
CAD.40,42,50,51 A meta-analysis of 25,258 patients with suspected or
known CAD in 21 studies identified a similar long term (>2.5 years)
prognostic value for CTA and stress MPI in the prediction of death
and non-fatal myocardial infarction.52 Registry studies have also
shown that CTA provides incremental prognostic information over
cardiovascular risk factors48,49,51,53,54 and, in some sub-groups, over
coronary artery calcium score (CACS).51,55,56 The PROMISE (PRO-
spectiveMulticentre Imaging Study for Evaluation of chest pain) trial
assessed stable symptomatic outpatients referred for non-invasive
investigation for suspected CAD.57 The 10,003 participants were
randomized to anatomical testing with CTA or functional testing
with exercise electrocardiography, stress echocardiography or
SPECT.57 After 25 months of follow-up there was no difference be-
tween the two groups in the primary outcome of mortality,
myocardial infarction, hospitalization for unstable angina and major
complications of procedures or diagnostic testing.57 However, sub-
sequent assessment of this study identified that the discriminatory
ability to predict subsequent events was higher for CTA than func-
tional testing (c-index 0.72; 95% CI 0.68 to 0.76 versus 0.64; 0.59 to
0.69; p ¼ 0.04), mostly due to the ability of CTA to detect prognos-
tically important non-obstructive disease.18 A methodical descrip-
tion of the extent of CAD on CTA allows finer evaluation of the
prognostic value of different levels of CAD. Application of the CAD-
RADs classification to the CONFIRM database19 showed a graded
decrease in event free survival with more severe disease (5-year
event-free survival of 95% with CAD-RADS 0e69.3% for CAD-RADS
5). An analysis of the PROMISE study20 showed that increasing
severity (CAD-RADs score) continued to have additional prognostic
value over and above CAC and ASCVD scores.

In addition to the presence and severity of coronary artery ste-
nosis, CTA can provide additional information on plaque burden
and adverse coronary artery plaque characteristics. Semi-
quantitative assessment of plaque burden such as the CT-Leaman
score21 or segment involvement score can provide additional
stratification of patients with non-obstructive coronary artery
disease that is an independent predictor of subsequent prognosis.
In the Partners registry, among 3242 patients evaluated with CTA,
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patients with non-obstructive plaque involving at least 4 segments
had the same risk of hard cardiovascular events as those who had
obstructive CAD22 Moreover, treatment of such individuals with
extensive plaque was associated with a reduction in cardiovascular
events22 which is supported by other data showing that plaques
can be stabilized with various therapies. Quantitative assessment of
plaque characteristics is also associated with subsequent outcomes
in multiple studies.23e25 In a study looking at serial CTAs, the
percent atheroma volume (PAV) at baseline was the strongest
predictor of progression of non-obstructive disease to obstructive
lesions.25 The non calcified component of plaque is important:
while not different from patients with low vs. high clinical risk
(based on number of risk factors), high volume of noncalcified
plaque is one of the strongest parameters for predicting ACS in
patients with extensive CAD.24 Not surprisingly, an increased total,
non-calcified or low-density plaque volume is associated with a
significant increase in cardiac mortality in >5 years follow-up, in-
dependent of the segment involvement score.23 Similar data are
seen in high risk groups like asymptomatic diabetic subjects.26 A
composite inclusion of plaque volume, location and composition,
might be advantageous for prognostication.27

Adverse coronary artery plaque characteristics (also known as
high risk plaques or vulnerable plaques) include the presence of
positive remodeling, spotty calcification, low attenuation plaque
and the ‘napkin ring’ sign.28,29 and these predict adverse outcomes
including acute coronary events.30e32 Motoyama et al. identified
that the presence of positive remodeling or low attenuation plaque
was an independent predictor of subsequent acute coronary syn-
dromes in patients undergoing CTA.28 In the PROMISE study the
presence of positive remodeling, low attenuation plaque or the
napkin-ring sign was associated with an increased rate of major
cardiovascular events, independent of cardiovascular risk score and
the presence of significant stenosis.31 In the Scottish COmputed
Tomography of the HEART (SCOT-HEART) trial the presence of
positive remodeling and or low attenuation plaque was associated
with an increased rate of myocardial infarction or coronary heart
disease death.32 However, at 5 years the presence of adverse plaque
was not an independent predictor of events compared to coronary
artery calcium score. This suggests that adverse plaque features are
a predictor of increased risk in the short-term but that plaque
burden is a more important predictor of longer-term prognosis.32

Future quantitative assessment of adverse coronary artery plaque
characteristics may provide more precise risk assessment.

Thus, a normal CTA is associated with a prognosis similar to, or
better than a normal functional imaging assessment. The presence,
extent, and severity of coronary artery disease on CTA is strongly
associated with prognosis in patients with stable and acute chest
pain. Additional characteristics including plaque volume and
adverse coronary artery plaque characteristics can provide infor-
mation on prognosis, over and above the assessment of stenosis
severity.

2.3. Randomized controlled trials of coronary computed
tomography angiography in patients with stable chest pain

There have been five randomized controlled trials of coronary
computed tomography angiography (CTA) in patients with stable
chest pain (Table 4) that have been performed in Europe and North
America with important differences in study populations and
design. Most trials have undertaken head-to-head comparisons
with functional testing (predominantly exercise electrocardiog-
raphy, myocardial perfusion imaging or stress echocardiography).
These trials assessed the effect of CTA on diagnosis, risk stratifica-
tion, clinical management (invasive coronary angiography and
coronary revascularization), symptoms and clinical outcomes.
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2.3.1. Diagnosis
CTA is a diagnostic test and its accuracy has been established for

the diagnosis of coronary artery disease (see section 2.1). It is
important to distinguish between its diagnostic accuracy for
atherosclerosis, obstructive coronary artery disease and angina
pectoris due to coronary artery disease. Clearly, the latter also relies
on the patient history and the clinical context. The SCOT-
HEART,33,58 Cardiac CT for the Assessment of Pain and Plaque
(CAPP),59 the Computed Tomography versus Exercise Testing in
Suspected Coronary Artery Disease (CRESCENT 1),60 and CRESCENT
II62 and Min et al.61 trials directly assessed the influence of CTA on
the diagnosis of stable chest pain that was suspected to be due to
coronary artery disease. All studies found that CTA was superior to
functional testing or standard of care, with the SCOT-HEART trial
reporting a 2-fold increase in diagnostic certainty compared to
standard of care. Whilst the frequency of the diagnosis of coronary
artery disease rose in all trials, the diagnosis of angina pectoris due
to coronary heart disease tended to fall in the SCOT-HEART trial
perhaps reflecting the absence of obstructive disease in those who
were initially presumed to have angina.

2.3.2. Clinical management
The effect of CTA on subsequent clinical management is highly

dependent on the population studied. In the SCOT-HEART,63 CAPP59

and CRESCENT60 trials, the study population consisted of patients
specifically referred for the evaluation of chest pain suspected to be
due to coronary artery disease, with a high prevalence of obstruc-
tive coronary artery disease. In these trials, rates of invasive coro-
nary angiography were either reduced or unchanged. However,
documentation of obstructive coronary artery disease was more
frequent at the time of invasive coronary angiography, which led to
a modest increase in coronary revascularizations in the short term
trials. In the 5 year follow up of the SCOT-HEART trial, the apparent
early increases in coronary angiography and coronary revasculari-
zation were offset by later reductions in both invasive angiography
and coronary revascularization; by 5 years there was no difference
in these procedures. Indeed, beyond the first year, CTA was asso-
ciated with less invasive coronary angiography (hazard ratio, 0.70;
95% CI, 0.52 to 0.95; p ¼ 0.022) and coronary revascularization
(hazard ratio, 0.59; 95% CI, 0.38 to 0.90; p ¼ 0.015).58 This suggests
that the right patients are identified early and treated more
promptly, thereby preventing progression of disease and avoiding
later reinvestigation and revascularization.

2.3.3. Symptoms
Both the CAPP and the CRESCENT trials59,60 were designed to

assess the influence of CTA on angina symptoms in comparison to a
functional testing strategy. They reported reduced levels of angina
after 12 months of follow-up. Similar improvements in symptoms
were seen in the SCOT-HEART trial, especially in those demon-
strated to have normal coronary arteries or those with obstructive
disease who underwent coronary revascularization.64

2.3.4. Clinical outcomes
The SCOT-HEART and PROMISE trials were sufficiently large to

assess the impact of CTA on hard clinical outcomes.57,58,65 The
PROMISE trial had a large composite clinical outcome that included
all-cause mortality as well as coronary events (myocardial infarc-
tion and unstable angina). Although there was no difference in this
primary outcome, CTA appeared to be associated with a lower rate
of death or myocardial infarction at 12 months. Meta-analysis has
reported reduced rates of myocardial infarction with CTA (hazards
ratio, 0.69 [95% confidence intervals, 0.49 to 0.98]) but no effect on
overall mortality.66 Similar reductions in myocardial infarction
have also been reported in a large (n ¼ 86,705) observational



Table 4
Randomized controlled trials of coronary computed tomography angiography in patients with stable chest pain.

Trial Population
Size

Comparison Primary
Outcome

Principal Finding Invasive Coronary
Angiography

Obstructive
Coronary Heart
Diseasea

Coronary
Revascularization

Myocardial
Infarction

SCOT-HEART
1.7 Years33

4146 SOC þ CTA vs
SOC

Diagnostic
Certainty

Increased diagnostic
certainty

409/2073 (20%) vs
401/2073 (19%)

283/2072 (14%) vs
230/2073 (11%)

233/2073 (11%) vs
201/2073 (10%)

26/2073 (1.3%) vs
42/2073 (2.0%)

SCOT-HEART
4.8 Years58

4146 SOC þ CTA vs
SOC

Composite
Clinical
Outcome

Reduced coronary heart
disease death or non-fatal MI

491/2073 (24%) vs
502/2073 (24%)

e 279/2073 (14%) vs
267/2073 (13%)

48/2073 (2.3%) vs
81/2073 (3.9%)

PROMISE
2.1 Years57

10,003 CTA vs
Functional

Composite
Clinical
Outcome

No difference in clinical
outcome

609/4996 (12%) vs
406/5007 (8%)

439/4996 (9%) vs
193/5007 (4%)

311/4996 (6%) vs
158/5007 (3%)

30/4996 (0.6%) vs
40/5007 (0.8%)

CAPP59 500 CTA vs ETT Symptoms of
chest pain

Less symptoms at 3 and 12
months with CTA

51/245 (21%) vs
66/243 (27%)

83/245 (34%) vs 70/
243 (29%)

37/245 (15%) vs
19/243 (8%)

_

CRESCENT60 350 CAC/CTA vs
Functional

Symptoms of
chest pain

Less symptoms at 12 months
with CTA

29/239 (12%) vs
12/108 (11%)

21/239 (9%) vs 7/
108 (7%)

21/239 (9%) vs 7/
108 (7%)

_

Min et al.61 180 CTA vs
Myocardial
Perfusion
Imaging

Symptoms of
chest pain

No difference in symptoms 12/86 (14%) vs 7/
87 (8%)

_ 7/86 (8%) vs
1/87 (1%)

_

a At the time of invasive coronary angiography. SOC, standard of care; CTA, coronary computed tomography angiography; ETT, electrocardiogram exercise tolerance test;
CAC, coronary artery calcium score.

J. Narula, Y. Chandrashekhar, A. Ahmadi et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
Danish registry (hazards ratio, 0.71 [95% confidence intervals, 0.61
to 0.82]).67 The 5-year outcome data from the SCOT-HEART trial
have now confirmed these earlier promising results: hazard ratios
were 0.59 (p ¼ 0.004) for CTA compared to standard of care for the
primary endpoint of death from CAD or nonfatal myocardial
infarction and 0.60 for nonfatal myocardial infarction alone,
without overall differences in ICA or revascularization.58,68

2.4. Cost effectiveness of CTA

We define in this guideline use of the term cost effectiveness to
include the cost consequences of CTA use as well as comparisons of
costs associated with CTA-guided strategies of care.69 There have
been numerous decision analytic models which have explored the
cost effectiveness of CTA as compared to functional testing strate-
gies of care in the evaluation of acute, low risk and stable chest pain
syndromes. For this guideline, we will highlight evidence available
from high quality clinical trials and large multicenter registries.70

Following CTA-detection of obstructive CAD, there have been
concerns regarding an increasing rate of downstream invasive
coronary angiography (ICA). Early reports noted higher rates of
post-CTA use of ICA but more recent data support a more selective
referral of patients to ICA following index CTA testing. In a report
from the CONFIRM registry (n ¼ 15,207 symptomatic patients),
follow-up rates of ICA were low over 3 years of follow-up for pa-
tients with normal (2.5%) andmild CAD (8.3%), defined as a stenosis
1e49%.71 By comparison, for patients with obstructive CAD, use of
ICA occurred promptly within 3 months of follow-up and occurred
in 44%, 53%, and 69%, respectively of patients with 1-, 2-, and 3-
vessel CAD. Overall, in the PROMISE trial, a relatively low rate of
ICA use was reported for patients randomized to CTA (12%) as
compared to the functional testing (8%) arms of the trial.57 Evidence
is not available to judge the appropriateness of ICA use, as post-CTA
use of stress testing or additional documentation of ischemia prior
to ICA referral is not available. A synthesis of this evidence supports
a relatively low rate of referral to ICA, notably for those patients
without any obstructive CAD.

Many of the recent randomized clinical trials also include eco-
nomic sub-studies that have been synthesized in a recent review
(Table 5).60,72e77 Importantly, for these analyses, comparisons of
cost differences are valid given the documentation of similar rates
of 2e3 year rates of major adverse events.57,33 From the PROMISE
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trial, near term costs at �90 days and cumulative costs through 3-
years of follow-up were aggregated. Within the near-term, there
were no differences in cost between patients randomized to CTA as
compared to functional testing, with a mean difference in cost of
$254.72 Within 90 days, there was a notable but not significantly
higher use of ICA and revascularization. When aggregated through
3 years of follow-up, the differences in cost by randomization to
CTA as compared to functional testing did not yield significant
differences.

Through 3 years of follow-up, the difference in costs by ran-
domized test strategy in PROMISE was non-significant (D ¼ $627);
with similar findings for stress nuclear, echocardiography, and ECG
testing. These longer-term cost findings identify the importance of
follow-up testing patterns to reflect the cost-consequences of a
given index procedure.69 Results from the SCOT-HEART trial
revealed slightly higher costs associated with randomization to
CTA, with cost differences of $462. Importantly, the induced costs
did not result from additional outpatient or inpatient services or
medication use.76 Several reports have noted higher use of anti-
platelet and statin therapy following CTA but that has not trans-
lated into significantly higher costs associated with
medications.67,72,76 Importantly, medication use appears to be tar-
geted to higher risk patients, more often with evidence of
obstructive CAD or to those with evidence of atherosclerosis.

Additional cost analyses are available from the CRESCENT trial
whereby referral to exercise electrocardiography was associated
with a higher rate of additional diagnostic testing; nearly half of
patients in the stress testing arm had induced diagnostic testing
procedures as compared to only 1 in 4 in the CTA arm of the
CRESCENT trial (p < 0.0001).60 This higher rate of diagnostic testing
following exercise electrocardiography was associated with a 16%
higher cost of care. Additional cost savings were achieved in the
CTA arm of the CRESCENT trial as nearly 42% of this arm had a 0 CAC
score and did not undergo follow-up CTA, per the selective testing
protocol whereby only those with detectable CAC proceeded to
CTA. The randomized trial evidence supports the conclusion that
costs associated with a CTA strategy are similar to those following
stress testing, with only minimal differences through 2e3 years of
follow-up.

Additional relevant data are provided by the cost effectiveness
analysis employed in the UK’s NICE guidance document on stable
chest pain78 which identified the lowest cost per correct diagnosis



Table 5
Examples of cost analyses from recent RCTs in stable ischemic heart dissease.

Trial Acronym Target
population

Near-Term D Cost Long-Term D Cost Overall Cost Findings

PROMISE57 n ¼ 9504 D $254 at 90-days
(p ¼ NS)

D $627 at 3-years (p ¼ NS) 3-Year Cumulative Costs were $7213 for CTA vs. $6586 for Functional Testing (p ¼ NS)

SCOT-HEART58 N ¼ 4146 Index Cost $342
Higher for CTA
(p < 0.001)

$462 at 6-months higher
for CTA (p < 0.0001)

6-Month Cumulative Costs were $1900 for CTA vs. $1438 for SC (p < 0.0001); When
Excluding Index CTA Cost - No Differences in Downstream Costs: D $89 (p ¼ 0.27)

CRESCENT60 N ¼ 350 Index Cost $164
Higher for Selective
CTA

V71 at 1-year higher for
Exercise ECG (p < 0.0001)

1-Year Cumulative Costs were V369 for CTA vs. V440 for Exercise ECG (p < 0.0001)

Abbreviation: p ¼ NS: p value not statistically significant.
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of obstructive CAD.79 The rate of detection of obstructive CAD was
higher for CCTA than for all other diagnostic testing approaches.9,80

In a recent review, a synthesis of available randomized trial data
revealed that concordance between CTA and ICA detected
obstructive CAD was demonstrably higher than that of stress
testing (71% of 1047 patients undergoing ICA versus 53% of 819
patients undergoing ICA).70 As such, in the NICE cost effectiveness
analysis, CTA had the lowest cost per correct diagnosis and was
projected to save the National Health Service approximately £16
million each year by excluding CAD with a high negative predictive
value.78 Moreover, an index testing approach with CTA allows for a
selective use of higher cost stress testing in a smaller proportion of
patients with stable chest pain.

2.5. Plaque characterization

Pathologic studies have demonstrated that the acute coronary
events, including sudden death, myocardial infarction and unstable
angina, in amajority of cases result from acute coronary thrombosis
secondary to rupture of plaques. These plaques demonstrate large
plaque and necrotic core burden, positive remodeling and thin
inflamed fibrous caps, and these characteristics have been referred
to as high risk plaque (HRP) features. It has been proposed that
noninvasive identification of atherosclerotic lesions with HRP fea-
tures in stable patients should help predict the likelihood of
adverse outcomes. It is therefore important to identify HRP for
prevention of major adverse coronary events (MACE). Such
thinking could be of clinical value because relief of luminal stenosis
alone does not prevent the likelihood of acute events.

Intracoronary imaging modalities, including intravascular ul-
trasound (IVUS) and optical coherence tomography (OCT), have
confirmed the histopathological observations and allowed assess-
ment of HRP features in vivo. Whereas IVUS has demonstrated the
presence of large plaque burden, echolucent necrotic core, and
positive remodeling, OCT has successfully measured the fibrous cap
thickness in vivo. Noninvasive imaging with CTA offers the most
convenient basis of identification of the HRP characteristics and can
be used to predict plaques that could cause acute events.28,30,31,81,82

Two CTA characteristics have demonstrated the best association
with clinical outcomes up to 10 years of follow-up, and include the
presence of low-attenuation plaques (LAP) with <30 HU density
and positive remodeling (PR) of �110%. The plaques with these two
CTA characteristics were called 2-feature-positive plaques (2-FPP);
22.5% of 2-FPP resulted in an acute event over a 2-year follow-up.
On the other hand, 2-feature-negative plaques (2-FNP) were asso-
ciated with benign outcomes with less than 0.5% resulting in acute
events (Fig. 2). Multiple other adverse plaque characteristics have
been suggested, such as the presence of circumferential necrotic
cores (napkin-ring sign) and spotty calcification.

The positive predictive value of HRP characteristics is increased
with greater magnitude and number of HRP features and also with
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the interval progression of HRP features.28,30,81,83 The larger the LAP
volume and more expansive the PR, the greater is the likelihood of
plaque rupture. HRP resulting in events demonstrated 2-fold
greater expansive remodeling compared to HRP that did not pro-
duce MACE; eventful HRP demonstrated 126% remodeling against
113% remodeling of uneventful HRP. The LAP volume was 20 mm3

in plaques resulting in events compared to 1.1 mm3 in the HRP
which did not end up in MACE. Plaques with the napkin ring sign
contain large necrotic cores and, although infrequent, they are
closely associated with OCT-verified thin fibrous caps and future
MACE. Furthermore, quantitatively greater extent of adverse plaque
characteristics are associated with both increased and earlier
events.

Although it has been tacitly believed that (invasive)
angiographically-verified minimally obstructive HRP are usually
the precursors of adverse outcomes, studies in which the angio-
grams were done within 3e6 months of the events revealed more
significantly stenotic coronary lesions, reported as wellby the
PROSPECT study.83 Therefore, the plaques must progress or enlarge
(often causing significant luminal compromise) before they rupture
and result in an acute event. This phenomenon was observed in
serial CTA of almost 450 patients wherein the plaque progression
was an important determinant of adverse outcome.84 It is believed
that the few plaques which are associated with adverse events
despite relatively mild luminal stenosis usually harbor huge
necrotic cores and substantial positive remodeling and could
contribute to the hemodynamic turbulence in the luminal flow.85 It
is also being proposed that HRP characteristics influence the
physiology of coronary flow and closely correlate with invasively
measured FFR,86e88 and may constitute the basis of hard events.
The resolution of HRP features could influence FFR89,90 and prob-
ably the likelihood of events. This might explain why PCI may not
be superior to maximal guideline directed medical therapy for the
prevention of hard outcomes.91

2.6. Functional significance

2.6.1. CT derived FFR
Physiologic Basis of CAD Severity. Current standards for deter-

mining the physiologic severity of CAD are invasive fractional flow
reserve (FFR) and non-invasive coronary flow reserve (CFR).92 Both
derive from experimentally defined CFR, stenosis pressure flow
fluid dynamic equations, pharmacologic stress, integrated
anatomic dimensions to predict pressure gradient or relative ste-
nosis flow reserve and FFR. Evolution from experimental to clinical
applications paralleled advancing invasive and non-invasive tech-
nologies, and were validated clinically using pressure flow velocity
wires, and quantitative positron emission tomography (PET).93 PET
and/or MRI allow assessment of coronary flow reserve (CFR), cor-
onary flow capacity (CFC), and stress MBFmyocardial blood flow cc/
min/g (MBF. On the other hand, functional assessment can be made



Fig. 2. CT angiography for detection of high-risk plaques. (A1) Presence of positive remodeling (yellow arrows) and low attenuation plaques (LAP, red arrow) are the most
important determinants of plaque vulnerability. (A2) Stable plaques lack both these features. Major adverse cardiac events by the presence of 1 or both features in a follow up of —
patients for 2 years (A3), and 300 patients for up to 10 years. (A4) Patients with HRP had 45 and 10 folds higher likelihood of adverse outcomes, respectively. Presence of significant
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stenosis over and above HRP features (A5) and interval progression in plaque magnitude (A6) increased the likelihood of adverse events further. Greater number of adverse plaque
characteristics were associated with greater of adverse outcomes (A7) and the HRP characteristics were associated with abnormal fractional flow reserve regardless of luminal
stenosis (A8).
(B) Potential indicators of inflammation by CTA as a complementary feature for identification of plaque vulnerability. It can be detected either by simultaneous PET imaging with F-
18 FDG (that targets macrophage infiltration) (A1 & A2), or by fat attenuation index of perivascular fat (that represents lower prevalence of adipocytes consequent to greater
cytokines in neointima) (A3 & A4). Modified from Motoyama et al. JACC 2007, Motoyama et al. JACC 2009, Lee et al. JACC 2019 Ahmadi et al. JACC-Imaging 2018, Rogers et al. JACC-
Imaging 2010, Antoniades et al. Lancet 2018.

Fig. 2. (continued).
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using angiograms, including CTA measurements of FFR (FFRCT),
quantitative coronary angiogram FFR (FFRQCA), quantitative flow
ratio (QFR), and stenosis flow reserve (SFR). CT-FFR chiefly reflects
the degree of stenosis but is also affected by the size of the coronary
arteries94 as well as the mass of ventricular myocardium subtended
by the stenosis bearing vessel95 and both these parameters can be
accounted for by CT, which may make this parameter more
meaningful.

The relative merits of these metrics depend on personal pref-
erence and available technology for invasive versus non-invasive,
or directly measured physiology versus anatomy-based calcula-
tions. However, two universal characteristics provide objective
comparisons and insights into the final criteria of patient benefit.
The first is testretest precision defined by the standard deviation of
repeat serial measurements in the same subject at the same time.
The second is the imprecision of the critical threshold of any
metrics in relation to the net benefit of revascularization strategy
over medical therapy. Substantial literature shows the utility of CT-
FFR.96e98

Inclusion of FFRCT. This metric involves an integration of
computational fluid dynamics, in addition to the anatomical data
from coronary CTA, to allow the calculation of a 3-dimensional
pressure map (Fig. 3). To facilitate FFRCT, CTA should be per-
formed according to best practice guidelines with heart rate control
and administration of sublingual nitroglycerin. Not all CTA exami-
nations are of adequate quality for FFRCT analysis, with artifacts
related to misalignment andmotion resulting in a higher likelihood
of erroneous FFRCT analysis. In clinical practice, 4e10% of CTA ex-
aminations are of insufficient quality for analysis.

There have been numerous diagnostic accuracy studies assessing
FFRCT compared to invasive FFR. The most recent is the PACIFIC sub-
study which showed FFRCT to be the most accurate modality for the
Fig. 3. CT-based assessment of FFR in a complex coronary lesion. A 47-year-old male, a sm
anterior descending artery territory, and was treated by primary PCI. He had a non-culprit le
was acquired in the context of the precise PCI plan study (P3 - NCT03782688). The left panel
proximal segment of the vessel. The cross-section B, C and D show positive remodelling, low
hemodynamic significance of the lesion with a pressure gradient across the stenosis of 0.15 F
are shown after the virtual implantation of 18-mm long stent. The results show complete f
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discrimination of lesion specific ischemia, with significant improve-
ment in accuracy compared to CTA, SPECT and PET alone.92 The area
under the receiver operating characteristic curve (AUC) for identifi-
cation of ischemia-causing lesions was 0.94 in comparisonwith cor-
onaryCTA(0.83,p<0.01), SPECT0.70,p<0.01andPET (0.87,p<0.01).
The diagnostic accuracy of 46% for FFRCT in the “grey zone” of
0.70e0.8099has raised concerns, although the FFRCTsensitivityof 87%
for invasive FFR values of 0.70e0.80 (92) may be reassuring.

In addition to accuracy data there is growing evidence of clinical
utility; the recently published 90-day outcome data from the
ADVANCE (Assessing Diagnostic Value of Non-invasive FFRCT in
Coronary Care) registry with over 5000 subjects undergoing FFRCT,
demonstrated significant changes to clinical management, with
more refined determination of revascularization versus medical
management. Building on the 90 day experience,97 the 1 year
clinical outcomes of the ADVANCE registry were recently published
highlighting the good prognosis associated with a negative FFRct
(>0.80) with significantly lower CV death and MI rate amongst
those participants as compared to those with a positive FFRCT.96

Moving beyond outpatient testing for stable CAD, CTA/FFRct to
guide decision making in more complicated CAD was evaluated
recently in both the SYNTAX II and III trial as an aide to guide
complex coronary revascularization. The SYNTAX II study demon-
strated that FFRCT may enable improved treatment decision making
in patients with complex multivessel CAD compared to CTA alone.
The findings highlighted the ability of CTA with FFRCT to generate a
non-invasive functional Syntax score that correlates with the
invasive gold standard. Introducing the derived functional data
appears to moderate the disease overestimation based on anatomy
alone, with good correlation between the invasive and non-
invasive functional Syntax score, allowing decision making
regarding complex revascularization and safe deferral at one year.
oker with dyslipidemia, presented with ST-elevation myocardial infarction in the left
sion in the right coronary artery (RCA). A coronary computed tomography angiography
shows a multiplanar reconstruction of an RCA with severe stenosis and high-risk in the
attenuation plaque and plaque rupture (white star). The FFRCT model confirmed the

FRCT units and distal FFRCT of 0.80. In the right panel, the results of the FFRCT Planner
unctional revascularization with a predicted FFR post-PCI of 0.92.
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Subsequently, the SYNTAX III Revolution trial100 randomized heart
teams to determine revascularization treatment decisions based
upon invasive coronary angiography vs CTAwith FFRCT as needed. It
documented a high correlation between the two, with a Cohen’s
Kappa of 0.82. In clinical practice FFRCT is also being evaluated in a
randomized controlled trial in the UK comparing it to NICE guided
standard of care for patients with stable chest pain and will be
followed by a larger international trial evaluating FFRCT against
traditional testing algorithms in the outpatient setting. These trials
will be important for better definition of the clinical role of FFRCT. At
present, FFRCT is a reasonable option for informing downstream ICA
and treatment planning in patients with moderate to severe single
and multivessel disease (30e90% severity) with a limited role in
patients with �50% left main stenosis or critical triple vessel dis-
ease.101,102 Other approaches reporting similar results, e.g., machine
learning without utilizing computational fluid dynamics,103 have
been reported but have not yet received approval. On site tech-
niques might improve adoption of CT-FFR more widely but these
are still under development for routine clinical use.104e106
2.6.2. CT myocardial perfusion
Similar to other more establishedmodalities, it is possible to use

CT to image myocardial enhancement during hyperemia and
identify functionally significant CAD (Fig. 4). Static perfusion pro-
tocols acquire a single set of images during the first pass of contrast
medium through the myocardium and allow for qualitative differ-
entiation of normal and hypo-perfused myocardium. Static perfu-
sion imaging can be performed on most CT systems, and the
radiation dose is comparable to a regular CT angiogram. A number
Fig. 4. 75 y/o man known for hypertension and dyslipidemia, with recent onset of atypical c
CTA shows severe stenosis of mid LAD (Panel A), subtotal occlusion of second diagonal (B), se
Dynamic Stress-CTP, short axis view (E to I) and 2-chamber long axis view (J), show reduce
shows severe mid LAD stenosis with positive invasive FFR (panel K), severe obtuse marginal
invasive FFR (Panel M). CTA: coronary computed tomography angiography; LAD: left anteri
right coronary artery; CTP: computed tomography perfusion; MBF: myocardial blood flow
Baggiano and Dr G. Pontone].
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of single and multi-center studies have shown that static perfusion
imaging has incremental value over CTA for the detection of he-
modynamic CAD.107e114 Because dual-energy CT offers better dif-
ferentiation of tissues and contrast-enhancement, these systems
may provide more accurate static perfusion imaging.115,116 For dy-
namic perfusion imaging a series of (low-dose) datasets is acquired
during the passage of contrast medium, from which quantitative
perfusion parameters can be derived. Dynamic perfusion imaging
requires either a 2nd/3rd generation dual-source or wide-detector
CT system for complete myocardial coverage in 1 or 2 acquisitions,
and is associated with a higher radiation exposure than static
perfusion imaging. Dynamic perfusion imaging correlates well with
other functional tests and provides incremental value over CTA
alone for the detection of functionally significant CAD.117e120 Meta-
analyses indicate at least comparable diagnostic accuracy for CT-
based perfusion imaging compared to other perfusion imaging
modalities15 and perhaps a slightly higher accuracy for dynamic
compared to static perfusion imaging,121,122,123 although, no head-
to-head comparison has been performed in the same cohort.
There are practical advantages to a so-called stress-rest protocol,
i.e. lingering contrast from CTA can be avoided by performing the
perfusion scan first, yet a rest first protocol makes more sense from
a clinical point of view by allowing deferral of the perfusion scan in
case of a normal CTA or one showing clearly nonobstructive lesions.
In one randomized study, the use of dynamic perfusion imaging
after a positive CTA removed the need for noninvasive downstream
testing and avoided negative invasive angiograms compared to
standard care based on functional testing.62 A more recent study
using modern scanners with whole heart coverage showed that
hest pain and abnormal T waves in anterolateral leads. Panels A, B, C, D: Rest coronary
vere stenosis of first obtuse marginal (C) and moderate stenosis of RCA (D). Panels E to J:
d MBF of anterior and anterolateral walls . Panel K, L, M: Invasive coronary angiogram
stenosis with positive invasive FFR (Panel L), and moderate RCA stenosis with negative
or descending artery; D2: second diagonal branch; OM: obtuse marginal branch; RCA:
; ICA: invasive coronary angiography; FFR: fractional flow reserve. [Courtesy of Dr A.
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adding stress CTP to coronary CTA better identified functionally
significant CAD with only a small additional radiation dose.124

Dynamic CTP allows quantification of myocardial blood flowand
this has an incremental value over CTA for diagnosis as well as risk
stratification of patients with stenosis on CTA.125 Calculation of
stress myocardial blood flow ratio (SFR) might improve specificity
and diagnostic accuracy of CTA.126 Head-to-head comparisons of
varying combinations of perfusion imaging and CT-FFR techniques
as well as meta-analyses of independent cohorts, suggest compa-
rable performance and potentially complementary value of both
functional CT applications when added to coronary CTA.62,127,128

Studies in patients with stable angina referred to invasive cor-
onary angiography based on coronary CTA, FFRCT and CMR yielded
similar overall diagnostic accuracy. FFRCT, had high sensitivity for
predicting revascularization but CMR had higher specificity.129 It is
important to remember that test performance for all these value
added CT modalities depends on the substrate being studied. For
example, while FFRCT was more sensitive for diagnosis than SPECT,
the overall diagnostic accuracy of FFRCT and SPECT were compa-
rable for hemodynamically significant stenosis in these patients
with stable angina referred to angiography.130

Although CT-FFR offers practical advantages to both patients and
imagers, perfusion imaging remains a potentially valuable alternative
particularly when CT-FFR is not available or technically not possible
(e.g., suboptimal CTA quality, prior revascularization). In addition, it
can be combined with other measures like CT derived delayed
enhancement to obtain additional prognostic information.131

Combining physiology through FFRCT and stress-CTP, with
anatomy during a CTA study is an evolving area and future studies
will provide more granular data about its best use. There is clinical
study evidence for some of these approaches while others like TAG
have not borne out in terms of clinical utility.132 At this stage early
head to head studies133 show that both provide clinically mean-
ingful increases in specificity, positive predictive value, and diag-
nostic accuracy over regular CTA, and FFRCT and stress-CTP, despite
some differences in performance are largely comparable.

2.7. Coronary artery bypass grafts

CTA is highly accurate for the assessment of coronary artery
bypass graft patency. The 2010 multi-societal Appropriate Use
Criteria (AUC) defined coronary CTA as “Appropriate” for the eval-
uation of coronary artery bypass graft (CABG) patency in patients
with ischemic symptoms.134 The very high diagnostic accuracy of
64-slice coronary CTA was demonstrated in a recent meta-analysis
that evaluated a total of 2482 grafts. Therein, the sensitivity and
specificity for the presence of any CABG stenosis >50% were 0.98
(95% CI, 0.97e0.99) and 0.98 (95% CI, 0.96e0.98) with an area under
the curve of 0.99.135 Importantly, the accuracy was consistent
regardless of graft conduit type (arterial vs. venous). Recent studies
suggest that CTA performed using state-of-the art scanners (faster
gantry rotation, larger Z-axis coverage, advanced detectors) may
have even higher overall diagnostic accuracy (96%).136

While CTA is highly accurate for bypass grafts, relatively large
structures with minimal calcification and motion, the evaluation of
native coronary arteries in patients with prior CABG can be chal-
lenging, due to the diffuse, severe nature of underlying CAD in
many CABG patients. For example, the sensitivity for detection of
stenosis�50% in recipient and nongrafted vessels is typically lower
(83e90%) in patients with CABG than in patients without prior
CABG.137,138 Importantly, the performance of cardiac CTA to identify
“protected” and “unprotected” territories, as defined by the com-
bination of graft and native vessel patency using coronary CTA, has
been shown to have important prognostic implications.139 The
decision to perform coronary CTA may depend on the clinical
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question. If graft patency is the primary goal of the study, coronary
CTA is clearly an appropriate and well-validated study. If evaluation
of native coronary arteries is the clinical question, then careful
attention to image acquisition to ensure optimal image quality
using CTA is crucial and functional testing should be considered. CT
is also very helpful in planning for CABG, especially during reop-
erations where retrosternal adhesions and location of the LIMA
become important for safe outcomes.140

2.8. Coronary stents

PCI with intracoronary stent implantation is the most
commonly performed technique for coronary revascularization
worldwide and post PCI symptoms are frequently encountered.
According to current stable chest pain guidelines, functional
ischemic testing is generally the preferred method to evaluate
symptomatic patients with prior coronary stenting due, in part, to
well-documented imaging challenges posed by intracoronary
stents when utilizing coronary CTA.2,141,142 Factors known to
negatively impact the accuracy of coronary CTA in patients with
stents include motion and beam hardening artifacts, volume aver-
aging related to stent struts and superimposed calcified plaque that
limit lumen visualization in stented segments, and the frequent
presence of extensive, calcified, coronary atherosclerosis of non-
stented segments. Accordingly, the 2010 multi-societal Appro-
priate Use Criteria (AUC) defined coronary CTA as “Appropriate” (A)
only in asymptomatic patients with prior left main coronary stent
implantation �3 mm in diameter. Among symptomatic patients,
coronary CTA was considered “Uncertain” (U) when nominal stent
diameter is � 3 mm and “Inappropriate” (I) in stents <3 mm or of
unknown diameter.134

The accuracy of 64-slice coronary CTA to detect potentially flow-
limiting stenosis (�50% lumen diameter) within stented segments
is generally lower as compared to non-stented segments. Blooming
of metallic stent struts has been shown to obscure up to 55% of the
lumen within the stented segment, depending on strut thickness,
design and image acquisition and reconstruction parameters.143 A
recent updated meta-analysis assessed per-stent accuracy of �64
slice coronary CTA for the detection of in-stent restenosis �50% on
ICA, across 35 studies involving 2656 patients (4131 stents).144 The
study demonstrated a per-stent sensitivity, specificity, and positive
and negative likelihood ratios (LRþ and LR-) of 0.90 (95% CI,
0.85e0.94), 0.94 (95% CI, 0.91e0.96), LRþ 14.0 (95% CI, 9.6e20.3)
and LR- 0.10 (95% CI, 0.07e0.17), suggesting that coronary CTA is
accurate for assessing most stents.

There are important limitations in the evidence supporting the
use of CCTA in patients with stents. In the meta-analysis, the au-
thors demonstrated that overall accuracy (especially sensitivity)
was significantly reduced by1 stent strut thickness �100 mm,2 stent
diameter <3.0 mm,3 scans performed at heart rates �65 bpm and4

bifurcation stents. The authors did not report the percentage of
non-diagnostic stents or per-patient accuracy and the results were
limited by high heterogeneity and publication bias. Prior studies
have suggested that up to 11% of stents may be deemed non-
evaluable.145 Further, studies were performed across a large num-
ber of CT platforms, with aminority of patients (11 studies, n¼ 961)
scanned using dual source (n ¼ 380) or �64 slice scanners. Finally,
most studies used filtered back projection reconstruction as
opposed to modern iterative reconstruction.

Numerous advances in CT technology appear to have signifi-
cantly improved the diagnostic accuracy of coronary CTA for stent
imaging. Specifically, improvements in scanner temporal resolution
and detector coverage, development of model-based iterative
reconstruction algorithms, improvements to detector and electric
circuit design, and the maturation of imaging protocols have been
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shown to improve the visualization of stented and non-coronary
segments.146e150 As a result, many providers feel increasingly
comfortable assessing stents in proximal coronary segments using
contemporary scanners, particularly in patients with known stent
diameter �3.0 mm in whom good heart rate control can be ach-
ieved. In such patients, the use of a tube potential �100 kVp, sharp
reconstruction kernel, model-based iterative reconstruction and
very thin slice reconstructionsmay significantly improve diagnostic
accuracy, especially when imaging contemporary stents. Further,
most current generation drug-eluting stents have struts <100 mm.

Advances in the area of spectral, high-definition and photon-
counting CT techniques are promising technologies that will
likely further improve the evaluation of intracoronary stents using
coronary CTA. Highlighting this potential, two recent phantom-
based studies, using third-generation dual source151 or 128-slice
spectral detector152 imaging, demonstrated that compared to
conventional polychromatic reconstructions, lumen visualization
within stents was significantly improved using mono-energetic
reconstructions >130 keV. Finally, the addition of physiologic in-
formation during CTA might significantly increase the number of
patients with evaluable information and improve diagnostic accu-
racy while assessing coronary stents. For example, The diagnostic
accuracy of CTP was significantly higher than that of coronary CTA
(75% vs. 30.5%; p < 0.001) and was very high compared to invasive
coronary angiography when both CTA and CTP were concordant.153

3. Guidelines and pre-test probability

3.1. 2016 NICE guidelines

Risk determination and the calculation of pre-test probability
(PTP) of obstructive CAD have been the bedrock of chest pain
guidelines for the last 25 years,154 but, controversially, have been
removed from the most recent 2016 UK National Institute for
Healthcare Excellence (NICE) guidelines for the assessment of chest
pain of recent onset.2 The previous (2010) NICE chest pain guide-
line, based on a modified Diamond and Forrester (DF) score,155

recommended no further investigations for PTP <10%, coronary
artery calcium scoring (CACS) for PTP 10e29%, functional imaging
for PTP 30e60% and ICA for PTP 61e90%. Since the publication of
the 2010 NICE guidelines, the American College of Cardiology (ACC)
guideline was updated in 2012141,156 and European Society of Car-
diology (ESC) guidelines were updated in 2013142 and 2019157 (see
3.2) (1 in 3.2)) In these the CAD consortium probability score in the
2013 ESC guideline was used as the basis of PTP assessment but
with refinement and incorporation of additional population spe-
cific data. In the 2012 ACC guidelines the modified DF was refined
using data from the 1979 Coronary Artery Surgery Study (CASS)
registry and contemporaneous data from the Duke Databank for
Cardiovascular Disease. The ESC guidelines used additional data
from the European CAD consortium to underpin their PTP
recommendations.158

In 2016 the NICE guideline group was tasked with updating the
2010 guidelines using very similar methodology and an anatomic
gold standard.2 The 2016 process looked at 15 validated PTP
models, diagnostic accuracy comparing non-invasive investigations
to ICA, and the costs for each modality. Further modeling against
disease prevalence was undertaken.2 Ultimately the 2016 guide-
lines recommended CTA (on a �64-slice CT scanner) in all patients
with typical or atypical anginal symptoms (or ECG findings
consistent with significant CAD in the absence of symptoms) as the
first line test, regardless of PTP. Functional imaging was recom-
mended only in those with equivocal CTA, or with known CAD,
while ICA was recommended as a third-line investigation or when
the functional imaging was non-diagnostic.2
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Ultimately the combination of the strongest negative predictive
value of CTA, compared to the gold standard (at both 50% and 70%
thresholds), and a comparable positive predictive value compared
with alternative modalities, in conjunction with being the least
costly investigation, demonstrated that CTA was the most cost-
effective first line investigation at all levels of disease prevalence
(25%, 45% and 75%). NICE predicted that uptake of their guidelines
would save the NHS up to $20 million dollars annually. Early vali-
dation of NICE’s 2016 approach against the SCOT-HEART dataset
strongly supported the use of CTA as the first line investigation.159

When comparing patients who met the criteria versus those
outside theguideline therewasa significant reduction inevents in the
NICE cohort and, importantly a significant reduction in downstream
ICA, compared with no improvement in outcome and an increase in
ICA utilization in those who were outside the guidelines.159 Further-
more, a comparison of the guidelines in the SCOT-HEART and
PROMISE populations identified the superiority of the NICE guide-
lines, with a c-statistic for the identification of obstructive coronary
artery disease of 0.634 in the SCOT-HEART population, compared to
0.594 for the ESC guidelines and 0.560 for ACC guidelines.37

NICE also published additional recommendations regarding
HeartFlow FFRCT in 2017,160 following a detailed review of the
literature by a separate NICE Medical Technology Assessment
Committee (MTAC). The conclusion of the MTAC was that FFRCT
was a robust and scientifically valid adjunct to CTA and that if
incorporated into the 2016 chest pain of stable onset guidelines had
the potential to save a further £9million savings within 5 years, due
to a reduction in the need for downstream ICA.160

3.2. 2019 ESC guidelines

The 2019 ESC Guidelines for the diagnosis and management of
chronic coronary syndromes157 retained the use of PTP which was
based on more contemporary data,161 resulting in PTP values
approximately one-third of those in previous guidelines. The
guideline recommended (Class l) coronary CTA or non-invasive
functional imaging as the initial test to evaluate chest pain,
depending on the PTP as well as test availability, local expertise and
other patient characteristics that influence test performance. In
patients with a low clinical CAD likelihood, CTAwas the first choice.
In addition, coronary CTA was recommended (Class lla) as an
alternative to invasive angiography in the setting of an equivocal or
non-diagnostic functional imaging test.

4. Clinical indications for coronary CTA

4.1. Stable chest pain

The above data support the accuracy of CTA for the non-invasive
evaluation of the presence, extent, and severity of CAD. Importantly,
when compared to functional testing techniques, the use of CTA is
associated with increased use of preventive medical therapies and a
significant reduction in the rate of incident myocardial
infarction.66,68,162e164Reviewof thedata supports a relatively lowrate
of referral to ICA, notably for those patients without any obstructive
CAD, without an increased likelihood of undergoing coronary revas-
cularization in the only long term trial.162 The collective data strongly
support the achievement of outcomes by CTA which are at least
comparable to functional testing, without increasing costs.

There is a paucity of data relating to CTA accuracy in patients
with known CADwho have not had coronary artery bypass grafting
(CABG) or percutaneous coronary intervention (PCI), in whom
double or triple vessel disease is more likely than in patients
without known CAD. In the study discussed in section 2.1, in a high
risk population of 391 patients, 38% of whom had known CAD, CTA
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was superior to SPECT14. Individual vessel CTA analysis is unaf-
fected by the limitations of stress imaging, i.e., the best perfused
areawould be classified as the normal reference area in SPECT even
if supplied by a significantly narrowed vessel, and sufficient stress
may not be achieved to evoke ischemia in multiple distributions for
both SPECT and SE.

4.1.1. Stable chest pain – No known CAD
It is appropriate to perform CTA as the first line test for eval-

uating patients with no known CAD who present with stable
typical or atypical chest pain, or other symptoms which are
thought to represent a possible anginal equivalent (e.g. dyspnea
on exertion, jaw pain).

It is appropriate to perform coronary CTA following a non-
conclusive functional test, in order to obtain more precision
regarding diagnosis and prognosis, if such information will in-
fluence subsequent patient management.

Coronary CTA is rarely appropriate in very low risk symp-
tomatic patients, such as those <40 years of age who have “non-
cardiac symptoms (e.g. chest wall pain, pleuritic chest pain).

4.1.2. Known CAD (see 4.3 and 4.4 for patients with CABG and
stents)

It is appropriate to perform CTA as a first line test for evalu-
ating patients with known CAD who present with stable typical
or atypical chest pain, or other symptoms which are thought to
represent a possible anginal equivalent (e.g. dyspnea on exertion,
jaw pain).

4.1.3. Functional imaging
It may be appropriate to perform CT derived FFR and CT

myocardial perfusion Imaging to evaluate the functional signifi-
cance of intermediate stenoses on CTA (30e70% diameter
stenosis).

4.2. Asymptomatic high risk subjects

It may be appropriate to perform CTA in selected asymptom-
atic high risk individuals, especially in those who have a higher
likelihood of having a large amount of non-calcified plaque. The
presence of predominantly non-calcified plaque is more prevalent
in young individuals (age<45e50 years) who have risk factors such
as diabetes, HIV, smoking, or a strong family history of premature
ASCVD. Other high risk groups include patients with inflammatory
conditions (e.g. SLE, RA, or psoriasis), familial hypercholesterole-
mia, or those working in high hazard occupations. Testing of such
asymptomatic individuals should be performed in the context of
shared decision making, if there is uncertainty regarding the pa-
tient’s need, or benefit for medical therapies. (i.e. statin therapy,
PCSK9 inhibitors).

4.3. Asymptomatic low or intermediate risk

It is rarely appropriate to perform CTA in low or intermediate
risk asymptomatic subjects.

4.4. Coronary artery bypass grafts

It is appropriate to perform CTA for evaluation of patients
with prior CABG, particularly if graft patency is the primary
objective.

4.5. Coronary stents

It is appropriate to perform coronary CTA in symptomatic
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patients with a stent diameter �3.0 mm. Measures to improve
accuracy of stent imaging should be utilized, to include strict
heart rate control (goal <60 bpm), iterative reconstruction, sharp
kernel reconstruction, and mono-energetic reconstructions
(when available). Protocols to optimize stent imaging should be
developed and followed. It may also be appropriate to perform
coronary CTA in symptomatic patients with stents <3.0 mm,
especially those known to have thin stent struts (<100 mm) in
proximal, non-bifurcation locations. The best results are likely to
be achieved with the newest generation CT scanners.

4.6. Preoperative evaluation

4.6.1. Noncoronary cardiac surgery
In patients undergoing non-coronary cardiac surgery, invasive

angiography is recommended in most patients over the age of 40
years. The diagnostic yield of invasive angiography is generally low,
and stress testing may be difficult to perform and interpret in the
presence of valvular disease or heart failure. The performance of
cardiac CT in this context has been investigated extensively and
confirms that CT angiography can rule out CAD accurately in the
majority of patients.165,166 According to a recent meta-analysis,
�64-slice CT had a sensitivity of 93% and specificity of 90% for
the detection of angiographic CAD.165 Because of age and associated
atherosclerotic burden, the ability to rule out CAD is lower in pa-
tients with aortic stenosis compared to those with other non-
coronary condition. CTA may have particular advantages when
invasive angiography is associated with increased risk, such as in
patients with mobile vegetations on the aortic valve or acute aortic
dissection. In the context of transcatheter aortic valve implantation
cardiac CTA are routinely performed. Although many scans will
show extensive coronary calcification, CAD can be ruled out reliably
in a proportion of scans performed for procedure planning.167,168

Prior to percutaneous pulmonary valve implantation, cardiac CT
may be helpful to assess the proximity of the coronary arteries to
anticipate compression by the valvular device.

It is appropriate to perform CTA for coronary artery evalua-
tion prior to noncoronary cardiac surgery as an equivalent
alternative to invasive angiography in selected patients, e.g., low-
intermediate probability of CAD, younger patients with primarily
non-degenerative valvular conditions.

4.6.2. Noncardiac surgery
Cardiac events are a major contributor to peri-operative mor-

tality for non-cardiac surgery. Although debates about the benefit
of cardiovascular screening and revascularization before non-
cardiac surgery continue, the 2014 guidelines support exercise
testing or pharmacological stress testing for patients with an
elevated risk of peri-procedural adverse events if it will change
management.169 Coronary disease detected by CT conveys incre-
mental prognostic value over clinical risk stratification.170,171 While
CTA might be considered an alternative to stress testing for ruling
out CAD in selected cases, its value remain uncertain for patients
with an expectedly high atherosclerotic disease burden (undergo-
ing high-risk vascular procedures). The 2014 guidelines currently
do not recommend CTA, for lack of data.169

It is appropriate to perform CTA as an alternative to other
noninvasive tests for evaluation of selected patients prior to
noncardiac surgery.

4.6.3. Bypass graft localization prior to redo cardiac surgery
Patients with prior CABG are at increased risk for injury of

patent grafts e especially the LIMA – and other retrosternal
structures during re-sternotomy. Cardiac CT can accurately
localize patent grafts to map their proximity or adhesion to the
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chest wall. This knowledge better prepares the surgeon, who may
change the surgical approach or establish peripheral cannulation
for cardiopulmonary bypass before re-entry if the risk of injury to
the grafts or other retrosternal structures is deemed high. A
reduction in re-entry trauma and better clinical outcome has
been observed when pre-operative imaging was
performed.172e174

It is appropriate to perform CTA to visualize grafts and other
structures prior to re-do cardiac surgery.

4.7. Ischemic versus non-ischemic cardiomyopathies

Cardiac computed tomography is increasingly used in the
evaluation of ischemic and non-ischemic cardiomyopathies.175 In
this context, cardiac CT offers an ability to evaluate the coronary
arteries, quantify cardiac chamber size and function, detect
morphological abnormalities of the heart, and identify various
patterns of late enhancement which may aid diagnose several
different types of non-ischemic cardiomyopathies.

Given the important need of excluding obstructive CAD in pa-
tients who present with a new undifferentiated cardiomyopathy,
coronary CTA (CTA) is especially helpful in patients with cardio-
myopathy in whom there is a need to exclude obstructive CAD.
While traditionally invasive angiography has been used for this
purpose, several studies have demonstrated a very high diagnostic
accuracy of CTA among patients who present with a new cardio-
myopathy or left bundle branch block.176,177 While coronary CTA is
especially helpful for excluding obstructive CAD, the identification
of obstructive CAD, when present, provides useful data for patient
management decisions. In patients who have non-ischemic car-
diomyopathy who are unable to undergo cardiac MRI, cardiac CT
can also be used to perform delayed enhancement imaging. Such
imaging is often performed 7e10 minutes after the administration
of intravenous contrast, and can be used to detect various patterns
of late enhancement.178e180

Coronary CTA is useful for excluding coronary artery disease in
patients with suspected non-ischemic cardiomyopathy. In pa-
tients with cardiomyopathy, cardiac CT can also provide infor-
mation on chamber size, function, and morphology.

In selected patients who have non-ischemic or ischemic car-
diomyopathy and who cannot undergo cardiac MRI, late
enhancement CT imaging may be performed for detecting infil-
trative heart disease or scar. Such imaging may be performed if it
has the potential to impact the diagnosis and/or treatment (e.g.
planning for ablation therapy)

4.8. Myocardial viability

Viability imaging with CT relies on the same science that has
pharmacokinetic and biological principles that make MRI viability
testing feasible. Iodine-based CT contrast agent, like gadolinium-
based agents, is an extracellular contrast agent and accumulates
in areas of increased extracellular volume in the equilibrium
phase.181 Normally the myocardium has modest global extracel-
lular volume resulting in washout of the iodine after first past
perfusion. In the setting of regional scar following infarction, the
regional extracellular volume increases and iodine, like gadolinium,
pools in this region during the equilibrium phase. The accumula-
tion of contrast offers the opportunity to identify areas of regional
areas of infarction that would be higher in attenuation, having
trapped the iodinated contrast medium. Unfortunately, when
compared with MRI, CT suffers from inferior contrast resolution
and a lower contrast to noise ratio182 although recent de-
velopments in spectral imaging may change this limitation.

In standard single energy CT, beyond using a greater amount of
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contrast material, there are a limited number of ways to optimize
scar detection without using a greater amount of contrast material.
Some investigators have noted improved conspicuity using low
tube potential scanning with 100 or even 80 kVp settings but these
protocols are highly limited in larger patients and those with
implanted devices owing to the inability of lower energy scanning
to penetrate such patients and resultant increased noise183,184 as
well as device related artifacts. In general, delayed enhancement CT
studies are best viewed as thick (5 or 10 mm) multiplanar refor-
mations with a narrow window width and level (e.g., width, 200
HU; level, 100 HU)185 or as maximum intensity projections. Dual
energy CT with its ability to enable improved tissue characteriza-
tion offers the potential for more accurate scar detection but the
evidence evaluating this technique is modest to date.186

A number of studies187e192 have compared the diagnostic per-
formance of CT delayed enhancement using MRI as the gold stan-
dard. These studies suggest that CT can characterize acute and
chronic infarctions yielding contrast enhancement patterns similar
to first-pass perfusion and delayed enhancement MRI. On first pass
CTA examinations, short axis thick (8mm) minimum intensity
projections with narrow window width are used to detect areas of
hypoattenuation in a coronary artery distribution to suggest
perfusion abnormalities or acute/subacute infarction. These find-
ings may be particularly helpful in the acute setting for infarct
detection and to some extent adjudicate the severity of an
anatomical stenosis. There are also data that suggest that infarct
size quantified on delayed enhancement CT correlates fairly well
with MRI. Regarding the identification of remote infarctions, CT
offers very distinct features that when identified connote a high
specificity for infarction. Chronic MI have reduced capillary density
and show a temporally consistent evolution with fatty metaplasia
suggestion an infarct at least 12 months of age and calcification
with remodeling suggesting an older infarct typically at least 3
years old.193 In the setting of fatty metaplasia, marked thinning and
calcification viability is considered unlikely.

It may be appropriate to perform late enhancement CT imag-
ing for the evaluation of myocardial viability in selected patients
who cannot undergo cardiac MRI. Such imaging may be per-
formed if it has the potential to impact the diagnosis and/or
treatment (e.g. planning for revascularization).

It is appropriate to report prior myocardial infarction when
its features are evident.

It is appropriate to report remote myocardial infarction when
fatty metaplasia or calcification are present in a coronary artery
distribution in the context of CAD.

4.9. Cardiac transplant patients

Coronary allograft vasculopathy (CAV) is a progressive disorder
that complicates cardiac transplantation.194 Its hallmark is diffuse
and concentric intimal hyperplasia involving the epicardial coro-
nary arteries and their branches. The diagnosis of CAV is often
difficult as patients are commonly asymptomatic and this diagnosis
has traditionally relied on non-invasive ischemia testing, ICA and
the gold standard of intravascular imaging.194e196 Historically, CAV
would not manifest until late in its course, commonly with end
stage findings of heart failure. Consequently, yearly screening to
detect CAV has been recommended.

The role of CTA as a surrogate for ICA has been explored over the
last decade. A recent meta eanalysis, including 13 studies and 615
patients undergoing >16 slice MDCT, documented a high diagnostic
performance of CTA for the diagnosis of CAV when compared to
ICA.197 On a patient-based analysis for the detection of any CAV
(>luminal irregularities) or significant CAV (stenosis �50%), CTA
analysis yielded weighted sensitivity of 97% and 94%, specificity of
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81% and 92%, negative predictive value (NPV) of 97% and 99%, a pos-
itive predictive value (PPV) of 78% and 67%, with overall diagnostic
accuracies of 88% and 94%, respectively. When using IVUS as the gold
standard, CTA displayed lower diagnostic accuracy, largely driven by
lower sensitivity. Patient-based analysis of 64-slice CTA versus IVUS
showedameanweighted sensitivity and specificity of 81% and 75% to
detect CAV (intimal thickening >0.5 mm), whereas the PPV and NPV
were 93% and 50%, respectively. In view of these results there is
growing clinical use of CTA in surveillance of patients for the devel-
opment of CAV, thereby sparing patients annual ICA. This approach
shouldbe takenwith cautionand isverymuchdependenton local site
expertise and capacity, and the status of kidney function.

It may be appropriate to perform CTA as an alternative to
invasive coronary angiography for the screening of patients for
coronary allograft vasculopathy in the selected clinical practice
settings.

4.10. Coronary anomalies

CTA was recognized early in its evolution as a suitable test for
evaluation of anomalous coronary arteries in adults198e200 because
of its strengths compared to the alternatives. ICA does visualize the
coronary lumen very well at high spatial and temporal resolutions,
but has two major drawbacks. First, it is a projection modality that
usually does not allow 3D demonstration of the anatomy and,
secondly, it will not show the relationship of the coronary arteries
to the surrounding structures as well as CT or MRI, which is a
critical component of the evaluation. Several studies have been
performed to evaluate the prevalence of coronary anomalies and
utility of CTA for classifying anomalies and guiding treatment.
Cheezum et al. found a prevalence of 1.7% of anomalous coronary
artery originating from the opposite sinus of Valsalva (ACAOS) in a
study of 5991 consecutive patients, 45% of which were discovered
incidentally(213). They found the following CTA derived features to
be of importance and to predict subsequent revascularization: slit-
like narrowing of the origin of the anomalous vessel, interarterial
course, intramural course, narrowing of proximal anomalous vessel
of >5.4 mm in length201 Opolski et al. found in a study of 8522
consecutive subjects a prevalence of less than 1% (0.84) of
ACAOS.202 Only right coronary arteries arising from the left coro-
nary sinus showed presence of significant interarterial compression
and malignant ACAOS type; compression was correlated with
symptoms at follow-up.202

The ACC, in conjunction with SCCT and other imaging societies,
recognized early on that assessment of coronary anomalies is
considered an appropriate indication for CTA, receiving the highest
appropriate use score available on their scale.134 The ACR e NASCI e
SPR practice parameter for performance and interpretation of cardiac
CT mandates that patient selection for coronary CT angiography be
based on evidence-based clinical algorithms and includes suspected
coronary anomaly on prior echocardiography or cardiac MRI.203

It is appropriate to perform CTA for the evaluation of coronary
anomalies.

4.11. Coronary evaluation on aortic aneurysm/dissection and PE
studies

Operating on the principle that all relevant cardiovascular
findings in the field of view on noncontrast chest CT examinations
should be evaluated and reported, the Society of Cardiovascular
Computed Tomography and Society of Thoracic Radiology recom-
mended that coronary artery calcium scoring by quantitative or
semiquantitative analysis should be part of every non-contrast
chest CT analysis and report, whether gated or non-gated, even
though it had not been requested by the referring physician.204
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Similarly, since the coronary arteries are in the field of view of
every contrast chest CTA, they may be evaluated by electrocardio-
graphically (EKG) gating a single phase prospective acquisition. The
most appropriate clinical scenarios are aortic dissection, and pul-
monary embolus (in men >45 years and women >55 years) since
the CTA’s are infrequently positive (<15%), and do not provide an
explanation for the presenting symptoms for which, because of its
prevalence, coronary artery disease may be the culprit.205 Similarly,
aortic aneurysm CTA’s, whether for initial diagnosis, surveillance or
post repair, are candidates for coronary artery analysis.

From the technical perspective, gated acquisition of a single
phase (75% for heart rate <65 bpm and 40% for heart rate >65 bpm)
will improve the quality of the CTA and minimize motion artifacts
which may be interpreted as aortic dissections and facilitate eval-
uation for embolus in the smaller pulmonary artery branches;
depending on the scanner technology there may be no associated
increase in contrast volume or radiation dose. Acquisition of only a
single phase may result in inability to evaluate all coronary seg-
ments if there is motion artifact but this problem is inherent in all
prospective single phase studies. Immediate interpretation of the
coronary arteries is indicated in dissection and PE studies and may
be problematic outside of normal working hours depending on the
training of the interpreting physician.

It is appropriate to use EKG gating for CTA performed for
aortic dissection and aneurysm CTA, as well as pulmonary
embolus studies in men >45 years and women >55 years, and
analyze and report the coronary arteries.

4.12. Atrial fibrillation pulmonary vein isolation, cardioversion,
embolic stroke

Guidelines have uniformly recommended transesophageal
echocardiography (TEE) for the evaluation of the left atrium/left
atrial appendage (LA/LAA) for the presence of thrombus prior to
cardioversion and pulmonary vein isolation, and of the entire heart
for embolic sources in the setting of cryptogenic stroke. Review of
the relevant literature suggests appropriate changes featuring an
important role for CTA.206

The sensitivity of TEE for LAA thrombus using a surgico-
pathological reference standard is 93e100%, with 99e100% speci-
ficity.207 CTA has been validated by comparison to TEE. A meta-
analysis was performed of 19 studies with 2955 patients in which
both CTA and TEE were obtained within 7 days to rule out LA/LAA
thrombi before PVI or cardioversion for AF and likelihood of
stroke.208 For the entire population, the sensitivity, specificity and
accuracy for detection of thrombus by TEE were 96%, 92% and 99%
respectively, with PPV of 41% and NPV of 94%. However, in 753 pa-
tients with delayed imaging from 30 to 180 seconds after contrast
injection, the sensitivity, specificity, and accuracy were nearly 100%
and the PPV increased to 92%. The results were very similar for the
1836 PVI patients. There were no significant differences between
studies with and without EKG gating. Those cases which demon-
strate complete resolution on delayed imaging are routinely re-
ported as “slowflow” and are thought to represent the equivalent of
spontaneous echo contrast SEC), with partial resolution on delayed
imaging consistent with a combination of SEC and thrombus.

The effectiveness of delayed imaging in the clinical practice of
ablation for atrial fibrillation and atrial flutter was studied by Bil-
chik et al. in 320 ablation patients who underwent nongated CTA
with delayed imaging 40 seconds after contrast injection, with TEE
only after abnormal or equivocal CTA findings but not after normal
CTA studies.209 Using intracardiac echocardiography (ICE) as the
reference standard, the sensitivity and NPV of CTAwere 100%. With
equivocal CTA results classified as negative, the specificity and PPV
were also 100%; when classified as positive the specificity was 98%.
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Patients with normal CTA had neither thrombus on ICE nor
procedure-related stroke or TIA. TEE was performed in 57.5% prior
to implementation of the protocol. These findings persisted across
all levels of stroke risk and CHA2DS2-VASc score.

Despite their comparable results, TEE and CTA have some
unique non-overlapping capabilities that may dictate their use in
specific situations. TEE should be performed when long term
prognostic markers of emptying velocity, SEC, valvular disease and
systolic and diastolic function are required. CTA is indicated when
coronary artery analysis, achieved by EKG gating, is sought. For PVI,
CTA is preferred since the LAA has already been imaged by the PVI
CTA study. In the setting of cryptogenic stroke, better valvular
visualization renders TEE the preferred study. For LAA occlusion, a
combination of CTA and TEE appears to be the best strategy.210 CTA
should be performed in patients with relative or absolute contra-
indications to TEE, and TEE is the preferred test in patients with
contrast anaphylaxis or renal dysfunction. As part of shared deci-
sionmaking, patient preference should be the deciding factor when
TEE and CTA are equally viable alternatives.

CTA with a limited delayed image (60e90 sec) to ensure
complete LAA opacification is an appropriate alternative to TEE
when the primary aim is to exclude LA/LAA thrombus and in
patients where the risks associated with TEE outweigh the ben-
efits. In all situations CTA and TEE should be discussed with the
patient in the setting of shared decision making.
5. Decision making

5.1. Medical versus invasive treatment

Acentral aimofevaluation forCAD is to identifypatientswhoneed
appropriate revascularization to improve prognosis or symptoms not
responding to medical therapy, as well as those that can bemanaged
with medical therapy alone (Fig. 5). Stress testing has been the
traditional method of evaluating for CAD but it has many limitations.
Fig. 5. Conceptual diagram outlining the use of CTA in diagnosis, downstream testing and
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It is not very accurate, especially in the current milieu of low preva-
lence of CAD among the tested population80 and the imprecision of
pretest probability paradigmsused to refer to stress testing.37e39,211 It
is important that we refine non-invasive stress testing for CAD.

Stenosis severity still remains the primary arbiter of therapeutic
decisions, but more and more data now suggest that anatomy
coupled with a physiologic correlate is a better or even possibly, a
necessary way for optimal decision-making. The most optimum
testing pathway would ideally lead to the specific pool of patients
needing guideline-based intervention and would improve out-
comes. An increasing body of evidence suggests that CTA, especially
when used alongwith its newer value-added iterations (CT-FFR and
CTP) might have advantages that would make it the first line test in
many situations.
5.1.1. Role of CTA for guiding further non-invasive evaluation
ChoosingCTA as thefirst line test for symptomatic CAD results in a

significant reduction in cardiovascular death and MI over the course
of 5 years, with more apporpriate preventive therapy58,76 compared
to stress testing, and this difference in favor of CTA33, there are some
important nuances. Following CTA there is more detection of CAD
without necessarily needing significantly more invasive catheteriza-
tion and the yield of catheterizationprocedures is improved, in terms
of actionable CAD. There aremore revascularizations followingCTA in
the short-term but not the long-term, and the total cost of either
strategy is largely similar or slightly higherwith CTA. CTA shows non-
obstructive CAD and is more prognostic than functional testing in
contemporary patients with stable chest pain17,58,76 and this differ-
ence in favor of CTA is greater in high risk patients e.g. diabetics.CTA
reduces the need for further non-invasive testing and could thus be
considered an optimum first test compared to other current stress
testing paradigms.

CTA facilitates decision making by dividing patients into mul-
tiple informative categories. This characteristic was an integral part
of the ISCHEMIA trial91 by excluding patients with <50% diameter
management of chronic stable CAD. Images from the SCCT Statement on CAD-RADS.
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stenosis and significant LM disease from randomization to medical
versus interventional treatment. A good format for decisionmaking
can be based on CAD-RADS classification.212 This classification is
easy to use, well standardized and has significant prognostic value
in its sub-sets.18,213 Those with a negative CTA or demonstration of
non-obstructive CAD would exclude flow limiting CAD with high
certainty and avoid downstream testing. A CTA with non-
obstructive anatomy excludes the need for further downstream
testing since there is no need for revascularization. However, such a
CTA finding should prompt adequate preventive or disease modi-
fying therapy and CTA seems to allow for more appropriate use of
statins and anti-platelet therapies better than when using non CTA
methods for CAD diagnosis.67,76 CTA can act as an excellent gate-
keeper for subsequent decision making in this group and indeed
the finding of non-obstructive disease can change preventive
management in both non ER58 and ER214 settings. This also extends
to women with chest pain, a group that has traditionally been
under treated e CTA reclassifies more women into the non-CAD
category, appropriately decreases down-stream testing, results in
similar preventive therapies in both men and women and, more
importantly, equal benefit in terms of risk reduction.215 Combining
CTA and FFRCT may allow for even more uniform down-stream
interventions and narrow the differences between revasculariza-
tion rates between men and women216, unlike what happens after
usual stress testing imaging. Newer data seem to suggest that CTA
can help personalizing preventive medicine better.217 For example,
statin effects for reducing ASCVD events, when aiming for the 2018
ACC/AHA and 2019 ESC treatment targets, are highly contingent
upon CAD severity; the NNT in 6 years to prevent 1 ASCVD event
varied considerably with the severity of CAD, ranging from >230 in
patients with no CAD to <10 in patients with 3-vessel disease.

1. CAD with clearly surgical anatomy e CAD-RADS 4B: A CTA
showing significant LMCA disease, or 3 vessel disease, especially
if associated with LV dysfunction, involving the proximal LAD or
in a diabetic patient, identifies subsets known to benefit from
surgical revascularization. This group does not usually need
further non-invasive testing and operative decisions can be
taken after invasive coronary angiography.

2. CAD that is clearly not a surgical anatomy butmight benefit from
intervention: A positive CTA in the CAD-RADS class 4A or class 5
category is of sufficient concern and should lead to consideration
for angiography (with invasive FFRor iFRasneeded)whichmight
be indicated under the right clinical scenarios.
a. CAD-RADS class 4A: if the lesion involves a significant sized

vessel in the 3 major proximal arteries subtending a signifi-
cant sized bed (e.g. proximal LAD)

b. CAD-RADS class 5: if there are optimum conditions and a
clinical indication for CTO interventions.

3. A positive CTA in non-surgical anatomy categories not known to
clearly benefit from intervention or revascularization: this in-
cludes CAD-RADS class 3 patients where the worst stenosis is in
the50e69%range:ApositiveCTAhas lowpositivepredictivevalue
in this group and recent data show that CT-FFRmight alsoperform
less than optimally in this range.99 Testing in real-world studies
might have different performance characteristics but at least 1
study of such patients with intermediate CAD218 also showed
variable agreement between CT-FFR and invasive FFR (55% when
CT-FFR was between 0.76 and 0.80, >80% when invasive FFR was
less than 0.75, and approaching 100% in patients with very
severely reduced FFR). Onemay, therefore, need further testing in
certain circumstances forconfirmingCAD thatneeds intervention.
This should be tempered by the fact that once the anatomy is
known and high-risk substrates are excluded (which CTA can
confidentlyaccomplish), patientswithCAD-RADS3 shouldfirst be
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treated medically, with subsequent testing as well as an invasive
approach reserved for the patient who remains symptomatically
unresponsive to medical therapy. The very recent ISCHEMIA
Trial91 provided robust evidence for this approach.
5.1.2. Options for downstream noninvasive testing after an
inconclusive CTA

CAD RADs recommends using additional non-invasive testing in
certain situations after CTA. Downstream testing in this situation
can be multiparametric CTA testing that provides additional phys-
iologic information (e.g. CT-FFR or CTP) or non CTA based physio-
logic testing (nuclear myocardial perfusion imaging, CMR or stress
echo). There is very little literature to guide the choice of non-
invasive functional testing following an indeterminate or inter-
mediate stenosis on CTA. Comparative studies looking at the ability
of various testing modalities for diagnosing CAD in the general
stress testing population are plentiful but have a number of limi-
tations.219 While meta-analysis3 show that CMR and PET have the
highest accuracy and combinations of CTAþ CT-FFR or CTP improve
diagnostic accuracy, these pathways add to the cost, radiation and
may not readily available. In addition, the choice of second line
testing remains heavily dependent on local expertise and patient
suitability for a given test. Finally, these should be considered only
after exhausting medical therapy in patients with coronary anat-
omy that clearly does not need immediate surgical intervention.

5.1.3. Role of multi parametric CTA testing or sequential CT
CTA can provide much more than anatomy through newer stra-

tegies using CT-FFR and CTP, which can improve decision-making
(both diagnostic and therapeutic) by improving the specificity and
positive predictive value (its main limitation). More robust data is
needed to demonstrate that this approach is logistically feasible and
cost effective when used routinely. CAC is a good discriminator of
risk, better than myocardial perfusion imaging220, and adding CAC
into the diagnostic algorithm for CAD patients is attractive. Most
stable CAD patients with events have measurable CAC; a smaller
proportion have abnormal stress tests results that are specific for CV
events.220 Any non-zero CAC by itself is better than a positive
functional stress test in terms of sensitivity (84% vs. 43%, p < 0.001)
while functional testing is more specific (79% vs. 35%, p < 0.001) for
predicting adverse events. Using higher cutoffs for CAC improves
specificity but decreases sensitivity. Two randomized controlled
trials, CRESCENT I60 and CRESCENT II,62 have used a protocol where
CACwas the firstmeasurement and only a positive CAC necessitated
proceeding to CTA. This approach was found to have similar 1-year
outcomes as the routine strategy of stress testing in the CRESCENT
I study. CRESCENT II showed using a similar approach but proceeded
to CTP if both CAC and CTA were positive. This strategy was associ-
ated with better outcomes, and more appropriate angiography
(fewer invasive angiograms without a class I indication for revas-
cularization) than routine stress testing. Studies with longer follow-
up are needed before routine implementation.

5.1.4. Role of CTA in guiding invasive evaluation
Ideally, ICA should be offered to only those patients who will

benefit from an intervention, either surgical or percutaneous; high
quality non-invasive testing shouldbe able todecidewhoundergoes
ICA. Unfortunately,many of the angiograms done in current practice
scenarios are normal or non-obstructive, even in those referred after
a positive stress test. CTA appears to be an excellent gatekeeper for
angiographic referrale using value added CTAmethods like CT-FFR
and CTP improves this even further. In the PLATFORM study,221 CT-
FFR reduced the rate of finding no obstructive disease on invasive
angiogram from73% to12%anddecreased referral to angiographyby
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61%.Other studies also confirmtheutilityofCT-FFR inprecluding the
need for invasive angiography.222,223 ICA can be safely deferred
when CT-FFR shows a lack of lesion-specific ischemia; no MACE
were seen in the year after avoiding angiography after CT-FFR in the
PLATFORM study224 and initial estimates show that this was cost
effective.69 The ADVANCE FFRCT registry confirmed this safety in the
real world practice.96 In CRESCENT II,62 adding CTP when CTA
revealed a >50% stenosis resulted in far fewer invasive angiograms
without a class I indication for revascularization. Thus, CTA has
excellent ability to optimize downstream angiography use and is
likely to find an increasing role in this manner.

6. Summary

Coronary artery disease is the most important etiology of chest
pain in clinical practice, has significant prognostic implications and
is eminently treatable. Moreover, CAD is highly prevalent and may
exist in various forms, extending from the presence of non-
obstructive plaque to flow limiting disease to complete obstruc-
tion of a vessel. Not only the presence, but the location and extent of
stenosis, the composition of the plaque underlying the stenosis, its
physiologic effect and thehealth of the distal bed, all determinehard
outcomes (death or MI). Thus, identifying the presence of CAD is a
critical part of cardiac practice requiring significant investment in
time and resources. A plethora of non-invasive testing options are
available for evaluating patients presenting with chest pain that
could be related to ischemic heart disease but there is significant
controversy about what is the most optimal testing strategy.225

Consistent with past paradigms for CAD, these have all focused
mainly on identifying flow limiting disease that could cause
ischemia. Broadly, these can be divided into those assessing anat-
omy, those assessing physiology and those that can combine some
characteristics of both anatomy and physiology. While there is a
significant body of evidence for each strategy and current random-
ized controlled trials (albeit, with all their limitations as pragmatic
studies) have not found a consistent difference in major outcomes
with one strategy or the other, they are not equivalent. There is
already evidence that some strategies influence hard outcomes
through advantages other than revascularization (e.g., better titra-
tion of preventive medical therapy after seeing an atherosclerotic
plaque with CTA vs. physiologic testing) and future studies may
show intrinsic advantages of one strategy over the others.

In general, CTA has the advantage of reducing cardiovascular
mortality andmyocardial infarction. It visualizes the stenosis and the
atheromatous plaque as opposed tomaking an educated guess about
its presence, aswith physiologic testing. CTA has excellent sensitivity
for identifying flow limiting disease and has very high negative pre-
dictive value, making it the strongest test to rule out flow limiting
CAD, especially in patients with low to intermediate risk. It has the
best evidence so far for decreasing the number of procedures in pa-
tients in whom a decision to define coronary anatomy with invasive
catheterization was already taken based on other non-invasive
criteria. Moreover, deferring ICA in this manner has been shown to
be safe. Using CTA as thefirst test for stable chest pain syndromes also
reduces non-productive ICA (patients where ICA does not show CAD
that needed a class I indicated intervention) with a slightly increased
rate of diagnostic catheterization. This has led to the NICE guidelines
recommending of CTA as the first line test in patientswithout known
CAD who present with typical or atypical chest pain.

CTA has lower specificity and positive predictive value, which
places it in the same diagnostic performance band as most tests
using stress imaging.However, the newer value-addedmodalities of
CTA (CT-FFR and CTP)may significantlyminimize this disadvantage.
A reasonably strong body of evidence supports the use of CT-FFR for
the diagnosis of CAD in patients presenting with stable chest pain
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syndromes and this results in diagnostic rates comparable to inva-
sive FFR. Earlydata fromstudiesusingCTperfusion seemto suggest a
similar gain in diagnostic accuracy. It is likely that a suite of CTA
based testing (CAC, CTA, FFR-CT, CTP in some combination), often
needing only a small increment in time, effort, contrast agent or
radiation, is likely to elevate its positive predictive value to the best
of breed range. Tiered testing as in CRESCENT I and II has shown
distinct advantages in early discharge and safe outcomes in small
randomized control trial settings. However, robust evidence-based
recommendations await well conducted prospective studies in this
arena. Hybrid strategies involving both CTA and PET are also in
development to improve the predictive value of a positive CTA.

CTA also has a unique advantage possessed by no other testing,
based as they are on identifying a flow limiting stenosis indirectly
through an ischemic response. It provides a look at the plaque
extent and nature even if there is no flow limiting lesion; multiple
studies show that it is better at parsing out future risk than phys-
iologic testing. Through its ability to visualize calcified and non-
calcified plaque, it identifies the majority of patients with future
events in prospectively tested cohorts, far better than by identifying
flow limiting stenosis by any test. It also promotes better initiation
and maintenance of preventive therapy (use of guideline directed
medication like statins and anti-platelet therapy) and may thus
reduce future hard events without a difference in revascularization
rates. It has a small cost in terms of dye load and radiation but many
centers are already using protocols to decrease both226 and newer
strategies are likely to significantly minimize this risk further.

Thus, CTA is a robust test that, in addition to reducing myocar-
dial infarction and cardiovscular mortality, serves as a gatekeeper
invasive testing, is cost effective and better allocates the use of high
cost downstream testing as well. The data support the widespread
use of CTA as the first line test in the assessment of patients without
known CAD who present with stable chest pain.
Author relationships with industry and other entities

Suhny Abbara-none.
Amir Ahmadi-none
Daniel Berman-royalties from Cedars-Sinai Medical Center.
Ron Blankstein- Research support from Amgen Inc, and Astellas

Inc.
Y. Chandrashekhar-none.
Harvey S. Hecht- Arineta Scientific Advisory Board and stock

options, Cleerly consultant.
Jonathon Leipsic- Consultant and stock options in Circle CVI and

HeartFlow. Institutional core lab work Edwards Lifesciences,
Abbott, Medtronic.

Jagat Narula-none.
Edward D. Nicol- Speaker Bureau - GE.
Koen Nieman-unrestricted institutional support from Siemens

Healthineers, Bayer, GE Healthcare and Heartflow.
David Newby- Royalties: Elsevier, Departmental e\research

agreement: Philips
Leslee Shaw-none.
Todd C. Villines-none.
Michelle Williams- Consultancy for GE Healthcare.

References

1. Abbara S, Arbab-Zadeh A, Callister TQ, et al. SCCT guidelines for performance
of coronary computed tomographic angiography: a report of the Society of
Cardiovascular Computed Tomography Guidelines Committee. J Cardiovasc
Comput Tomogr. 2009;3:190e204.

2. NICE. Putting NICE Guidance into Practice. Resource Impact Report: Chest Pain of
Recent Onset: Assessment and Diagnosis. 2016.

3. Danad I, Szymonifka J, Twisk JWR, et al. Diagnostic performance of cardiac

http://refhub.elsevier.com/S1934-5925(20)30473-1/sref1
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref1
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref1
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref1
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref1
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref2
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref2
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref3


J. Narula, Y. Chandrashekhar, A. Ahmadi et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
imaging methods to diagnose ischaemia-causing coronary artery disease
when directly compared with fractional flow reserve as a reference standard:
a meta-analysis. Eur Heart J. 2017;38(13):991e998.

4. Tonino PA, De Bruyne B, Pijls NH, et al. Fractional flow reserve versus angi-
ography for guiding percutaneous coronary intervention. N Engl J Med.
2009;360(3):213e224.

5. van Nunen LX, Zimmermann FM, Tonino PA, et al. Fractional flow reserve
versus angiography for guidance of PCI in patients with multivessel coronary
artery disease (FAME): 5-year follow-up of a randomised controlled trial.
Lancet. 2015;386(10006):1853e1860.

6. Zimmermann FM, Ferrara A, Johnson NP, et al. Deferral vs. performance of
percutaneous coronary intervention of functionally non-significant coronary
stenosis: 15-year follow-up of the DEFER trial. Eur Heart J. 2015;36(45):
3182e3188.

7. Harle T, Zeymer U, Hochadel M, et al. Real-world use of fractional flow reserve
in Germany: results of the prospective ALKK coronary angiography and PCI
registry. Clin Res Cardiol. 2017;106(2):140e150.

8. Desai NR, Bradley SM, Parzynski CS, et al. Appropriate use criteria for coronary
revascularization and trends in utilization, patient selection, and appropri-
ateness of percutaneous coronary intervention. J Am Med Assoc. 2015;314(19):
2045e2053.

9. Patel MR, Dai D, Hernandez AF, et al. Prevalence and predictors of non-
obstructive coronary artery disease identified with coronary angiography in
contemporary clinical practice. Am Heart J. 2014;167(6):846e852 e2.

10. Fleischmann KE, Hunink MG, Kuntz KM, Douglas PS. Exercise echocardiog-
raphy or exercise SPECT imaging? A meta-analysis of diagnostic test perfor-
mance. J Am Med Assoc. 1998;280(10):913e920.

11. de Jong MC, Genders TS, van Geuns RJ, Moelker A, Hunink MG. Diagnostic
performance of stress myocardial perfusion imaging for coronary artery dis-
ease: a systematic review and meta-analysis. Eur Radiol. 2012;22(9):
1881e1895.

12. Jaarsma C, Leiner T, Bekkers SC, et al. Diagnostic performance of noninvasive
myocardial perfusion imaging using single-photon emission computed to-
mography, cardiac magnetic resonance, and positron emission tomography
imaging for the detection of obstructive coronary artery disease: a meta-
analysis. J Am Coll Cardiol. 2012;59(19):1719e1728.

13. Nielsen LH, Ortner N, Norgaard BL, Achenbach S, Leipsic J, Abdulla J. The
diagnostic accuracy and outcomes after coronary computed tomography
angiography vs. conventional functional testing in patients with stable angina
pectoris: a systematic review and meta-analysis. Eur Heart J Cardiovasc Im-
aging. 2014;15(9):961e971.

14. Arbab-Zadeh A, Di Carli MF, Cerci R, et al. Accuracy of computed tomographic
angiography and single-photon emission computed tomography-acquired
myocardial perfusion imaging for the diagnosis of coronary artery disease.
Circ Cardiovasc Imaging. 2015;8(10), e003533.

15. Takx RA, Blomberg BA, El Aidi H, et al. Diagnostic accuracy of stress
myocardial perfusion imaging compared to invasive coronary angiography
with fractional flow reserve meta-analysis. Circ Cardiovasc Imaging. 2015;8(1).

16. Dai N, Zhang X, Zhang Y, et al. Enhanced diagnostic utility achieved by
myocardial blood analysis: a meta-analysis of noninvasive cardiac imaging in
the detection of functional coronary artery disease. Int J Cardiol. 2016;221:
665e673.

17. Danad I, Raijmakers PG, Driessen RS, et al. Comparison of Coronary CT
Angiography, SPECT, PET, and Hybrid Imaging for Diagnosis of Ischemic Heart
Disease Determined by Fractional Flow Reserve. JAMA Cardiol. 2017;2(10):
1100e1107.

18. Hoffmann U, Ferencik M, Udelson JE, et al. Prognostic value of noninvasive
cardiovascular testing in patients with stable chest pain: insights from the
PROMISE trial (prospective multicenter imaging study for evaluation of chest
pain). Circulation. 2017;135(24):2320e2332.

19. Xie JX, Cury RC, Leipsic J, et al. The coronary artery disease-reporting and data
system (CAD-RADS): prognostic and clinical implications associated with
standardized coronary computed tomography angiography reporting. JACC
Cardiovasc Imaging. 2018;11(1):78e89.

20. Rubinshtein R, Hamdan A. Coronary CTA-based CAD-RADS reporting system
and the PROMISE to predict cardiac events. JACC Cardiovasc Imaging.
2019;13(7):1546e1548.

21. Andreini D, Pontone G, Mushtaq S, et al. Long-term prognostic impact of CT-
Leaman score in patients with non-obstructive CAD: results from the COro-
nary CT angiography EvaluatioN for clinical outcomes InteRnational multi-
center (CONFIRM) study. Int J Cardiol. 2017;231:18e25.

22. Bittencourt MS, Hulten E, Ghoshhajra B, et al. Prognostic value of non-
obstructive and obstructive coronary artery disease detected by coronary
computed tomography angiography to identify cardiovascular events. Circ
Cardiovasc Imaging. 2014;7(2):282e291.

23. Hell MM, Motwani M, Otaki Y, et al. Quantitative global plaque characteristics
from coronary computed tomography angiography for the prediction of
future cardiac mortality during long-term follow-up. European heart journal
cardiovascular Imaging. 2017;18(12):1331e1339.

24. Chang HJ, Lin FY, Lee SE, et al. Coronary atherosclerotic precursors of acute
coronary syndromes. J Am Coll Cardiol. 2018;71(22):2511e2522.

25. Lee S-E, Sung JM, Andreini D, et al. Differences in progression to obstructive
lesions per high-risk plaque features and plaque volumes with CCTA. JACC
Cardiovascular imaging. 2019;S1936e878X(19):30934e30939.

26. Halon DA, Lavi I, Barnett-Griness O, et al. Plaquemorphology as predictor of late
22
plaque events in patients with asymptomatic type 2 diabetes: a long-term
observational study. JACC Cardiovasc Imaging. 2019 Jul;12(7 Pt 2):1353e1363.

27. van Rosendael AR, Shaw LJ, Xie JX, et al. Superior risk stratification with
coronary computed tomography angiography using a comprehensive
atherosclerotic risk score. JACC Cardiovasc Imaging. 2019;12(10):1987e1997.

28. Motoyama S, Kondo T, Sarai M, et al. Multislice computed tomographic
characteristics of coronary lesions in acute coronary syndromes. J Am Coll
Cardiol. 2007;50(4):319e326.

29. Maurovich-Horvat P, Schlett CL, Alkadhi H, et al. The napkin-ring sign in-
dicates advanced atherosclerotic lesions in coronary CT angiography. JACC
Cardiovasc Imaging. 2012;5(12):1243e1252.

30. Motoyama S, Ito H, Sarai M, et al. Plaque characterization by coronary
computed tomography angiography and the likelihood of acute coronary
events in mid-term follow-up. J Am Coll Cardiol. 2015;66(4):337e346.

31. Ferencik M, Mayrhofer T, Bittner DO, et al. Use of high-risk coronary
atherosclerotic plaque detection for risk stratification of patients with stable
chest pain: a secondary analysis of the PROMISE randomized clinical trial.
JAMA Cardiol. 2018;3(2):144e152.

32. Williams MC, Moss AJ, Dweck M, et al. Coronary artery plaque characteristics
associated with adverse outcomes in the SCOT-heart study. J Am Coll Cardiol.
2019;73(3):291e301.

33. Investigators S-H. CT coronary angiography in patients with suspected angina
due to coronary heart disease (SCOT-HEART): an open-label, parallel-group,
multicentre trial. Lancet. 2015;385(9985):2383e2391.

34. Driessen RS, de Waard GA, Stuijfzand WJ, et al. Adverse plaque characteristics
relate more strongly with hyperemic fractional flow reserve and instanta-
neous wave-free ratio than with resting instantaneous wave-free ratio. JACC
Cardiovasc Imaging. 2020;13(3):746e756.

35. Gonzalez JA, Lipinski MJ, Flors L, Shaw PW, Kramer CM, Salerno M. Meta-
analysis of diagnostic performance of coronary computed tomography angi-
ography, computed tomography perfusion, and computed tomography-
fractional flow reserve in functional myocardial ischemia assessment versus
invasive fractional flow reserve. Am J Cardiol. 2015;116(9):1469e1478.

36. Celeng C, Leiner T, Maurovich-Horvat P, et al. Anatomical and functional
computed tomography for diagnosing hemodynamically significant coronary
artery disease: a meta-analysis. JACC Cardiovasc Imaging. 2019 Jul;12(7 Pt 2):
1316e1325.

37. Adamson PD, Newby DE, Hill CL, Coles A, Douglas PS, Fordyce CB. Comparison
of international guidelines for assessment of suspected stable Angina: insights
from the PROMISE and SCOT-heart. JACC Cardiovasc Imaging. 2018;11(9):
1301e1310.

38. Baskaran L, Danad I, Gransar H, et al. A comparison of the updated diamond-
forrester, CAD consortium, and CONFIRM history-based risk scores for pre-
dicting obstructive coronary artery disease in patients with stable chest pain:
the SCOT-heart coronary CTA cohort. JACC Cardiovasc Imaging. 2019;12(7 Pt
2):1392e1400.

39. Genders TSS, Coles A, Hoffmann U, et al. The external validity of prediction
models for the diagnosis of obstructive coronary artery disease in patients
with stable chest pain: insights from the PROMISE trial. JACC Cardiovasc Im-
aging. 2018;11(3):437e446.

40. Andreini D, Pontone G, Mushtaq S, et al. A long-term prognostic value of
coronary CT angiography in suspected coronary artery disease. JACC Car-
diovasc Imaging. 2012;5(7):690e701.

41. Min JK, Shaw LJ, Devereux RB, et al. Prognostic value of multidetector coro-
nary computed tomographic angiography for prediction of all-cause mortal-
ity. J Am Coll Cardiol. 2007;50(12):1161e1170.

42. Hadamitzky M, Taubert S, Deseive S, et al. Prognostic value of coronary
computed tomography angiography during 5 years of follow-up in patients
with suspected coronary artery disease. Eur Heart J. 2013;34(42):3277e3285.

43. Kang SH, Park GM, Lee SW, et al. Long-term prognostic value of coronary CT
angiography in asymptomatic type 2 diabetes mellitus. JACC Cardiovasc Im-
aging. 2016;9(11):1292e1300.

44. Clerc OF, Kaufmann BP, Possner M, et al. Long-term prognostic performance of
low-dose coronary computed tomography angiography with prospective
electrocardiogram triggering. Eur Radiol. 2017;27(11):4650e4660.

45. Shaw LJ, Hage FG, Berman DS, Hachamovitch R, Iskandrian A. Prognosis in the
era of comparative effectiveness research: where is nuclear cardiology now
and where should it be? J Nucl Cardiol. 2012;19(5):1026e1043.

46. Smulders MW, Jaarsma C, Nelemans PJ, et al. Comparison of the prognostic
value of negative non-invasive cardiac investigations in patients with sus-
pected or known coronary artery disease-a meta-analysis. Eur Heart J Car-
diovasc Imaging. 2017;18(9):980e987.

47. Finck T, Hardenberg J, Will A, et al. 10-Year follow-up after coronary
computed tomography angiography in patients with suspected coronary ar-
tery disease. JACC Cardiovasc Imaging. 2019;12(7 Pt 2):1330e1338.

48. Min JK, Dunning A, Lin FY, et al. Age- and sex-related differences in all-cause
mortality risk based on coronary computed tomography angiography findings
results from the International Multicenter CONFIRM (Coronary CT Angiog-
raphy Evaluation for Clinical Outcomes: an International Multicenter Regis-
try) of 23,854 patients without known coronary artery disease. J Am Coll
Cardiol. 2011;58(8):849e860.

49. Hadamitzky M, Achenbach S, Al-Mallah M, et al. Optimized prognostic score
for coronary computed tomographic angiography: results from the CONFIRM
registry (COronary CT Angiography EvaluatioN for Clinical Outcomes: an In-
teRnational Multicenter Registry). J Am Coll Cardiol. 2013;62(5):468e476.

http://refhub.elsevier.com/S1934-5925(20)30473-1/sref3
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref3
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref3
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref3
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref4
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref4
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref4
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref4
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref5
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref5
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref5
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref5
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref5
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref6
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref6
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref6
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref6
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref6
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref7
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref7
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref7
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref7
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref8
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref8
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref8
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref8
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref8
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref9
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref9
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref9
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref9
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref10
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref10
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref10
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref10
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref11
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref11
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref11
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref11
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref11
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref12
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref12
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref12
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref12
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref12
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref12
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref13
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref13
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref13
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref13
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref13
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref13
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref14
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref14
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref14
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref14
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref15
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref15
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref15
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref16
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref16
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref16
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref16
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref16
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref17
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref17
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref17
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref17
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref17
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref18
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref18
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref18
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref18
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref18
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref19
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref19
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref19
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref19
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref19
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref20
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref20
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref20
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref20
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref21
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref21
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref21
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref21
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref21
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref22
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref22
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref22
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref22
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref22
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref23
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref23
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref23
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref23
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref23
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref24
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref24
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref24
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref25
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref25
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref25
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref25
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref25
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref26
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref26
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref26
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref26
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref27
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref27
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref27
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref27
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref28
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref28
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref28
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref28
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref29
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref29
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref29
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref29
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref30
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref30
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref30
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref30
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref31
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref31
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref31
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref31
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref31
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref32
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref32
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref32
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref32
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref33
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref33
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref33
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref33
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref34
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref34
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref34
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref34
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref34
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref35
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref35
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref35
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref35
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref35
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref35
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref36
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref36
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref36
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref36
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref36
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref37
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref37
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref37
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref37
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref37
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref38
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref38
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref38
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref38
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref38
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref38
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref39
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref39
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref39
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref39
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref39
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref40
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref40
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref40
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref40
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref41
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref41
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref41
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref41
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref42
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref42
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref42
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref42
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref43
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref43
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref43
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref43
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref44
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref44
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref44
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref44
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref45
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref45
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref45
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref45
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref46
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref46
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref46
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref46
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref46
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref47
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref47
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref47
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref47
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref48
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref49
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref49
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref49
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref49
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref49


J. Narula, Y. Chandrashekhar, A. Ahmadi et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
50. Nielsen LH, Botker HE, Sorensen HT, et al. Prognostic assessment of stable
coronary artery disease as determined by coronary computed tomography
angiography: a Danish multicentre cohort study. Eur Heart J. 2017;38(6):
413e421.

51. Ostrom MP, Gopal A, Ahmadi N, et al. Mortality incidence and the severity of
coronary atherosclerosis assessed by computed tomography angiography.
J Am Coll Cardiol. 2008;52(16):1335e1343.

52. Cantoni V, Green R, Acampa W, et al. Long-term prognostic value of stress
myocardial perfusion imaging and coronary computed tomography angiog-
raphy: a meta-analysis. J Nucl Cardiol. 2016;23(2):185e197.

53. Hadamitzky M, Freissmuth B, Meyer T, et al. Prognostic value of coronary
computed tomographic angiography for prediction of cardiac events in pa-
tients with suspected coronary artery disease. JACC Cardiovasc Imaging.
2009;2(4):404e411.

54. Chow BJ, Small G, Yam Y, et al. Incremental prognostic value of cardiac
computed tomography in coronary artery disease using CONFIRM: COroNary
computed tomography angiography evaluation for clinical outcomes: an In-
teRnational Multicenter registry. Circ Cardiovasc Imaging. 2011;4(5):463e472.

55. Min JK, Labounty TM, Gomez MJ, et al. Incremental prognostic value of cor-
onary computed tomographic angiography over coronary artery calcium
score for risk prediction of major adverse cardiac events in asymptomatic
diabetic individuals. Atherosclerosis. 2014;232(2):298e304.

56. Villines TC, Hulten EA, Shaw LJ, et al. Prevalence and severity of coronary
artery disease and adverse events among symptomatic patients with coronary
artery calcification scores of zero undergoing coronary computed tomography
angiography: results from the CONFIRM (Coronary CT Angiography Evalua-
tion for Clinical Outcomes: an International Multicenter) registry. J Am Coll
Cardiol. 2011;58(24):2533e2540.

57. Douglas PS, Hoffmann U, Patel MR, et al. Outcomes of anatomical versus
functional testing for coronary artery disease. N Engl J Med. 2015;372(14):
1291e1300.

58. Investigators S-H, Newby DE, Adamson PD, et al. Coronary CT angiography
and 5-year risk of myocardial infarction. N Engl J Med. 2018;379(10):924e933.

59. McKavanagh P, Lusk L, Ball PA, et al. A comparison of cardiac computerized
tomography and exercise stress electrocardiogram test for the investigation of
stable chest pain: the clinical results of the CAPP randomized prospective
trial. Eur Heart J Cardiovasc Imaging. 2015;16(4):441e448.

60. Lubbers M, Dedic A, Coenen A, et al. Calcium imaging and selective computed
tomography angiography in comparison to functional testing for suspected
coronary artery disease: the multicentre, randomized CRESCENT trial. Eur
Heart J. 2016;37(15):1232e1243.

61. Min JK, Koduru S, Dunning AM, et al. Coronary CT angiography versus
myocardial perfusion imaging for near-term quality of life, cost and radiation
exposure: a prospective multicenter randomized pilot trial. J Cardiovasc
Comput Tomogr. 2012;6(4):274e283.

62. Lubbers M, Coenen A, Kofflard M, et al. Comprehensive cardiac CT with
myocardial perfusion imaging versus functional testing in suspected coronary
artery disease: the multicenter, randomized CRESCENT-II trial. JACC Cardio-
vascular imaging. 2018;11(11):1625e1636.

63. Newby DE, Williams MC, Flapan AD, et al. Role of multidetector computed
tomography in the diagnosis and management of patients attending the rapid
access chest pain clinic, the Scottish computed tomography of the heart
(SCOT-HEART) trial: study protocol for randomized controlled trial. Trials.
2012;13:184.

64. Williams MC, Hunter A, Shah A, et al. Symptoms and quality of life in patients
with suspected angina undergoing CT coronary angiography: a randomised
controlled trial. Heart. 2017;103(13):995e1001.

65. Douglas PS, Hoffmann U. Anatomical versus functional testing for coronary
artery disease. N Engl J Med. 2015;373(1):91.

66. Bittencourt MS, Hulten EA, Murthy VL, et al. Clinical outcomes after evaluation
of stable chest pain by coronary computed tomographic angiography versus
usual care: a meta-analysis. Circ Cardiovasc Imaging. 2016;9(4), e004419.

67. Jorgensen ME, Andersson C, Norgaard BL, et al. Functional testing or coronary
computed tomography angiography in patients with stable coronary artery
disease. J Am Coll Cardiol. 2017;69(14):1761e1770.

68. Adamson PD, Williams MC, Dweck MR, et al. Guiding therapy by coronary CT
angiography improves outcomes in patients with stable chest pain. J Am Coll
Cardiol. 2019;74(16):2058e2070.

69. Xie JX, Shaw LJ. Measuring diagnostic health care costs in stable coronary
artery disease: should we follow the money? Ann Intern Med. 2016;165(2):
147e148.

70. Shaw LJ, Phillips LM, Nagel E, Newby DE, Narula J, Douglas PS. Comparative
effectiveness trials of imaging-guided strategies in stable ischemic heart
disease. JACC Cardiovasc Imaging. 2017;10(3):321e334.

71. Shaw LJ, Hausleiter J, Achenbach S, et al. Coronary computed tomographic
angiography as a gatekeeper to invasive diagnostic and surgical procedures:
results from the multicenter CONFIRM (Coronary CT Angiography Evaluation
for Clinical Outcomes: an International Multicenter) registry. J Am Coll Cardiol.
2012;60(20):2103e2114.

72. Mark DB, Federspiel JJ, Cowper PA, et al. Economic outcomes with anatomical
versus functional diagnostic testing for coronary artery disease. Ann Intern
Med. 2016;165(12):891.

73. Hlatky MA, De Bruyne B, Pontone G, et al. Quality-of-Life and economic
outcomes of assessing fractional flow reserve with computed tomography
angiography: PLATFORM. J Am Coll Cardiol. 2015;66(21):2315e2323.
23
74. Shaw LJ, Mieres JH, Hendel RH, et al. Comparative effectiveness of exercise
electrocardiography with or without myocardial perfusion single photon
emission computed tomography in women with suspected coronary artery
disease: results from the what Is the Optimal Method for Ischemia Evaluation
in Women (WOMEN) trial. Circulation. 2011;124(11):1239e1249.

75. Thom H, West NE, Hughes V, et al. Cost-effectiveness of initial stress cardio-
vascular MR, stress SPECT or stress echocardiography as a gate-keeper test,
compared with upfront invasive coronary angiography in the investigation
and management of patients with stable chest pain: mid-term outcomes from
the CECaT randomised controlled trial. BMJ open. 2014;4(2), e003419.

76. Williams MC, Hunter A, Shah AS, et al. Use of coronary computed tomographic
angiography to guide management of patients with coronary disease. J Am
Coll Cardiol. 2016;67(15):1759e1768.

77. Walker S, Girardin F, McKenna C, et al. Cost-effectiveness of cardiovascular
magnetic resonance in the diagnosis of coronary heart disease: an economic
evaluation using data from the CE-MARC study. Heart. 2013;99(12):873e881.

78. Timmis A. Investigation of patients presenting with chest pain. Heart.
2015;101(15):1252.

79. Moss AJ, Williams MC, Newby DE, Nicol ED. The updated NICE guidelines:
cardiac CT as the first-line test for coronary artery disease. Curr Cardiovasc
Imaging Rep. 2017;10(5):15.

80. Patel MR, Peterson ED, Dai D, et al. Low diagnostic yield of elective coronary
angiography. N Engl J Med. 2010;362(10):886e895.

81. Motoyama S, Sarai M, Harigaya H, et al. Computed tomographic angiography
characteristics of atherosclerotic plaques subsequently resulting in acute
coronary syndrome. J Am Coll Cardiol. 2009;54(1):49e57.

82. Lee JM, Choi G, Koo BK, et al. Identification of high-risk plaques destined to
cause acute coronary syndrome using coronary computed tomographic
angiography and computational fluid dynamics. JACC Cardiovasc Imaging.
2019;12(6):1032e1043.

83. Stone GW, Maehara A, Lansky AJ, et al. A prospective natural-history study of
coronary atherosclerosis. N Engl J Med. 2011;364(3):226e235.

84. Ahmadi A, Argulian E, Leipsic J, Newby DE, Narula J. From subclinical
atherosclerosis to plaque progression and acute coronary events: JACC state-
of-the-art review. J Am Coll Cardiol. 2019;74(12):1608e1617.

85. Ahmadi A, Stone GW, Leipsic J, et al. Association of coronary stenosis and
plaque morphology with fractional flow reserve and outcomes. JAMA Cardiol.
2016;1(3):350e357.

86. Ahmadi A, Leipsic J, Ovrehus KA, et al. Lesion-specific and vessel-related de-
terminants of fractional flow reserve beyond coronary artery stenosis. JACC
Cardiovasc Imaging. 2018;11(4):521e530.

87. Ahmadi A, Senoner T, Correa A, Feuchtner G, Narula J. How atherosclerosis
defines ischemia: atherosclerosis quantification and characterization as a
method for determining ischemia. Journal of cardiovascular computed tomog-
raphy. 2020;14(5):394e399.

88. Bakhshi H, Meyghani Z, Kishi S, et al. Comparative effectiveness of CT-derived
atherosclerotic plaque metrics for predicting myocardial ischemia. JACC Car-
diovasc Imaging. 2019;12(7 Pt 2):1367e1376.

89. Kini AS, Baber U, Kovacic JC, et al. Changes in plaque lipid content after short-
term intensive versus standard statin therapy: the YELLOW trial (reduction in
yellow plaque by aggressive lipid-lowering therapy). J Am Coll Cardiol.
2013;62(1):21e29.

90. Kini AS, Vengrenyuk Y, Shameer K, et al. Intracoronary imaging, cholesterol
efflux, and transcriptomes after intensive statin treatment: the YELLOW II
study. J Am Coll Cardiol. 2017;69(6):628e640.

91. Maron DJ, Hochman JS, Reynolds HR, et al. Initial invasive or conservative
strategy for stable coronary disease. N Engl J Med. 2020;382(15):1395e1407.

92. Driessen RS, Danad I, Stuijfzand WJ, et al. Comparison of coronary computed
tomography angiography, fractional flow reserve, and perfusion imaging for
ischemia diagnosis. J Am Coll Cardiol. 2019;73(2):161e173.

93. Johnson NP, Kirkeeide RL, Gould KL. History and development of coronary
flow reserve and fractional flow reserve for clinical applications. Interv Cardiol
Clin. 2015;4(4):397e410.

94. Johnson NP, Kirkeeide RL, Gould KL. Same lesion, different artery, different
FFR!? JACC Cardiovasc Imaging. 2019 Apr;12(4):718e721.

95. Yang DH, Kang SJ, Koo HJ, et al. Incremental value of subtended myocardial
mass for identifying FFR-verified ischemia using quantitative CT angiography:
comparison with quantitative coronary angiography and CT-FFR. JACC Car-
diovasc Imaging. 2019 Apr;12(4):707e717.

96. Patel MR, Norgaard BL, Fairbairn TA, et al. 1-Year impact on medical practice
and clinical outcomes of FFRCT: the ADVANCE registry. JACC Cardiovasc Im-
aging. 2020;13(1 Pt 1):97e105.

97. Fairbairn TA, Nieman K, Akasaka T, et al. Real-world clinical utility and impact
on clinical decision-making of coronary computed tomography angiography-
derived fractional flow reserve: lessons from the ADVANCE Registry. Eur Heart
J. 2018;39(41):3701e3711.

98. Collet C, Onuma Y, Andreini D, et al. Coronary computed tomography angi-
ography for heart team decision-making in multivessel coronary artery dis-
ease. Eur Heart J. 2018;39(41):3689e3698.

99. Cook CM, Petraco R, Shun-Shin MJ, et al. Diagnostic accuracy of computed
tomography-derived fractional flow reserve : a systematic review. JAMA
Cardiol. 2017;2(7):803e810.

100. Collet C, Miyazaki Y, Ryan N, et al. Fractional flow reserve derived from
computed tomographic angiography in patients with multivessel CAD. J Am
Coll Cardiol. 2018;71(24):2756e2769.

http://refhub.elsevier.com/S1934-5925(20)30473-1/sref50
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref50
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref50
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref50
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref50
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref51
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref51
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref51
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref51
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref52
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref52
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref52
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref52
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref53
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref53
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref53
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref53
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref53
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref54
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref54
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref54
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref54
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref54
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref55
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref55
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref55
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref55
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref55
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref56
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref57
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref57
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref57
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref57
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref58
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref58
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref58
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref59
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref59
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref59
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref59
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref59
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref60
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref60
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref60
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref60
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref60
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref61
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref61
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref61
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref61
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref61
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref62
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref62
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref62
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref62
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref62
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref63
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref63
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref63
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref63
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref63
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref64
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref64
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref64
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref64
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref65
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref65
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref66
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref66
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref66
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref67
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref67
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref67
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref67
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref68
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref68
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref68
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref68
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref69
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref69
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref69
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref69
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref70
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref70
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref70
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref70
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref71
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref71
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref71
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref71
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref71
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref71
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref72
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref72
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref72
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref73
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref73
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref73
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref73
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref74
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref74
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref74
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref74
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref74
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref74
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref75
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref75
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref75
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref75
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref75
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref76
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref76
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref76
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref76
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref77
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref77
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref77
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref77
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref78
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref78
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref79
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref79
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref79
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref80
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref80
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref80
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref81
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref81
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref81
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref81
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref82
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref82
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref82
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref82
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref82
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref83
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref83
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref83
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref84
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref84
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref84
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref84
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref85
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref85
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref85
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref85
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref86
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref86
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref86
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref86
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref87
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref87
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref87
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref87
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref87
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref88
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref88
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref88
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref88
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref89
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref89
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref89
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref89
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref89
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref90
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref90
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref90
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref90
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref91
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref91
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref91
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref92
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref92
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref92
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref92
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref93
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref93
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref93
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref93
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref94
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref94
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref94
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref95
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref95
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref95
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref95
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref95
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref96
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref96
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref96
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref96
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref97
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref97
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref97
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref97
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref97
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref98
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref98
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref98
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref98
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref99
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref99
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref99
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref99
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref100
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref100
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref100
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref100


J. Narula, Y. Chandrashekhar, A. Ahmadi et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
101. Ihdayhid AR, Norgaard BL, Gaur S, et al. Prognostic value and risk continuum
of noninvasive fractional flow reserve derived from coronary CT angiography.
Radiology. 2019;292(2):343e351.

102. Takagi H, Ishikawa Y, Orii M, et al. Optimized interpretation of fractional flow
reserve derived from computed tomography: comparison of three interpre-
tation methods. J Cardiovasc Comput Tomogr. 2019;13(2):134e141.

103. Coenen A, Kim YH, Kruk M, et al. Diagnostic accuracy of a machine-learning
approach to coronary computed tomographic angiography-based fractional
flow reserve: result from the MACHINE consortium. Circ Cardiovasc Imaging.
2018 Jun;11(6), e007217.

104. Kruk M, Wardziak L, Demkow M, et al. Workstation-based calculation of CTA-
based FFR for intermediate stenosis. J Am Coll Cardiol Img. 2016;9:690e699.

105. Ko BS, Cameron JD, Munnur RK, et al. Noninvasive CT-derived FFR based on
structural and fluid analysis: a comparison with invasive FFR for detection of
functionally significant stenosis. J Am Coll Cardiol Img. 2017;10:663e673.

106. Tang CX, Liu CY, Lu MJ, et al. CT FFR for ischemia-specific CAD with a new
computational fluid dynamics algorithm: a Chinese multicenter study. JACC
Cardiovasc Imaging. 2020 Apr;13(4):980e990.

107. Kurata A, Mochizuki T, Koyama Y, et al. Myocardial perfusion imaging using
adenosine triphosphate stress multi-slice spiral computed tomography:
alternative to stress myocardial perfusion scintigraphy. Circ J. 2005;69(5):
550e557.

108. Blankstein R, Shturman LD, Rogers IS, et al. Adenosine-induced stress
myocardial perfusion imaging using dual-source cardiac computed tomog-
raphy. J Am Coll Cardiol. 2009;54(12):1072e1084.

109. Ko BS, Cameron JD, Meredith IT, et al. Computed tomography stress
myocardial perfusion imaging in patients considered for revascularization: a
comparison with fractional flow reserve. Eur Heart J. 2012;33(1):67e77.

110. Bettencourt N, Chiribiri A, Schuster A, et al. Direct comparison of cardiac
magnetic resonance and multidetector computed tomography stress-rest
perfusion imaging for detection of coronary artery disease. J Am Coll Cardiol.
2013;61(10):1099e1107.

111. Greif M, von Ziegler F, Bamberg F, et al. CT stress perfusion imaging for
detection of haemodynamically relevant coronary stenosis as defined by FFR.
Heart. 2013;99(14):1004e1011.

112. Feuchtner G, Goetti R, Plass A, et al. Adenosine stress high-pitch 128-slice
dual-source myocardial computed tomography perfusion for imaging of
reversible myocardial ischemia: comparison with magnetic resonance imag-
ing. Circ Cardiovasc Imaging. 2011;4(5):540e549.

113. Rief M, Zimmermann E, Stenzel F, et al. Computed tomography angiography
and myocardial computed tomography perfusion in patients with coronary
stents: prospective intraindividual comparison with conventional coronary
angiography. J Am Coll Cardiol. 2013;62(16):1476e1485.

114. Rochitte CE, George RT, Chen MY, et al. Computed tomography angiography
and perfusion to assess coronary artery stenosis causing perfusion defects by
single photon emission computed tomography: the CORE320 study. Eur Heart
J. 2014;35(17):1120e1130.

115. Kim SM, Chang SA, Shin W, Choe YH. Dual-energy CT perfusion during
pharmacologic stress for the assessment of myocardial perfusion defects us-
ing a second-generation dual-source CT: a comparison with cardiac magnetic
resonance imaging. J Comput Assist Tomogr. 2014;38(1):44e52.

116. De Cecco CN, Harris BS, Schoepf UJ, et al. Incremental value of pharmaco-
logical stress cardiac dual-energy CT over coronary CT angiography alone for
the assessment of coronary artery disease in a high-risk population. AJR Am J
Roentgenol. 2014;203(1):W70eW77.

117. Ho KT, Chua KC, Klotz E, Panknin C. Stress and rest dynamic myocardial
perfusion imaging by evaluation of complete time-attenuation curves with
dual-source CT. JACC Cardiovasc Imaging. 2010;3(8):811e820.

118. Bamberg F, Becker A, Schwarz F, et al. Detection of hemodynamically signif-
icant coronary artery stenosis: incremental diagnostic value of dynamic CT-
based myocardial perfusion imaging. Radiology. 2011;260(3):689e698.

119. Goto Y, Kitagawa K, Uno M, et al. Diagnostic accuracy of endocardial-to-
epicardial myocardial blood flow ratio for the detection of significant coro-
nary artery disease with dynamic myocardial perfusion dual-source
computed tomography. Circ J. 2017;81(10):1477e1483.

120. Wichmann JL, Meinel FG, Schoepf UJ, et al. Absolute versus relative myocar-
dial blood flow by dynamic CT myocardial perfusion imaging in patients with
anatomic coronary artery disease. AJR Am J Roentgenol. 2015;205(1):
W67eW72.

121. Huber AM, Leber V, Gramer BM, et al. Myocardium: dynamic versus single-
shot CT perfusion imaging. Radiology. 2013;269(2):378e386.

122. Danad I, Szymonifka J, Schulman-Marcus J, Min JK. Static and dynamic
assessment of myocardial perfusion by computed tomography. Eur Heart J
Cardiovasc Imaging. 2016;17(8):836e844.

123. Lu M, Wang S, Sirajuddin A, Arai AE, Zhao S. Dynamic stress computed to-
mography myocardial perfusion for detecting myocardial ischemia: a sys-
tematic review and meta-analysis. Int J Cardiol. 2018;258:325e331.

124. Pontone G, Andreini D, Guaricci AI, et al. Incremental diagnostic value of
stress computed tomography myocardial perfusion with whole-heart
coverage CT scanner in intermediate- to high-risk symptomatic patients
suspected of coronary artery disease. JACC Cardiovasc Imaging. 2019
Feb;12(2):338e349.

125. Nakamura S, Kitagawa K, Goto Y, et al. Incremental prognostic value of
myocardial blood flow quantified with stress dynamic computed tomography
perfusion imaging. JACC Cardiovasc Imaging. 2019;12(7 Pt 2):1379e1387.
24
126. Yang J, Dou G, He B, et al. Stress myocardial blood flow ratio by dynamic CT
perfusion identifies hemodynamically significant CAD. JACC Cardiovasc Im-
aging. 2020 Apr;13(4):966e976.

127. Yang DH, Kim YH, Roh JH, et al. Diagnostic performance of on-site CT-derived
fractional flow reserve versus CT perfusion. Eur Heart J Cardiovasc Imaging.
2017;18(4):432e440.

128. Coenen A, Rossi A, Lubbers MM, et al. Integrating CT myocardial perfusion and
CT-FFR in the work-up of coronary artery disease. JACC Cardiovasc Imaging.
2017;10(7):760e770.

129. Ronnow Sand NP, Nissen L, Winther S, et al. Prediction of coronary revascu-
larization in stable Angina: comparison of FFRCT with CMR stress perfusion
imaging. JACC Cardiovasc Imaging. 2019.

130. Sand NPR, Veien KT, Nielsen SS, et al. Prospective comparison of FFR derived
from coronary CT angiography with SPECT perfusion imaging in stable cor-
onary artery disease: the ReASSESS study. JACC Cardiovasc Imaging.
2018;11(11):1640e1650.

131. Nakamura S, Kitagawa K, Goto Y, et al. Prognostic value of stress dynamic
computed tomography perfusion with computed tomography delayed
enhancement. JACC Cardiovasc Imaging. 2020 Aug;13(8):1721e1734.

132. Bom MJ, Driessen RS, Stuijfzand WJ, et al. Diagnostic value of transluminal
attenuation gradient for the presence of ischemia as defined by fractional
flow reserve and quantitative positron emission tomography. JACC Cardiovasc
Imaging. 2019 Feb;12(2):323e333.

133. Pontone G, Baggiano A, Andreini D, et al. Stress computed tomography
perfusion versus fractional flow reserve CT derived in suspected coronary
artery disease: the PERFECTION study. JACC Cardiovasc Imaging. 2019
Aug;12(8 Pt 1):1487e1497.

134. Taylor AJ, Cerqueira M, Hodgson JM, et al. ACCF/SCCT/ACR/AHA/ASE/ASNC/
NASCI/SCAI/SCMR 2010 appropriate use criteria for cardiac computed to-
mography. A report of the American College of cardiology foundation
appropriate use criteria task force, the society of cardiovascular computed
tomography, the American College of Radiology, the American heart associ-
ation, the American society of echocardiography, the American society of
nuclear cardiology, the North American society for cardiovascular imaging,
the society for cardiovascular angiography and interventions, and the society
for cardiovascular magnetic resonance. J Cardiovasc Comput Tomogr.
2010;4(6):407e433.

135. Barbero U, Iannaccone M, d’Ascenzo F, et al. 64 slice-coronary computed to-
mography sensitivity and specificity in the evaluation of coronary artery
bypass graft stenosis: a meta-analysis. Int J Cardiol. 2016;216:52e57.

136. Mushtaq S, Conte E, Pontone G, et al. Interpretability of coronary CT angi-
ography performed with a novel whole-heart coverage high-definition CT
scanner in 300 consecutive patients with coronary artery bypass grafts.
J Cardiovasc Comput Tomogr. 2019. https://doi.org/10.1016/j.jcct.2019.08.004.

137. de Graaf FR, van Velzen JE, Witkowska AJ, et al. Diagnostic performance of
320-slice multidetector computed tomography coronary angiography in pa-
tients after coronary artery bypass grafting. Eur Radiol. 2011;21(11):
2285e2296.

138. Weustink AC, Nieman K, Pugliese F, et al. Diagnostic accuracy of computed
tomography angiography in patients after bypass grafting: comparison with
invasive coronary angiography. JACC Cardiovasc Imaging. 2009;2(7):816e824.

139. Mushtaq S, Andreini D, Pontone G, et al. Prognostic value of coronary CTA in
coronary bypass patients: a long-term follow-up study. JACC Cardiovasc Im-
aging. 2014;7(6):580e589.

140. Choi AD, Brar V, Kancherla K, et al. Prospective evaluation of cardiac CT in
reoperative cardiac surgery. JACC Cardiovasc Imaging. 2016 Nov;9(11):
1356e1357.

141. Fihn SD, Gardin JM, Abrams J, et al. ACCF/AHA/ACP/AATS/PCNA/SCAI/STS
guideline for the diagnosis and management of patients with stable ischemic
heart disease: a report of the American College of cardiology foundation/
American heart association task force on practice guidelines, and the Amer-
ican College of physicians, American association for thoracic surgery, pre-
ventive cardiovascular nurses association, society for cardiovascular
angiography and interventions, and society of thoracic surgeons. J Am Coll
Cardiol. 2012;60(24):e44ee164, 2012.

142. Montalescot G, Sechtem U, Achenbach S, et al. ESC guidelines on the man-
agement of stable coronary artery disease: the Task Force on the management
of stable coronary artery disease of the European Society of Cardiology. Eur
Heart J. 2013;34(38):2949e3003, 2013.

143. Hickethier T, Wenning J, Doerner J, Maintz D, Michels G, Bunck AC. Fourth
update on CT angiography of coronary stents: in vitro evaluation of 24 novel
stent types. Acta Radiol. 2018;59(9):1060e1065, 284185117744227.

144. Dai T, Wang JR, Hu PF. Diagnostic performance of computed tomography
angiography in the detection of coronary artery in-stent restenosis: evidence
from an updated meta-analysis. Eur Radiol. 2018;28(4):1373e1382.

145. Sun Z, Almutairi AM. Diagnostic accuracy of 64 multislice CT angiography in
the assessment of coronary in-stent restenosis: a meta-analysis. Eur J Radiol.
2010;73(2):266e273.

146. Yang J, Yang X, De Cecco CN, et al. Iterative reconstruction improves detection
of in-stent restenosis by high-pitch dual-source coronary CT angiography. Sci
Rep. 2017;7(1):6956.

147. Wan YL, Tsay PK, Chen CC, et al. Coronary in-stent restenosis: predisposing
clinical and stent-related factors, diagnostic performance and analyses of
inaccuracies in 320-row computed tomography angiography. Int J Cardiovasc
Imag. 2016;32(Suppl 1):105e115.

http://refhub.elsevier.com/S1934-5925(20)30473-1/sref101
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref101
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref101
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref101
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref102
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref102
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref102
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref102
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref103
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref103
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref103
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref103
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref104
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref104
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref104
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref105
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref105
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref105
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref105
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref106
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref106
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref106
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref106
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref107
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref107
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref107
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref107
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref107
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref108
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref108
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref108
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref108
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref109
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref109
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref109
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref109
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref110
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref110
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref110
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref110
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref110
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref111
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref111
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref111
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref111
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref112
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref112
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref112
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref112
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref112
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref113
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref113
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref113
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref113
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref113
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref114
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref114
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref114
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref114
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref114
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref115
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref115
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref115
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref115
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref115
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref116
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref116
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref116
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref116
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref116
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref117
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref117
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref117
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref117
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref118
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref118
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref118
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref118
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref119
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref119
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref119
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref119
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref119
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref120
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref120
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref120
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref120
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref120
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref121
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref121
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref121
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref122
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref122
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref122
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref122
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref123
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref123
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref123
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref123
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref124
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref124
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref124
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref124
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref124
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref124
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref125
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref125
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref125
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref125
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref126
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref126
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref126
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref126
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref127
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref127
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref127
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref127
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref128
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref128
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref128
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref128
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref129
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref129
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref129
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref130
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref130
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref130
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref130
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref130
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref131
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref131
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref131
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref131
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref132
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref132
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref132
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref132
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref132
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref133
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref133
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref133
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref133
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref133
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref134
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref135
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref135
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref135
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref135
https://doi.org/10.1016/j.jcct.2019.08.004
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref137
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref137
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref137
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref137
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref137
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref138
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref138
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref138
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref138
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref139
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref139
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref139
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref139
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref140
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref140
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref140
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref140
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref141
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref142
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref142
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref142
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref142
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref142
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref143
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref143
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref143
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref143
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref144
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref144
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref144
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref144
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref145
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref145
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref145
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref145
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref146
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref146
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref146
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref147
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref147
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref147
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref147
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref147


J. Narula, Y. Chandrashekhar, A. Ahmadi et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
148. Tatsugami F, Higaki T, Sakane H, et al. Diagnostic accuracy of in-stent reste-
nosis using model-based iterative reconstruction at coronary CT angiography:
initial experience. Br J Radiol. 2018;91(1082):20170598.

149. Geyer LL, Glenn GR, De Cecco CN, et al. CT evaluation of small-diameter
coronary artery stents: effect of an integrated circuit detector with iterative
reconstruction. Radiology. 2015;276(3):706e714.

150. Eisentopf J, Achenbach S, Ulzheimer S, et al. Low-dose dual-source CT angi-
ography with iterative reconstruction for coronary artery stent evaluation.
JACC Cardiovasc Imaging. 2013;6(4):458e465.

151. Mangold S, Cannao PM, Schoepf UJ, et al. Impact of an advanced image-based
monoenergetic reconstruction algorithm on coronary stent visualization us-
ing third generation dual-source dual-energy CT: a phantom study. Eur Radiol.
2016;26(6):1871e1878.

152. Hickethier T, Baessler B, Kroeger JR, et al. Monoenergetic reconstructions for
imaging of coronary artery stents using spectral detector CT: in-vitro expe-
rience and comparison to conventional images. J Cardiovasc Comput Tomogr.
2017;11(1):33e39.

153. Andreini D, Mushtaq S, Pontone G, et al. CT perfusion versus coronary CT
angiography in patients with suspected in-stent restenosis or CAD progres-
sion. JACC Cardiovasc Imaging. 2020 Mar;13(3):732e742.

154. BraunwaldE, JonesRH,MarkDB, etal.Diagnosingandmanagingunstable angina.
Agency for health care policy and research. Circulation. 1994;90(1):613e622.

155. NICE. Chest Pain of Recent Onset: Assessment and Diagnosis of Recent Onset
Chest Pain or Discomfort of Suspected Cardiac Origin. CG95. NICE; 2010.

156. Fihn SD, Blankenship JC, Alexander KP, et al. ACC/AHA/AATS/PCNA/SCAI/STS
focused update of the guideline for the diagnosis and management of patients
with stable ischemic heart disease: a report of the American College of car-
diology/American heart association task force on practice guidelines, and the
American association for thoracic surgery, preventive cardiovascular nurses
association, society for cardiovascular angiography and interventions, and
society of thoracic surgeons. Circulation. 2014;130(19):1749e1767, 2014.

157. Knuuti J, Wijns W, Saraste A, et al. ESC Guidelines for the diagnosis and
management of chronic coronary syndromes: the Task Force for the diagnosis
and management of chronic coronary syndromes of the European Society of
Cardiology (ESC). Eur Heart J. 2018;39(35):3322e3330, 2019.

158. Genders TS, Steyerberg EW, Alkadhi H, et al. A clinical prediction rule for the
diagnosis of coronary artery disease: validation, updating, and extension. Eur
Heart J. 2011;32(11):1316e1330.

159. Adamson PD, Hunter A, Williams MC, et al. Diagnostic and prognostic benefits
of computed tomography coronary angiography using the 2016 National
Institute for Health and Care Excellence guidance within a randomised trial.
Heart. 2018;104(3):207e214.

160. NICE. Resource Impact Report: HeartFlow FFRCT for Estimating Fractional Flow
Reserve from Coronary CT Angiography (MTG32); 2017. https://www.nice.org.
uk/guidance/mtg32/resources/resource-impact-report-pdf-4363975405.

161. Foldyna B, Udelson JE, Karady J, et al. Pretest probability for patients with
suspected obstructive coronary artery disease: re-evaluating Diamond-For-
rester for the contemporary era and clinical implications: insights from the
PROMISE trial. Eur Heart J Cardiovasc Imaging. 2019;20(5):574e581.

162. Newby DE, Adamson PD, Berry C, et al. Coronary CT angiography and 5-year
risk of myocardial infarction. N Engl J Med. 2018;379(10):924e933.

163. Norgaard BL, Terkelsen CJ, Mathiassen ON, et al. Coronary CT angiographic
and flow reserve-guided management of patients with stable ischemic heart
disease. J Am Coll Cardiol. 2018;72(18):2123e2134.

164. Sharma A, Coles A, Sekaran NK, et al. Stress testing versus CT angiography in
patients with diabetes and suspected coronary artery disease. J Am Coll Car-
diol. 2019;73(8):893e902.

165. Opolski MP, Staruch AD, Jakubczyk M, et al. CT angiography for the detection
of coronary artery stenoses in patients referred for cardiac valve surgery:
systematic review and meta-analysis. JACC Cardiovasc Imaging. 2016;9(9):
1059e1070.

166. Andreini D, Pontone G, Mushtaq S, et al. Diagnostic accuracy of multidetector
computed tomography coronary angiography in 325 consecutive patients
referred for transcatheter aortic valve replacement. Am Heart J. 2014;168(3):
332e339.

167. Rossi A, Dharampal A, Wragg A, et al. Diagnostic performance of hyperaemic
myocardial blood flow index obtained by dynamic computed tomography:
does it predict functionally significant coronary lesions? Eur Heart J Cardiovasc
Imaging. 2014;15(1):85e94.

168. Andreini D, Magnoni M, Conte E, et al. Coronary plaque features on CTA can
identify patients at increased risk of cardiovascular events. JACC Cardiovasc
Imaging. 2020;13(8):1704e1717.

169. Fleisher LA, Fleischmann KE, Auerbach AD, et al. ACC/AHA guideline on
perioperative cardiovascular evaluation and management of patients under-
going noncardiac surgery: executive summary: a report of the American
College of cardiology/American heart association task force on practice
guidelines. Developed in collaboration with the American College of surgeons,
American society of anesthesiologists, American society of echocardiography,
American society of nuclear cardiology, heart rhythm society, society for
cardiovascular angiography and interventions, society of cardiovascular an-
esthesiologists, and society of vascular medicine endorsed by the society of
hospital medicine. J Nucl Cardiol. 2014;22(1):162e215, 2015.

170. Hwang JW, Kim EK, Yang JH, et al. Assessment of perioperative cardiac risk of
patients undergoing noncardiac surgery using coronary computed tomo-
graphic angiography. Circ Cardiovasc Imaging. 2015;8(3).
25
171. Ahn JH, Park JR, Min JH, et al. Risk stratification using computed tomography
coronary angiography in patients undergoing intermediate-risk noncardiac
surgery. J Am Coll Cardiol. 2013;61(6):661e668.

172. Imran Hamid U, Digney R, Soo L, Leung S, Graham AN. Incidence and outcome
of re-entry injury in redo cardiac surgery: benefits of preoperative planning.
Eur J Cardio Thorac Surg. 2015;47(5):819e823.

173. Maluenda G, Goldstein MA, Lemesle G, et al. Perioperative outcomes in reo-
perative cardiac surgery guided by cardiac multidetector computed tomo-
graphic angiography. Am Heart J. 2010;159(2):301e306.

174. Goldstein MA, Roy SK, Hebsur S, et al. Relationship between routine multi-
detector cardiac computed tomographic angiography prior to reoperative
cardiac surgery, length of stay, and hospital charges. Int J Cardiovasc Imag.
2013;29(3):709e717.

175. Kalisz K, Rajiah P. Computed tomography of cardiomyopathies. Cardiovasc
Diagn Ther. 2017;7(5):539e556.

176. Andreini D, Pontone G, Pepi M, et al. Diagnostic accuracy of multidetector
computed tomography coronary angiography in patients with dilated car-
dlomyopathy. J Am Coll Cardiol. 2007;49(20):2044e2050.

177. Bhatti S, Hakeem A, Yousuf MA, Al-Khalidi HR, Mazur W, Shizukuda Y.
Diagnostic performance of computed tomography angiography for differen-
tiating ischemic vs nonischemic cardiomyopathy. J Nucl Cardiol : official
publication of the American Society of Nuclear Cardiology. 2011;18(3):407e420.

178. Lee HJ, Im DJ, Youn JC, et al. Assessment of myocardial delayed enhancement
with cardiac computed tomography in cardiomyopathies: a prospective
comparison with delayed enhancement cardiac magnetic resonance imaging.
Int J Cardiovasc Imag. 2017;33(4):577e584.

179. Aikawa T, Oyama-Manabe N, Naya M, et al. Delayed contrast-enhanced
computed tomography in patients with known or suspected cardiac
sarcoidosis: a feasibility study. Eur Radiol. 2017;27(10):4054e4063.

180. Deux JF, Mihalache CI, Legou F, et al. Noninvasive detection of cardiac
amyloidosis using delayed enhanced MDCT: a pilot study. Eur Radiol.
2015;25(8):2291e2297.

181. Kim RJ, Wu E, Rafael A, et al. The use of contrast-enhanced magnetic reso-
nance imaging to identify reversible myocardial dysfunction. N Engl J Med.
2000;343(20):1445e1453.

182. Vliegenthart R, Henzler T, Moscariello A, et al. CT of coronary heart disease:
Part 1, CT of myocardial infarction, ischemia, and viability. AJR Am J Roent-
genol. 2012;198(3):531e547.

183. Brodoefel H, Klumpp B, Reimann A, et al. Late myocardial enhancement
assessed by 64-MSCT in reperfused porcine myocardial infarction: diagnostic
accuracy of low-dose CT protocols in comparison with magnetic resonance
imaging. Eur Radiol. 2007;17(2):475e483.

184. Mahnken AH, Bruners P, Muhlenbruch G, et al. Low tube voltage improves
computed tomography imaging of delayed myocardial contrast enhancement
in an experimental acute myocardial infarction model. Invest Radiol.
2007;42(2):123e129.

185. Blankstein R, Rogers IS, Cury RC. Practical tips and tricks in cardiovascular
computed tomography: diagnosis of myocardial infarction. J Cardiovasc
Comput Tomogr. 2009;3(2):104e111.

186. Rodriguez-Granillo GA, Campisi R, Deviggiano A, et al. Detection of myocar-
dial infarction using delayed enhancement dual-energy CT in stable patients.
AJR Am J Roentgenol. 2017;209(5):1023e1032.

187. Gerber BL, Belge B, Legros GJ, et al. Characterization of acute and chronic
myocardial infarcts by multidetector computed tomography: comparison
with contrast-enhanced magnetic resonance. Circulation. 2006;113(6):
823e833.

188. Nieman K, Shapiro MD, Ferencik M, et al. Reperfused myocardial infarction:
contrast-enhanced 64-Section CT in comparison to MR imaging. Radiology.
2008;247(1):49e56.

189. Choe YH, Choo KS, Jeon ES, Gwon HC, Choi JH, Park JE. Comparison of MDCT
and MRI in the detection and sizing of acute and chronic myocardial infarcts.
Eur J Radiol. 2008;66(2):292e299.

190. Jacquier A, Boussel L, Amabile N, et al. Multidetector computed tomography in
reperfused acute myocardial infarction. Assessment of infarct size and no-
reflow in comparison with cardiac magnetic resonance imaging. Invest
Radiol. 2008;43(11):773e781.

191. Boussel L, Ribagnac M, Bonnefoy E, et al. Assessment of acute myocardial
infarction using MDCT after percutaneous coronary intervention: comparison
with MRI. AJR Am J Roentgenol. 2008;191(2):441e447.

192. Habis M, Capderou A, Sigal-Cinqualbre A, et al. Comparison of delayed
enhancement patterns on multislice computed tomography immediately af-
ter coronary angiography and cardiac magnetic resonance imaging in acute
myocardial infarction. Heart. 2009;95(8):624e629.

193. Zafar HM, Litt HI, Torigian DA. CT imaging features and frequency of left
ventricular myocardial fat in patients with CT findings of chronic left ven-
tricular myocardial infarction. Clin Radiol. 2008;63(3):256e262.

194. Costanzo MR, Dipchand A, Starling R, et al. The international society of heart
and lung transplantation guidelines for the care of heart transplant recipients.
J Heart Lung Transplant. 2010;29(8):914e956.

195. Stehlik J, Edwards LB, Kucheryavaya AY, et al. The registry of the international
society for heart and lung transplantation: 29th official adult heart transplant
report–2012. J Heart Lung Transplant. 2012;31(10):1052e1064.

196. Ferencik M, Brady TJ, Hoffmann U. Computed tomography imaging of cardiac
allograft vasculopathy. J Cardiovasc Comput Tomogr. 2012;6(4):223e231.

197. Wever-Pinzon O, Romero J, Kelesidis I, et al. Coronary computed tomography

http://refhub.elsevier.com/S1934-5925(20)30473-1/sref148
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref148
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref148
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref149
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref149
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref149
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref149
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref150
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref150
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref150
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref150
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref151
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref151
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref151
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref151
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref151
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref152
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref152
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref152
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref152
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref152
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref153
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref153
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref153
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref153
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref154
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref154
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref154
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref155
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref155
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref156
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref157
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref157
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref157
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref157
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref157
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref158
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref158
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref158
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref158
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref159
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref159
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref159
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref159
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref159
https://www.nice.org.uk/guidance/mtg32/resources/resource-impact-report-pdf-4363975405
https://www.nice.org.uk/guidance/mtg32/resources/resource-impact-report-pdf-4363975405
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref161
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref161
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref161
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref161
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref161
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref162
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref162
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref162
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref163
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref163
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref163
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref163
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref164
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref164
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref164
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref164
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref165
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref165
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref165
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref165
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref165
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref166
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref166
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref166
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref166
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref166
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref167
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref167
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref167
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref167
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref167
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref168
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref168
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref168
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref168
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref169
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref170
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref170
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref170
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref171
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref171
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref171
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref171
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref172
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref172
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref172
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref172
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref173
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref173
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref173
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref173
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref174
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref174
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref174
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref174
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref174
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref175
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref175
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref175
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref176
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref176
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref176
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref176
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref177
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref177
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref177
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref177
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref177
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref178
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref178
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref178
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref178
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref178
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref179
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref179
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref179
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref179
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref180
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref180
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref180
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref180
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref181
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref181
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref181
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref181
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref182
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref182
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref182
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref182
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref183
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref183
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref183
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref183
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref183
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref184
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref184
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref184
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref184
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref184
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref185
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref185
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref185
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref185
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref186
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref186
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref186
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref186
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref187
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref187
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref187
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref187
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref187
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref188
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref188
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref188
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref188
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref189
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref189
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref189
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref189
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref190
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref190
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref190
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref190
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref190
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref191
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref191
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref191
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref191
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref192
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref192
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref192
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref192
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref192
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref193
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref193
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref193
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref193
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref194
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref194
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref194
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref194
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref195
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref195
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref195
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref195
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref196
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref196
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref196
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref197


J. Narula, Y. Chandrashekhar, A. Ahmadi et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
angiography for the detection of cardiac allograft vasculopathy: a meta-
analysis of prospective trials. J Am Coll Cardiol. 2014;63(19):1992e2004.

198. Shi H, Aschoff AJ, Brambs HJ, Hoffmann MH. Multislice CT imaging of
anomalous coronary arteries. Eur Radiol. 2004;14(12):2172e2181.

199. Datta J, White CS, Gilkeson RC, et al. Anomalous coronary arteries in adults:
depiction at multi-detector row CT angiography. Radiology. 2005;235(3):
812e818.

200. Dodd JD, Ferencik M, Liberthson RR, et al. Congenital anomalies of coronary
artery origin in adults: 64-MDCT appearance. AJR Am J Roentgenol.
2007;188(2):W138eW146.

201. Cheezum MK, Ghoshhajra B, Bittencourt MS, et al. Anomalous origin of the
coronary artery arising from the opposite sinus: prevalence and outcomes in
patients undergoing coronary CTA. Eur Heart J Cardiovasc Imaging.
2017;18(2):224e235.

202. Opolski MP, Pregowski J, Kruk M, et al. Prevalence and characteristics of
coronary anomalies originating from the opposite sinus of Valsalva in 8,522
patients referred for coronary computed tomography angiography. Am J
Cardiol. 2013;111(9):1361e1367.

203. ACReNASCIeSPR PRACTICE PARAMETER FOR THE PERFORMANCE AND
INTERPRETATION OF CARDIAC COMPUTED TOMOGRAPHY (CT). https://www.
acr.org/-/media/ACR/Files/Practice-Parameters/CardiacCT.pdf.

204. Hecht HS, Cronin P, Blaha MJ, et al. Erratum to "2016 SCCT/STR guidelines for
coronary artery calcium scoring of noncontrast noncardiac chest CT scans a
report of the society of Cardiovascular Computed Tomography and Society of
Thoracic Radiology". J. Cardiovasc. Comput. Tomogr. 2017;11:74e84. J Car-
diovasc Comput Tomogr. 2017;11(2):170.

205. Hecht HS, Narula J, Leipsic J. It’s in the field of view! Coronary artery analysis
on chest computed tomographic angiography. Circ Res. 2018;122(3):
402e404.

206. Pathan F, Hecht H, Narula J, Marwick TH. Roles of transesophageal echocar-
diography and cardiac computed tomography for evaluation of left atrial
thrombus and associated pathology: a review and critical analysis. JACC
Cardiovasc Imaging. 2018;11(4):616e627.

207. Hwang JJ, Chen JJ, Lin SC, et al. Diagnostic accuracy of transesophageal
echocardiography for detecting left atrial thrombi in patients with rheumatic
heart disease having undergone mitral valve operations. Am J Cardiol.
1993;72(9):677e681.

208. Romero J, Husain SA, Kelesidis I, Sanz J, Medina HM, Garcia MJ. Detection of
left atrial appendage thrombus by cardiac computed tomography in patients
with atrial fibrillation: a meta-analysis. Circ Cardiovasc Imaging. 2013;6(2):
185e194.

209. Bilchick KC, Mealor A, Gonzalez J, et al. Effectiveness of integrating delayed
computed tomography angiography imaging for left atrial appendage
thrombus exclusion into the care of patients undergoing ablation of atrial
fibrillation. Heart Rhythm. 2016;13(1):12e19.

210. Alli O, Asirvatham S, Holmes Jr DR. Strategies to incorporate left atrial
appendage occlusion into clinical practice. J Am Coll Cardiol. 2015;65(21):
2337e2344.

211. McClelland RL, Jorgensen NW, Budoff M, et al. 10-Year coronary heart disease
risk prediction using coronary artery calcium and traditional risk factors:
derivation in the MESA (Multi-Ethnic study of atherosclerosis) with validation
in the HNR (heinz nixdorf recall) study and the DHS (dallas heart study). J Am
26
Coll Cardiol. 2015;66(15):1643e1653.
212. Cury RC, Abbara S, Achenbach S, et al. Coronary artery disease - reporting and

data system (CAD-RADS): an expert consensus document of SCCT, ACR and
NASCI: endorsed by the ACC. JACC Cardiovasc Imaging. 2016;9(9):1099e1113.

213. Bittner DO, Mayrhofer T, Budoff M, et al. Prognostic value of coronary CTA in
stable chest pain: CAD-RADS, CAC, and cardiovascular events in PROMISE.
JACC Cardiovasc Imaging. 2019.

214. Honigberg MC, Lander BS, Baliyan V, et al. Preventive management of non-
obstructive CAD after coronary CT angiography in the emergency department.
JACC Cardiovasc Imaging. 2020;13(2 Pt 1):437e448.

215. Mangion K, Adamson PD, Williams MC, et al. Sex associations and computed
tomography coronary angiography-guided management in patients with
stable chest pain. Eur Heart J. 2020 Apr 1;41(13):1337e1345.

216. Fairbaim TA, Dobson R, Hurwitz-Koweek L, et al. Sex differences in coronary
computed tomography angiographyederived fractional flow reserve: lessons
from ADVANCE. J Am Coll Cardiol Img. 2020;13:2576e2587.

217. Mortensen MB, Steffensen FH, Bøtker HE, et al. CAD severity on cardiac CTA
identifies patients with most benefit of treating LDL-cholesterol to ACC/AHA
and ESC/EAS targets. JACC Cardiovasc Imaging. 2020 Sep;13(9):1961e1972.

218. Norgaard BL, Hjort J, Gaur S, et al. Clinical use of coronary CTA-derived FFR for
decision-making in stable CAD. JACC Cardiovasc Imaging. 2017;10(5):
541e550.

219. Nissen L, Winther S, Westra J, et al. Diagnosing coronary artery disease after a
positive coronary computed tomography angiography: the Dan-NICAD open
label, parallel, head to head, randomized controlled diagnostic accuracy trial
of cardiovascular magnetic resonance and myocardial perfusion scintigraphy.
Eur Heart J Cardiovasc Imaging. 2018;19(4):369e377.

220. Budoff MJ, Mayrhofer T, Ferencik M, et al. Prognostic value of coronary artery
calcium in the PROMISE study (prospective multicenter imaging study for
evaluation of chest pain). Circulation. 2017;136(21):1993e2005.

221. Douglas PS, Pontone G, Hlatky MA, et al. Clinical outcomes of fractional flow
reserve by computed tomographic angiography-guided diagnostic strategies
vs. usual care in patients with suspected coronary artery disease: the pro-
spective longitudinal trial of FFR(CT): outcome and resource impacts study.
Eur Heart J. 2015;36(47):3359e3367.

222. Curzen NP, Nolan J, Zaman AG, Norgaard BL, Rajani R. Does the routine
availability of CT-derived FFR influence management of patients with stable
chest pain compared to CT angiography alone?: the FFRCT RIPCORD study.
JACC Cardiovasc Imaging. 2016;9(10):1188e1194.

223. Lu MT, Ferencik M, Roberts RS, et al. Noninvasive FFR derived from coronary
CT angiography: management and outcomes in the PROMISE trial. JACC Car-
diovasc Imaging. 2017;10(11):1350e1358.

224. Douglas PS, De Bruyne B, Pontone G, et al. 1-Year outcomes of FFRCT-guided
care in patients with suspected coronary disease: the PLATFORM study. J Am
Coll Cardiol. 2016;68(5):435e445.

225. Shaw LJ, Blankstein R, Brown DL, et al. Controversies in diagnostic imaging of
patients with suspected stable and acute chest pain syndromes. JACC Car-
diovasc Imaging. 2019;12:1254e1278.

226. Stocker TJ, Leipsic J, Hadamitzky M, et al. Application of low tube potentials in
CCTA: results from the PROTECTION VI study. JACC Cardiovasc Imaging.
2020;13:425e434.

http://refhub.elsevier.com/S1934-5925(20)30473-1/sref197
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref197
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref197
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref198
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref198
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref198
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref199
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref199
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref199
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref199
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref200
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref200
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref200
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref200
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref201
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref201
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref201
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref201
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref201
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref202
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref202
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref202
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref202
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref202
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/CardiacCT.pdf
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/CardiacCT.pdf
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref204
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref204
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref204
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref204
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref204
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref204
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref205
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref205
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref205
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref205
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref206
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref206
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref206
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref206
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref206
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref207
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref207
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref207
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref207
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref207
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref208
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref208
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref208
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref208
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref208
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref209
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref209
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref209
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref209
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref209
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref210
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref210
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref210
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref210
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref211
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref211
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref211
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref211
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref211
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref211
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref212
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref212
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref212
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref212
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref213
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref213
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref213
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref214
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref214
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref214
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref214
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref215
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref215
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref215
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref215
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref216
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref216
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref216
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref216
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref216
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref217
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref217
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref217
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref217
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref217
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref218
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref218
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref218
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref218
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref219
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref219
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref219
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref219
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref219
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref219
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref220
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref220
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref220
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref220
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref221
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref221
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref221
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref221
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref221
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref221
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref222
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref222
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref222
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref222
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref222
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref223
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref223
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref223
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref223
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref224
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref224
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref224
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref224
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref225
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref225
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref225
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref225
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref226
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref226
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref226
http://refhub.elsevier.com/S1934-5925(20)30473-1/sref226

	SCCT 2021 Expert Consensus Document on Coronary Computed Tomographic Angiography: A Report of the Society of Cardiovascular ...
	1. Introduction: scope of the document
	2. Evidence base
	2.1. Diagnostic accuracy
	2.1.1. Introduction
	2.1.2. Diagnostic performance of functional imaging and CTA compared to ﹥50% diameter stenosis by ICA
	2.1.3. Diagnostic performance of functional imaging and CTA compared to FFR
	2.1.4. General conclusions

	2.2. Prognostic value and comparison with functional testing
	2.3. Randomized controlled trials of coronary computed tomography angiography in patients with stable chest pain
	2.3.1. Diagnosis
	2.3.2. Clinical management
	2.3.3. Symptoms
	2.3.4. Clinical outcomes

	2.4. Cost effectiveness of CTA
	2.5. Plaque characterization
	2.6. Functional significance
	2.6.1. CT derived FFR
	2.6.2. CT myocardial perfusion

	2.7. Coronary artery bypass grafts
	2.8. Coronary stents

	3. Guidelines and pre-test probability
	3.1. 2016 NICE guidelines
	3.2. 2019 ESC guidelines

	4. Clinical indications for coronary CTA
	4.1. Stable chest pain
	4.1.1. Stable chest pain -- No known CAD
	4.1.2. Known CAD (see 4.3 and 4.4 for patients with CABG and stents)
	4.1.3. Functional imaging

	4.2. Asymptomatic high risk subjects
	4.3. Asymptomatic low or intermediate risk
	4.4. Coronary artery bypass grafts
	4.5. Coronary stents
	4.6. Preoperative evaluation
	4.6.1. Noncoronary cardiac surgery
	4.6.2. Noncardiac surgery
	4.6.3. Bypass graft localization prior to redo cardiac surgery

	4.7. Ischemic versus non-ischemic cardiomyopathies
	4.8. Myocardial viability
	4.9. Cardiac transplant patients
	4.10. Coronary anomalies
	4.11. Coronary evaluation on aortic aneurysm/dissection and PE studies
	4.12. Atrial fibrillation pulmonary vein isolation, cardioversion, embolic stroke

	5. Decision making
	5.1. Medical versus invasive treatment
	5.1.1. Role of CTA for guiding further non-invasive evaluation
	5.1.2. Options for downstream noninvasive testing after an inconclusive CTA
	5.1.3. Role of multi parametric CTA testing or sequential CT
	5.1.4. Role of CTA in guiding invasive evaluation


	6. Summary
	Author relationships with industry and other entities
	References


