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The European Society of Cardiology (ESC) has recently published new guidelines on the diagnosis and management of chronic coronary
syndromes (CCS). The 2019 guideline identified six common clinical scenarios of CCS defined by the different evolutionary phases of cor-
onary artery disease (CAD), excluding the situations in which an acute coronary event, often with coronary thrombus formation, domi-
nates the clinical presentation. This review aims at providing a summary of novel or revised concepts in the guidelines together with the
recent data underlying the major changes on the use of cardiac imaging in patients with suspected or known CCS.
Based on data from contemporary cohorts of patients referred for diagnostic testing, the pre-test probabilities of CAD based on age, sex
and symptoms have been adjusted substantially downward as compared with 2013 ESC guidelines. Further, the impact of various risk fac-
tors and modifiers on the pre-test probability was highlighted and a new concept of ‘Clinical likelihood of CAD’ was introduced.
Recommendations regarding diagnostic tests to establish or rule-out obstructive CAD have been updated with recent data on their diag-
nostic performance in different patient groups and impact on patient outcome. As the initial strategy to diagnose CAD in symptomatic
patients, non-invasive functional imaging for myocardial ischaemia, coronary computed tomography angiography or invasive coronary angi-
ography combined with functional evaluation may be used, unless obstructive CAD can be excluded by clinical assessment alone. When
available, imaging tests instead of the exercise electrocardiogram are recommended when following the non-invasive diagnostic strategy.
...................................................................................................................................................................................................

Keywords coronary artery disease • coronary computed tomography angiography • echocardiography • single-photon
emission computed tomography • cardiac magnetic resonance • positron emission computed tomography

Introduction

Assessment of symptomatic patients with suspected obstructive cor-
onary artery disease (CAD) is a common clinical task and a major
component of healthcare cost. Due to variable and often atypical
symptoms, objective tests are most often necessary to confirm the
diagnosis, exclude alternative diagnoses, and assess the severity of
underlying disease. The European Society of Cardiology (ESC) re-
cently published the 2019 ESC guidelines on the diagnosis and man-
agement of chronic coronary syndromes (CCS).1 In this article, we
will highlight the major new or revised concepts in these guidelines,
as they relate to the use of imaging tests for the assessment of
patients with suspected or known CCS.

Patient population

The 2019 guidelines focus on the spectrum of CCS rather than solely
on stable CAD.1 This change emphasizes the fact that the clinical pre-
sentations of CAD can be categorized as either acute coronary syn-
dromes (ACS) or CCS. CAD is a dynamic process of atherosclerotic
plaque accumulation and functional alterations of coronary circula-
tion that can be modified by lifestyle, pharmacological therapies, and
revascularization which result in disease stabilization or regression
patterns.1 In the new guidelines, we identified six clinical scenarios
most frequently encountered in practice: (i) patients with suspected
CAD and ‘stable’ angina symptoms and/or dyspnoea; (ii) patients
with new onset of heart failure or left ventricular (LV) dysfunction

* Corresponding author. Tel: þ35823130000; Fax: þ35823138191. E-mail: juhani.knuuti@tyks.fi

Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.

European Heart Journal - Cardiovascular Imaging (2019) 20, 1187–1197 REVIEW
doi:10.1093/ehjci/jez219

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjcim

aging/article-abstract/20/11/1187/5603267 by Turun Yliopiston Kirjasto user on 18 D
ecem

ber 2019

http://orcid.org/0000-0003-2488-0893


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
and suspected CAD; (iii) asymptomatic and symptomatic patients
with stabilized symptoms <1 year after an ACS or patients with re-
cent revascularization; (iv) asymptomatic and symptomatic patients
>1 year after initial diagnosis or revascularization; (v) patients with an-
gina and suspected vasospastic or microvascular disease; as well as
(vi) asymptomatic subjects in whom CAD is detected at screening.

Diagnostic approach

The diagnostic approach in a patient with suspected obstructive
CAD can be divided into a series of subsequent steps.1 Step 1 is to as-
sess the symptoms and signs to identify patients with possible un-
stable angina or other forms of ACS. If an ACS is suspected, the
further course should proceed according to the respective guide-
lines.2 In patients without unstable angina or other ACS, step 2 is to
evaluate the patient’s general condition and quality of life.
Comorbidities that could potentially influence therapeutic decisions
are to be assessed and other potential causes of the symptoms are
considered. Step 3 includes basic testing and assessment of LV func-
tion. A resting transthoracic echocardiogram is recommended in all
patients for exclusion of alternative causes of angina, identification of
regional wall motion abnormalities suggestive of CAD, determination
of left ventricular ejection fraction (LVEF) for risk-stratification pur-
poses as well as evaluation of diastolic function (Table 1). Cardiac
magnetic resonance (CMR) imaging may be considered in patients
with an inconclusive echocardiographic examination (Table 1).

In step 4, the pre-test probability (PTP) and clinical likelihood of
obstructive CAD are estimated and, on this basis, diagnostic testing
strategies, either non-invasive or invasive, are offered to selected
patients to establish the diagnosis of CAD (step 5). Once the diagno-
sis of obstructive CAD has been confirmed, the patient’s event risk
will be determined (step 6). Risk stratification has major impact on
therapeutic decisions, in particular, identification of patients at high
event risk who will benefit from revascularization beyond the ameli-
oration of symptoms. Event risk stratification is recommended based
on clinical assessment and the result of the diagnostic test initially
employed for making a diagnosis of CAD (Table 1). Risk assessment
includes evaluation of LVEF by echocardiography in all patients.
Systolic function can be reduced without a decrease in LVEF, and a
decreased global longitudinal strain (GLS) by >2 standard deviations
from the lower normal reference value has demonstrated incremen-
tal value in risk assessment of patients with CCS, especially in those
with LVEF >35%.3–5

PTP and clinical likelihood of CAD

Estimation of the PTP and clinical likelihood of obstructive CAD
serves to identify patients who require further investigation or treat-
ment, and to distinguish them from those who do not need further
investigation. As in the previous version of the guidelines, determin-
ation of the PTP of obstructive CAD by the practical clinical predic-
tion model incorporating age, sex, and nature of symptoms remains
the main component of this process in the new guidelines (Table 2).1

In the previous version of these guidelines, the recommended PTP
model was based on data gathered by Genders et al.,6 which were an

update of previous data from Diamond and Forrester.7 However,
several studies have indicated that the prevalence of obstructive dis-
ease among contemporary patients with suspected CAD is even
lower than in the last update.8–11

A pooled analysis12 of three contemporary study cohorts including
patients evaluated for suspected CAD8,9,11 used in the new guide-
lines1 indicates that the PTP based on age, sex, and symptoms in con-
temporary patients is approximately one-third of that predicted by
the model used in the previous version of the guidelines.6,13 The
updated PTPs are presented in Table 2. Changes in the PTP have two
important implications. First, an overestimation of PTP is an import-
ant contributory factor to a low diagnostic yield of non-invasive and
invasive testing. Second, the new set of PTP presented in Table 2 may
substantially reduce the need for non-invasive and invasive tests in
patients with suspected stable CAD. It should, however, be noted
that the PTP presented in Table 2 (as well as the PTP table in the pre-
vious version of the guideline) is based mainly on patients from coun-
tries with low cardiovascular disease risk and PTP may vary between
different regions and countries. In addition to chest pain, the table
now also includes patients presenting with dyspnoea as their main
symptom.

Application of the new PTP (Table 2) has important consequences
for the referral of patients to diagnostic testing.1 If diagnostic testing
was deferred in patients with new PTP <15%, this would result in a
large increase in the proportion in whom diagnostic testing is not rec-
ommended. In data derived from the PROMISE (Prospective
Multicenter Imaging Study for Evaluation of Chest Pain) trial, 50% of
patients previously classified as having an intermediate likelihood of
obstructive CAD were reclassified to a PTP <15% according to the
new PTP.9 In data derived from the pooled analysis,12 57% of all
patients were classified to a PTP <15%.

Studies have shown that outcome in patients with the new PTP up
to 15% is good (annual risk of cardiovascular death or myocardial in-
farction (MI) <1%).9,11 Hence, it is safe to defer routine testing in
patients with PTP <15%, thus reducing unnecessary procedures and
costs. However, currently there are no randomized controlled trials
that include evaluation of outcomes with ‘no-test’ strategy.

Recent studies have demonstrated that when tested, the true
observed prevalence of obstructive CAD has been <5% in patients
who had PTP <15% according to the 2013 version of these guide-
lines.10,11 Therefore, performing diagnostic testing also in patients
with a new PTP of 5–15% more closely reflects current clinical prac-
tice and may be considered appropriate, in particular, if symptoms
are limiting and require clarification.1 Patient preference, local resour-
ces and availability of tests, clinical judgement, and appropriate patient
information remain important for the decision to proceed with non-
invasive diagnostic testing in an individual patient when the PTP is 5–
15%, and the higher likelihood of a false-positive test must be consid-
ered. A practical and reasonable approach would be to assume that
patients with a PTP <_5% can be assumed to have such a low probabil-
ity of disease that diagnostic testing should be performed only for
compelling reasons (such as additional signs and symptoms not
reflected in the guidelines).

A new phrase ‘Clinical likelihood of CAD’ that incorporates modi-
fiers of PTP other than age, sex, and nature of symptoms was intro-
duced in the new guidelines.1 Clinical models that incorporate
information on risk factors for cardiovascular disease, resting
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Table 1 Summary of recommendations on imaging in the 2019 ESC Guidelines on the management of CCS

Recommendations Classa Levelb

Resting echocardiography and CMR in initial diagnostic management of patients with suspected CAD

A resting transthoracic echocardiogram is recommended in all patients for:

(a) Exclusion of alternative causes of angina;

(b) Identification of regional wall motion abnormalities suggestive of CAD;

(c) Measurement of LVEF for risk-stratification purpose;

(d) Evaluation of diastolic function.

I B

Ultrasound of the carotid arteries should be considered to be performed by adequately trained clinicians to

detect plaque in patients with suspected CCS without known atherosclerotic disease.

IIa C

CMR may be considered in patients with an inconclusive echocardiographic test. IIb C

Chest X-ray in initial diagnostic management of patients with suspected CAD

Chest X-ray is recommended for patients with an atypical presentation, signs and symptoms of HF, or suspicion

of pulmonary disease.

I C

Use of diagnostic imaging tests in initial diagnostic management of symptomatic patients with suspected CAD

Non-invasive functional imaging for myocardial ischaemia or coronary CTA is recommended as the initial test for

diagnosing CAD in symptomatic patients in whom obstructive CAD cannot be excluded by clinical assessment

alone.

I B

It is recommended that selection of the initial non-invasive diagnostic test is done based on clinical likelihood of

CAD and other patient characteristics that influence test performance, local expertise, and the availability of

tests.

I C

Functional imaging for myocardial ischaemia is recommended if coronary CTA has shown CAD of uncertain

functional significance or is not diagnostic.

I B

ICA is recommended as an alternative test to diagnose CAD in patients with high clinical likelihood and severe

symptoms refractory to medical therapy or typical angina at low level of exercise and clinical evaluation that

indicates high event risk. Invasive functional assessment must be available and used to evaluate stenoses before

revascularization, unless very high grade (>90% diameter stenosis).

I B

ICA with the availability of invasive functional evaluation should be considered for confirmation of diagnosis of

CAD in patients with an uncertain diagnosis on non-invasive testing.

IIa B

Coronary CTA should be considered as an alternative to invasive angiography if another non-invasive test is

equivocal or non-diagnostic.

IIa C

Coronary CTA is not recommended when extensive coronary calcification, irregular heart rate, significant

obesity, inability to co-operate with breath-hold commands, or any other conditions makes good image

quality unlikely.

III C

Coronary calcium detection by CT is not recommended to identify individuals with obstructive CAD. III C

Performing exercise ECG in the initial diagnostic management of patients with suspected CAD

Exercise ECG is recommended for assessment of exercise tolerance, symptoms, arrhythmias, blood pressure

response, and event risk in selected patients.

I C

Exercise ECG may be considered as an alternative test to rule-in or rule-out CAD when non-invasive imaging is

not available.

IIb B

Exercise ECG may be considered in patients on treatment to evaluate control of symptoms and ischaemia. IIb C

Exercise ECG in patients with >_0.1 mV ST-segment depression on resting ECG or taking digitalis is not

recommended for diagnostic purposes.

III C

Recommendations on risk assessment

Risk stratification is recommended based on clinical assessment and the result of the diagnostic test initially

employed for making a diagnosis of CAD.

I B

Resting echocardiography is recommended to quantify LV function in all patients with suspected CAD. I C

Risk stratification using preferably stress imaging or coronary CTA (if local expertise and availability permit) or

alternatively exercise stress ECG (if significant exercise can be performed and the ECG is amenable to the

identification of ischaemic changes) is recommended in patients with suspected or newly diagnosed CAD.

I B

In symptomatic patients with a high-risk clinical profile, ICA complemented by invasive physiological guidance

(FFR) is recommended for cardiovascular risk stratification, particularly, if the symptoms are inadequately

responding to medical treatment and revascularization is considered for improvement of prognosis.

I A

Continued
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..electrocardiogram (ECG) changes, or coronary calcification provide
improved identification of patients with obstructive CAD compared
with age, sex, and symptoms alone.11,14–20 Therefore, the presence
of risk factors for cardiovascular disease (such as family history of car-
diovascular disease, dyslipidaemia, diabetes, hypertension, smoking,
and other lifestyle factors) that increase the probability of obstructive

CAD can be used as modifiers of the PTP estimate.1 If available,
Q-wave or ST-segment or T-wave changes on the ECG, LV dysfunc-
tion suggestive of ischaemia, and findings on exercise ECG as well as
information on coronary calcium by computed tomography can also
be used to improve estimations of PTP of obstructive CAD.1 In par-
ticular, the absence of coronary calcium (Agatston score = 0) is

....................................................................................................................................................................................................................

Table 1 Continued

Recommendations Classa Levelb

In patients with mild or no symptoms, ICA complemented by invasive physiological guidance (FFR/iwFR) is rec-

ommended for patients on medical treatment in whom non-invasive risk stratification indicates a high event risk

and revascularization is considered for improvement of prognosis.

I A

ICA complemented by invasive physiological guidance (FFR) should be considered for risk stratification purposes

in patients with inconclusive or conflicting results from non-invasive testing.

IIa B

If coronary CTA is available for event risk stratification, additional stress imaging should be performed before the

referral of a patient with few/no symptoms to ICA.

IIa B

Echocardiographic assessment of GLS provides incremental information to LVEF and may be considered when

LVEF is >35%.

IIb B

Intravascular ultrasound may be considered for the risk stratification of patients with intermediate LM stenosis. IIb B

ICA is not recommended solely for risk stratification. III C

Recommendations for patients with long-standing diagnosis of CCS

Asymptomatic patients

In patients with mild or no symptoms receiving medical treatment in whom non-invasive risk stratification indi-

cates a high risk, and for whom revascularization is considered for improvement of prognosis, ICA (with FFR

when necessary) is recommended.

I C

Coronary CTA is not recommended as a routine follow-up test for patients with established CAD. III C

ICA is not recommended solely for risk stratification. III C

Symptomatic patients

Risk stratification is recommended in patients with new or worsening symptom levels, preferably using stress

imaging or, alternatively, exercise stress ECG

I B

ICA (with FFR/iwFR when necessary) is recommended for risk stratification in patients with severe CAD, par-

ticularly if the symptoms are refractory to medical treatment, or with a high-risk clinical profile.

I C

Investigations in patients with suspected coronary microvascular angina

Transthoracic Doppler of the LAD, CMR, and PET may be considered for non-invasive assessment of CFR. IIb B

Recommendations for investigations in patients with suspected vasospastic angina

ICA or coronary CTA is recommended in patients with characteristic episodic resting angina and ST-segment

changes that resolve with nitrates and/or calcium antagonists to determine the extent of underlying coronary

disease.

I C

Screening for CAD in asymptomatic subjects

Assessment of coronary artery calcium score with computed tomography may be considered as a risk modifier

in the cardiovascular risk assessment of asymptomatic subjects.

IIb B

Atherosclerotic plaque detection by carotid artery ultrasound may be considered as a risk modifier in the cardio-

vascular risk assessment of asymptomatic subjects.

IIb B

In high-risk asymptomatic adults (with diabetes, strong family history of CAD, or when previous risk-assessment

tests suggest high risk of CAD), functional imaging or coronary CTA may be considered for cardiovascular risk

assessment.

IIb C

Carotid ultrasound IMT for cardiovascular risk assessment is not recommended III A

In low-risk non-diabetic asymptomatic adults, coronary CTA or functional imaging for ischaemia are not indicated

for further diagnostic assessment.

III C

aClass of recommendation.
bLevel of evidence.
CAD, coronary artery disease; CCS, chronic coronary syndromes; CFR, coronary flow reserve; CMR, cardiac magnetic resonance imaging; CTA, computed tomography angiog-
raphy; ECG, electrocardiogram; FFR, fractional flow reserve; HF, heart failure; IMT, intima-media thickness; iwFR, instantaneous wave-free ratio; LAD, let anterior descending
coronary artery; LM, left main coronary artery; LVEF, left ventricle ejection fraction; PET, positron emission tomography.
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..associated with a low prevalence of obstructive CAD (<5%) and risk
of death or non-fatal MI (<1% annual risk).20,21 However, it is notable
that the absence of coronary calcium does not exclude coronary
stenosis caused by a non-calcified atherosclerotic lesion,21 and the
presence of coronary calcium as such is a weak predictor of obstruct-
ive CAD.20 Although the optimal use of these factors in improving
PTP assessment has not yet been established, the guidelines indicate
that they should be considered in addition to the PTP based on sex,
age, and nature of symptoms to determine overall clinical likelihood
of obstructive CAD, as summarized in Figure 1.1 This is particularly
important in refining the likelihood of CAD patients with PTP of 5–
15% based on age, sex, and nature of symptoms alone.

Diagnostic tests

During recent years, numerous large studies have evaluated the per-
formance of diagnostic tests and several randomized clinical trials
have compared the effects of diagnostic strategies on clinical out-
comes. A summary of the performance of diagnostic tests for the de-
tection of obstructive CAD based on recent meta-analyses is shown
in Table 3.22,23 Of note, the performance of a given test in different
studies varies for numerous reasons, including selection- and refer-
ral-bias. Another potentially important source of bias in the underly-
ing meta-analysis is inclusion of patients with known CAD or with
previous test results, such as an ‘intermediate’ stenosis on coronary
computed tomography angiography (CTA). Therefore, the differen-
ces between individual diagnostic tests as well as summary estimates
based on these meta-analyses should be interpreted cautiously.

Functional imaging tests
Functional imaging includes myocardial perfusion imaging with single-
photon emission computed tomography (SPECT) or positron emis-
sion computed tomography (PET), stress echocardiography, or stress
CMR imaging assessing myocardial perfusion and/or wall motion.
Ischaemia is provoked by exercise or pharmacological stressors ei-
ther by increased myocardial work and oxygen demand or by hetero-
geneity in myocardial perfusion by vasodilatation. Any perfusion

defect or wall motion abnormality provoked by stress is diagnostic
for inducible myocardial ischaemia.

Non-invasive functional imaging tests have superior diagnostic per-
formance to exercise ECG for the detection of obstructive CAD
(Table 3).22 In particular, functional tests have shown high accuracy
for the detection of flow-limiting coronary stenosis in studies that
have used invasive fractional flow reserve (FFR) as the reference
standard (Table 3).22 Imaging tests have the further advantage of indi-
cating the location of ischaemia and are, therefore, preferable to an
exercise ECG.

Functional imaging tests are effective diagnostic tools for risk-strat-
ifying patients with CCS.24 Stress-induced wall motion abnormalities
or reversible perfusion defects corresponding to >_10% of the total
LV myocardium has been reported across a number of prognostic
series to denote moderate–severe ischaemia associated with a high
event rate in CCS (annual rate of cardiovascular death or MI >3%).20

Based on observational studies, these patients may benefit from inva-
sive coronary angiography (ICA) and revascularization.25,26 The on-
going randomized clinical trial ISCHEMIA (International Study of
Comparative Health Effectiveness with Medical and Invasive
Approaches)27 is expected to provide further information on
whether an invasive strategy in addition to optimal medical therapy
improves outcomes in patients with CAD and at least moderate in-
ducible ischaemia.

A normal functional test is associated with a low (<_1% per year)
subsequent rate of cardiac death and MI.28 However, it should be
noted that lower grade coronary atherosclerosis not linked with is-
chaemia remains undetected by functional testing.29 In the presence
of a negative functional test, patients should receive risk-factor
modification based on commonly applied risk charts and
recommendations.30

In comparative trials and a network meta-analysis, functional imag-
ing tests have been associated with fewer referrals for downstream
ICA compared with a strategy relying on anatomical imaging or exer-
cise ECG.31–35 The CE-MARC 2 (Clinical Evaluation of Magnetic
Resonance imaging in Coronary heart disease)—trial randomized
1202 patients with suspected angina and PTP of 10–90% to three par-
allel groups and showed that investigation with CMR or myocardial
perfusion scintigraphy resulted in a lower probability of unnecessary

......................................... ......................................... ......................................... .........................................

....................................................................................................................................................................................................................

Table 2 PTPs of obstructive CAD in 15 815 symptomatic patients according to age, sex, and the nature of symptoms

in pooled analysis of contemporary data

Typical Atypical Non-anginal Dyspnoeaa

Age Men (%) Women (%) Men (%) Women (%) Men (%) Women (%) Men (%) Women (%)

30–39 3 5 4 3 1 1 0 3

40–49 22 10 10 6 3 2 12 3

50–59 32 13 17 6 11 3 20 9

60–69 44 16 26 11 22 6 27 14

70þ 52 27 34 19 24 10 32 12

aIn addition to the classic Diamond and Forrester classes, patients with dyspnoea only or dyspnoea as the primary symptom are included. The dark green-shaded regions denote
the groups in which non-invasive testing is most beneficial (PTP >15%). The light green-shaded regions denote the groups with PTP of CAD between 5% and 15% in which the
testing for diagnosis may be considered after assessing the overall clinical likelihood based on modifiers of PTP presented in Figure 1. Reproduced with permission from Ref.12

PTP, pre-test probability.
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angiography within 12 months as compared with 2010 NICE guide-
lines directed care (recommending coronary CTA or ICA instead of
functional testing if PTP <30% or >60%, respectively), with no statis-
tically significant difference in major adverse cardiovascular outcomes
between groups.32 The PROMISE (Prospective Multicenter Imaging
Study for Evaluation of Chest Pain) trial randomized 10 003 symp-
tomatic patients referred to non-invasive testing due to suspected
CAD to either coronary CTA or functional testing.33 There was an
increase in the use of ICA in the coronary CTA group compared
with the functional testing group (12% vs. 8%). Although the coron-
ary CTA strategy was associated with a lower incidence of ICA
showing no obstructive CAD and more patients underwent revascu-
larization, there was no difference in the primary outcome of all-
cause mortality, MI, hospitalization for unstable angina, or major com-
plications of cardiovascular procedures or diagnostic testing between
groups after 25 months of follow-up (3.3% in the coronary CTA
group vs. 3.0%).33

Anatomical imaging
Non-invasive anatomical imaging, by visualizing the coronary artery
lumen and wall using an intravenous contrast agent, can be per-
formed with coronary CTA, which provides very high sensitivity for
the detection of coronary artery stenoses defined by ICA
(Table 3).22,23 However, it has lower specificity, particularly in studies
using invasive FFR rather than ICA as the reference standard
(Table 2). Stenoses estimated to be 50–90% by visual inspection are
not necessarily functionally significant, i.e. they do not always induce
myocardial ischaemia. Therefore, either non-invasive or invasive func-
tional testing is recommended for further evaluation of angiographic
stenosis detected by coronary CTA or invasive angiography, unless a
very high grade (>90% diameter stenosis) stenosis is detected by in-
vasive angiography.1

It is important to note that poor image quality, severe calcifications
and non-expert interpretation may lead to overestimation of stenosis
severity in coronary CTA.36 Therefore, coronary CTA is not recom-
mended when extensive coronary calcification, irregular heart rate,
significant obesity, inability to co-operate with breath-hold com-
mands, or any other condition make good image quality unlikely.1,37

The decision to proceed with coronary CTA in patients with severe

....................................................................................................................................................................................................................

Table 3 The performance of different diagnostic tests for the detection of anatomically significant (>50% stenosis) or

functionally significant (FFR �0.80) CAD

Test Sensitivity

(%, 95% CI)

Specificity

(%, 95% CI)

1LR 2LR

Anatomically significant CAD

Exercise ECG 58 (46–69) 62 (54–69) 1.53 (1.21–1.94) 0.68 (0.49–0.93)

Stress echo 85 (80–89) 82 (72–89) 4.67 (2.95–7.41) 0.18 (0.13–0.25)

Coronary CTAa 96 (93–98) 82 (75–87) 8.9 (6.1–13.5) 0.022 (0.01–0.04)

SPECT 87 (83–90) 70 (63–76) 2.88 (2.33–3.56) 0.19 (0.15–0.24)

PET 90 (78–96) 85 (78–90) 5.87 (3.40–10.15) 0.12 (0.05–0.29)

Stress CMR 90 (83–94) 80 (69–88) 4.54 (2.37–8.72) 0.13 (0.07–0.24)

Functionally significant CAD

Coronary CTA 93 (89–96) 53 (37–68) 1.97 (1.28–3.03) 0.13 (0.06–0.25)

SPECT 73 (62–82) 83 (71–90) 4.21 (2.62–6.76) 0.33 (0.24–0.46)

PET 89 (82–93) 85 (81–88) 6.04 (4.29–8.51) 0.13 (0.08–0.22)

Stress CMR 89 (85–92) 87 (83–91) 7.10 (5.07–9.95) 0.13 (0.09–0.18)

Modified from Ref.22

aData from Ref.23

CAD, coronary artery disease; CI, confidence interval; CTA, computed tomography angiography; ECG, electrocardiogram; PET, positron emission tomography; SPECT, single-
photon emission computed tomography (exercise SPECT with or without dipyridamole or adenosine); stress CMR, stress cardiac magnetic resonance; stress echo, exercise
stress echocardiography; þLR, positive likelihood ratio; –LR, negative likelihood ratio.

Figure 1 Determinants of clinical likelihood of obstructive CAD.
CAD, coronary artery disease; CT, computed tomography; CVD,
cardiovascular disease; ECG, electrocardiogram; LV, left ventricular;
PTP, pre-test probability. Reproduced with permission from Ref. 1.
aWhen available.
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..calcification must be made on an individual basis, taking overall image
quality and the distribution of calcium into account. In patients with
previous revascularization (bypass grafts, stents), the accuracy of cor-
onary CTA is frequently impaired by blooming artefacts and incom-
plete evaluation of native vessels.38 Acquisition protocols for
coronary CTA should include special measures to keep radiation ex-
posure as low as possible.37

The presence or absence of non-obstructive coronary athero-
sclerosis on coronary CTA provides prognostic information and can
be used to guide preventive therapy. Several prospective registries
have shown that the absence of stenosis in coronary CTA is associ-
ated with an extremely good prognosis.39,40 The large, prospective
randomized PROMISE trial showed that the event rate in patients in
whom coronary CTA was used as the first diagnostic test was not dif-
ferent from the event rate in patients who underwent functional test-
ing as a first test.33 The SCOT-HEART (Scottish Computed
Tomography of the Heart) trial demonstrated a significantly lower
rate of the combined endpoint of cardiovascular death or non-fatal
MI (2.3% vs. 3.9% during 5-year follow-up) in patients in whom cor-
onary CTA was performed in addition to routine testing, which con-
sisted predominantly of exercise ECG.41,42 Furthermore, the SCOT-
HEART trial41–43 and other prospective randomized outcome trials
comparing coronary CTA and predominantly exercise ECG44,45 have
shown that patients in the coronary CTA group were more likely to
be diagnosed with significant CAD, required less downstream testing,
and medications were altered in a significant proportion of patients,
compared with the control group. Some, although not all, registry
studies have also shown similar benefits with the use of coronary
CTA in patients treated in everyday clinical practice.46,47

Coronary CTA is a morphological imaging tool that does not pro-
vide information on the haemodynamic relevance of a coronary ar-
tery stenosis. It can be complemented by ‘virtual’ CT-based FFR
(FFRCT) or stress CT myocardial perfusion imaging to improve cor-
relation with a combination of invasive angiography and FFR.48 Stress
CT myocardial perfusion imaging can be performed with various pro-
tocols, whereas FFRCT uses anatomic datasets acquired by CT at
rest, based on which FFR results are simulated off-line.48 A recent
meta-analysis of comparative studies showed sensitivities of 83% and
89%, and specificities of 79% and 76% for CT myocardial perfusion
imaging and FFRCT, respectively, for the detection of obstructive
CAD defined by invasive FFR.48 Retrospective registry analyses and
trial substudies as well as small randomized trials in which manage-
ment decisions were based on coronary CTA complemented with
FFRCT have demonstrated that non-ischaemic FFRCT results are
associated with a favourable prognosis.49–51 In patients with
intermediate-range coronary stenosis, FFRCT has been shown to be
effective in differentiating patients who do not require further diag-
nostic testing or intervention from higher-risk patients in whom fur-
ther testing with ICA and possibly intervention may be needed.52,53

In a randomized study comparing coronary CTA with FFRCT and
ICA, CTA with FFRCT was suitable for diagnosing and guiding revas-
cularization in advanced multivessel CAD.54,55 Prospective outcome
trials comparing these modalities to alternative forms of non-invasive
testing are currently not available. These evolving technologies were
discussed in the guideline, but no specific recommendations were
given.

Selection of appropriate testing

A summary of the three main diagnostic pathways in symptomatic
patients with suspected obstructive CAD is displayed in Figure 2.1

Depending on clinical conditions and the healthcare environment, pa-
tient workup can start with either of three options: non-invasive func-
tional testing, coronary CTA, or ICA. Through each pathway, both
functional and anatomical information are gathered to inform an ap-
propriate diagnostic and therapeutic strategy. Risk-factor modifica-
tion should be considered in all patients.

Either functional imaging for myocardial ischaemia or coronary
CTA is recommended as the initial non-invasive tests for diagnosing
CAD in symptomatic patients in whom obstructive CAD cannot be
excluded by clinical assessment alone.1 It is recommended that
choice of the initial non-invasive diagnostic test is done based on the
clinical likelihood of CAD and other patient characteristics that influ-
ence test performance (see below) as well as on local expertise and
availability of tests.

The likelihood ratios of diagnostic tests constitute useful param-
eters of their ability to correctly classify patients, and can be used
to facilitate the selection of the most useful test in any given pa-
tient.22,56 Each non-invasive diagnostic test has a particular range of
clinical likelihood of obstructive CAD where the usefulness of its
application is maximal. Given a clinical likelihood of obstructive
CAD and the likelihood ratios of a particular test, one can assess
the post-test probability of obstructive CAD after performing such
a test. Using this approach, one can estimate the optimal ranges of
clinical likelihood for each test where they can reclassify patients
from intermediate to either low or high post-test probability of
CAD (Figure 3).22

Coronary CTA is the preferred test in patients within the lower
range of clinical likelihood of CAD, no previous diagnosis of CAD,
and characteristics associated with a high likelihood of good image
quality. It detects subclinical coronary atherosclerosis, but can also
accurately rule-out both anatomically and functionally significant
CAD (Figure 3). It has the highest accuracy values when low clinical
likelihood populations are subjected to the examination.57 The trials
evaluating outcomes after coronary CTA also included mostly
patients with a low clinical likelihood.33,41 Coronary CTA should also
be considered as an alternative to ICA if another non-invasive test is
equivocal or non-diagnostic. Coronary calcium detection by com-
puted tomography is not recommended to identify individuals with
obstructive CAD.

The non-invasive functional tests for ischaemia typically have bet-
ter rule-in power. For revascularization decisions, functional evalu-
ation of ischaemia (either non-invasive or invasive) is required in
most patients. Therefore, functional non-invasive testing may be pre-
ferred in patients at the higher range of clinical likelihood, if revascula-
rization is likely or the patient has previously been diagnosed with
CAD. Functional imaging for myocardial ischaemia is also recom-
mended if coronary CTA has shown CAD of uncertain functional sig-
nificance or is not diagnostic.

Direct ICA is recommended as an alternative to non-invasive test-
ing in order to diagnose CAD in patients with a high clinical likelihood
and severe symptoms refractory to medical therapy or typical angina
at a low level of exercise and clinical evaluation that indicates high
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.event risk.1 Patients at high event risk should undergo invasive investi-
gation for consideration of revascularization, even if they have mild
or no symptoms.1 Invasive functional assessment must be available
and used to evaluate stenoses before revascularization, unless very
high grade (>90% diameter stenosis).

Risks related to different diagnostic tests need to be weighed
against the benefits to the individual.58 For example, exposure to ion-
izing radiation associated with coronary CTA and nuclear perfusion
imaging needs to be taken into account, especially in young individu-
als. Similarly, contraindications to pharmacological stressors and con-
trast agents (iodine-based contrast agents and gadolinium-based
chelates) need to be considered. When testing is used appropriately,
the clinical benefit from accurate diagnosis and therapy exceeds the
projected risks of testing itself.58

Role of the exercise ECG

Exercise ECG has an inferior diagnostic performance compared with
diagnostic imaging tests and has limited power to rule-in or rule-out
obstructive CAD (Table 3).22 As discussed above, randomized clinical
trials have shown that the addition of coronary CTA or functional
imaging clarifies the diagnosis, enables targeting of preventive thera-
pies and interventions, and potentially reduces the risk of MI com-
pared with a diagnostic workup relying on the exercise ECG.

Therefore, the new guidelines recommend the use of an imaging diag-
nostic test instead of exercise ECG as the initial test for diagnosing
obstructive CAD.1 However, an exercise ECG alone may be consid-
ered as an alternative to diagnose obstructive CAD if imaging tests
are not available, keeping in mind the risk for false-negative and false-
positive test results.22,59

An exercise ECG provides complementary clinically useful infor-
mation beyond ECG changes and valuable prognostic information.
Therefore, exercise ECG may also be used to complement other
clinical evaluation for assessment of symptoms, ST-segment changes,
exercise tolerance, arrhythmias, blood pressure response, and event
risk,1 and thereby to inform an appropriate diagnostic and therapeut-
ic strategy. The occurrence of ST-segment depression at a low work-
load combined with exertional symptoms (angina or dyspnoea), low
exercise capacity, complex ventricular ectopy, or arrhythmias and ab-
normal blood pressure response are markers of a high event risk.60

Angina without obstructive
disease in the epicardial coronary
arteries

The possibility of a microcirculatory origin of angina should be con-
sidered in patients with clear-cut angina and coronary vessels that are

Figure 2 Main diagnostic pathways in symptomatic patients with suspected obstructive coronary artery disease. CAD, coronary artery disease;
CTA, computed tomography angiography; ECG, electrocardiogram. aConsider microvascular angina. bAntianginal medications and risk factor modifi-
cation. Reproduced with permission from Ref.1
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.either normal or have mild stenosis deemed functionally non-
significant on ICA or CTA. Impaired microcirculatory conductance
can be diagnosed by measuring coronary flow reserve (CFR) non-
invasively with transthoracic Doppler echocardiography [by imaging
left anterior descending (LAD) flow]61 magnetic resonance imaging
(myocardial perfusion index),62,63 or PET.64 However, non-invasive
methods provide limited assessment of microvascular function, be-
cause assessment of endothelial function (arteriolar dysregulation) in
the coronary microcirculation requires selective acetylcholine infu-
sion into the epicardial vessels. In patients with suspected vasospastic
angina and documented ECG changes, coronary CTA or ICA is indi-
cated to rule out the presence of fixed coronary stenosis.

Summary and perspectives

The PTP estimations of CAD based on age, sex, and nature of symp-
toms have undergone major update with significantly lower probabil-
ities than in previous estimates. In addition, a new phrase ‘Clinical
likelihood of CAD’ that incorporates other modifiers of PTP beyond
age, gender, and nature of symptoms has been introduced. More in-
formation on the effects of various risk factors, biomarkers, and
comorbidities on the clinical likelihood of obstructive CAD is
needed. Recommendations for the application of various diagnostic

tests in different patient groups to rule-in or rule-out CAD have
been updated. Non-invasive functional imaging for myocardial ischae-
mia, coronary CTA or ICA combined with functional evaluation may
be used as the initial test to rule out or establish diagnosis of CCS.
Selection of the initial non-invasive diagnostic test is based on the clin-
ical likelihood of CAD, the test’s performance in ruling-in or ruling-
out obstructive CAD, patient characteristics, local expertise, and the
availability of the test. For revascularization decisions, both anatomy
and functional evaluation are to be considered. Assessment of risk
serves to identify CCS patients at high event risk who are projected
to derive prognostic benefit from revascularization. Risk stratification
includes the assessment of LV function. Adequately powered RCTs
are needed to compare the effectiveness of different diagnostic strat-
egies, and to evaluate how to best integrate diagnostic tests in patient
care in terms of clinical outcomes and the use of healthcare resources.
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Figure 3 Ranges of clinical likelihood of CAD in which a given test can rule-in (red) or rule-out (green) obstructive CAD. The graph displays in red
colour the range of clinical likelihood of CAD when a given test can rule-in CAD when positive. The green colour shows the range of clinical likeli-
hood of CAD when a given test can rule-out CAD when negative. The ideal range of clinical likelihood for a given test is when red and green colours
overlap and the test can simultaneously rule-in and rule-out CAD depending the test result. (A) Reference standard is anatomical assessment using
ICA. (B) = Reference standard is functional assessment using FFR. Note, in (B), that the data with stress echocardiography and SPECT are more lim-
ited than with the other techniques. The crosshairs mark the mean value and their 95% confidence intervals. CAD, coronary artery disease; CMR,
cardiac magnetic resonance; CTA, computed tomography angiography; ECG, electrocardiogram; FFR, fractional flow reserve; ICA, invasive coronary
angiography; PET, positron emission tomography; SPECT, single-photon emission computed tomography. Reproduced with permission from Ref.1
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