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Introduction
Guidance on the diagnostic approach to coronary 
artery disease (CAD) has diverged as the increas-
ing complexity of atherosclerotic clinicopathologic 
correlations has been revealed. Foundational con-
cepts linking stenosis, the ischaemic cascade and 
prognosis have been re-evaluated in light of the 
underwhelming results from the percutaneous 
revascularization of stenotic vessels. Instead, 
observations from noninvasive anatomical imag-
ing have redefined risk, shifting the focus away 
from discrete lesions towards total atherosclerotic 
burden, and with it elevating the role of computed 
tomography (CT) in contemporary diagnostic 
pathways. While guidelines attempt to keep pace 
with the advancing technology and expanding lit-
erature, clinicians are left to apply clinical acumen 
to decide on a vast (and increasing) array of inves-
tigative options. This review reiterates our under-
standing and limitations of the current approach 
to the diagnosis of CAD, provides a precis of the 
imaging techniques available and summarizes the 

current literature for both functional and anatomi-
cal approaches.

Scope of the problem
Stable chest pain is an extremely common reason 
for seeking care, with 1 in 10 persons over the age 
of 80 requiring evaluation in primary care or hos-
pital for this symptom alone.1 Paradoxically, 
despite its commonality, a great deal of uncer-
tainty persists about how to approach a diagnosis: 
who should be investigated, what test should be 
ordered and when should it be performed? The 
uncertainty is partially attributable to iterative 
imaging technology and varying levels of available 
evidence; however, there are also significant indi-
vidual and population interests that add complex-
ity. At an individual patient (and clinician) level, 
there is a desire to investigate thoroughly (and 
potentially defensively), to provide diagnostic 
clarity for both parties and to mitigate risk from 
future events. In comparison, with almost four 
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million stress tests ordered annually in the USA,2 
there is a population health need to evaluate 
patients in an efficient, evidence-based and out-
come-driven manner. Achieving the balance 
between these two, at times competing, perspec-
tives is but one challenge facing a diagnostic strat-
egy for CAD.

Two other humbling statistics underline the dif-
ficulty of achieving an accurate diagnostic path-
way for chest pain and suspected CAD. First, up 
to one-third of individuals ultimately referred for 
‘gold standard’ elective coronary angiography 
consistently have little to no angiographic evi-
dence of CAD, suggesting that the specificity of 
our current gate-keeping for invasive testing 
needs refinement.3 Second, of those provided a 
diagnosis of ‘noncardiac chest pain’ through any 
investigative means, up to one-third will still sus-
tain an acute coronary syndrome or succumb to a 
cardiovascular death,4 highlighting the fallibility 
of our approach to date. Despite chest pain and 
CAD diagnosis being foundational components 
of clinical medicine and cardiology, these obser-
vations are a reminder of the contemporary chal-
lenges faced by clinicians. Finding the balance 
between diagnostic clarity and good clinical acu-
men, as well as managing patient- and system-
level expectations, remain ongoing challenges in 
the diagnosis of CAD.

Pathophysiology of CAD: an evolution
The term coronary artery disease is used to describe 
the presence of atherosclerotic plaque within the 
epicardial coronary arteries. A fundamentally 
similar process occurs in other medium to large 
arteries such as the aorta, iliofemorals and carot-
ids, and is now acknowledged to have an incon-
trovertible inflammatory basis.5 The earliest steps 
in atherogenesis appear to arise from the complex 
and dynamic interaction between an individual’s 
genetic susceptibility and exposure to environ-
mental (or risk) factors. Endothelial dysfunction, 
one of the earliest detectable changes and a pre-
cursor to atherosclerosis, is a key initiator in per-
mitting the passage of lipid material into the 
subintimal space, where a potent inflammatory 
response is mediated through macrophages, 
among other cells. Despite its reparative intent, 
what follows is a chronic, progressive accumula-
tion of cell debris and cholesterol crystals which 
perpetuate inflammation and ultimately result in 

the development and progression of plaque. 
Environmental factors that have classically been 
associated with the development of atherosclero-
sis include advancing age, hyperlipidaemia, dia-
betes, hypertension and cigarette smoking. More 
recently, chronic kidney disease and inflamma-
tory conditions, such as Crohn’s disease and 
rheumatoid arthritis, have been increasingly rec-
ognized as potent risk factors for atherogenesis.

Two fundamentally different clinicopathological 
entities occur in the context of coronary athero-
sclerosis: (stable) angina and acute coronary syn-
drome. Traditionally, the pathophysiologic basis 
for stable angina arises from the impediment to 
flow generated through the chronic, progressive 
growth of plaque into a vessel’s lumen. In the set-
ting of increased myocardial oxygen demand such 
as occurs during exercise, the stenotic narrowing 
precludes a commensurate augmentation in 
flow, resulting in the subtended tissue becoming 
ischaemic; with rest, the myocardial oxygen 
demand reduces and the ischaemia abates. This 
syndrome of reproducible, exercise-induced pain 
(and sometimes shortness of breath, termed an 
angina ‘equivalent’) is called ‘stable angina’ and 
more broadly ‘stable ischaemic heart disease’. 
This process occurs in contrast to the develop-
ment of rapidly progressive or rest symptoms, 
which suggest the development of local thrombo-
sis and a consequent sudden, aggressive reduc-
tion in lumen calibre. Our current paradigm 
suggests a thrombus forms when the luminal side 
of an atherosclerotic plaque ruptures or erodes 
and exposes thrombogenic material in plaque to 
blood. Whether the thrombosis and secondary 
vasospasm completely occlude the vessel, and for 
how long, ultimately determines whether this 
event results in ‘unstable angina’ (i.e. incomplete 
occlusion with ischaemia but no cell death), or 
‘myocardial infarction’ (i.e. sustained occlusion 
with cell death). The steps that lead a plaque to 
become ‘unstable’ through the erosion, fissure or 
rupture of its overlying cap remain incompletely 
understood and are covered in detail elsewhere.6

The term coronary artery disease has become syn-
onymous with the atherosclerotic processes 
detailed above; however, there are a number of 
other diseases that affect the coronary arteries, 
including microvascular dysfunction, spontane-
ous coronary dissection and spasm. Although 
detailed descriptions of these clinical entities are 
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critical to any discussion around the evaluation of 
chest pain,7 this review has remained focused on 
the diagnosis of patients with suspected athero-
sclerotic CAD.

Models of diagnosis
Despite the divergence in recommendations 
across medical societies’ guidelines,8–10 the broad 
aims of the diagnostic process are generally con-
sistent: first, confirmation of the causality for 
symptoms; and second, risk stratification and 
prognostication, with a particular emphasis on 
the need for, or timing of, revascularization. With 
this in mind, there are two complementary but 
distinct approaches to achieving these aims, 
ischaemia and functional testing, compared with 
plaque and anatomical evaluation.

Stenosis: ischaemia focus
Our foundational understanding of CAD arose 
from seminal work by Gould in the 1970s.11 
Elegant studies in dogs demonstrated a 50% 
obstruction of vessel diameter to be the threshold 
for impeding coronary flow reserve – that is, the 
inability to further augment blood flow in response 
to an increase in demand. Later shown in humans 
using nuclear imaging techniques,12 this construct 
linking ischaemia to a 50% narrowing in an epi-
cardial coronary artery became the perhaps over-
simplified, dichotomous definition of significant 
‘coronary artery disease’. What followed was a 
series of occlusion studies that linked the tempo-
ral sequence of subclinical to clinical changes 
associated with ischaemia: the so-called ‘ischae-
mic cascade’.13 Typically (but not always) the 
cascade was described in a stepwise manner com-
mencing with hypoperfusion, metabolic abnor-
malities, diastolic then systolic dysfunction, 
electrocardiographic abnormalities and eventu-
ally symptoms (angina or an equivalent).14

It is upon these principles that the premise for 
stress tests of inducible ischaemia were derived. 
Framing them within this ischaemic cascade pro-
vides general insight into their relative perfor-
mance; stress perfusion imaging tests have high 
sensitivity, given their detection of early stage 
ischaemia, whereas the presence of wall motion 
abnormalities is likely to detect more sustained 
ischaemia and thus generally confer greater speci-
ficity. Despite the original aim being to evaluate 
the downstream effects of an epicardial stenosis, 

the additional insight afforded by ischaemia test-
ing is the ‘whole of vessel’ function assessment. 
While this is somewhat beyond the scope of this 
review, there is increasing recognition of the dis-
connect between epicardial disease, symptoms 
and ischaemia – that is to say, patients with 
demonstrable ischaemia can have minimal or no 
symptoms, and patients without epicardial dis-
ease can have anginal symptoms. Although the 
former continues to provide management uncer-
tainty for clinical cardiology, functional imaging 
may have a significant role in not only providing a 
diagnosis for the latter, but also to direct manage-
ment decisions.

Anatomic: plaque focus
CAD is defined by the presence of atherosclerotic 
plaque in the epicardial vessel, and thus has an 
intrinsic anatomic basis. It is for this reason that 
invasive coronary angiography (ICA) has remained 
the gold standard upon which other diagnostic 
tests are measured. As mentioned earlier, it has 
been the historical finding of a 50% (visual esti-
mate) or 70% (by quantitative analysis) stenosis 
that confirms a diagnosis of CAD; however, this is 
inferred to be significant CAD. It has become 
somewhat circular that the performance of nonin-
vasive diagnostic tests has been traditionally com-
pared to the anatomic gold standard, which itself 
has been benchmarked against the observation of 
functional consequence. Moreover, the most 
recent data (covered later) suggest that rather than 
an arbitrary stenosis threshold, it is the number 
and severity of stenoses which are more important 
than consequent ischaemia per se. Adding to the 
complexity is that these percentage stenosis esti-
mates in clinical practice (compared to their initial 
derivation in animal studies) only variably corre-
spond to direct invasive measures of haemody-
namic significance.15

While classical invasive angiography provides a 
‘lumenogram’ (and thus an indirect, comple-
mentary view of atherosclerosis), the use of 
intravascular imaging has generated insight into 
not only plaque burden16 but more recently 
plaque composition.17,18 This detail has pro-
vided a unique and transformative endpoint for 
clinical research,19 yet its invasive nature prohib-
its a broader diagnostic application and instead 
has spawned growth in noninvasive alternatives. 
Correspondingly, in the last 15 years the ana-
tomical approach to CAD diagnosis has been 

https://journals.sagepub.com/home/taj


Therapeutic Advances in Chronic Disease 10

4 journals.sagepub.com/home/taj

completely reshaped by iterative developments 
in CT. Coronary artery calcium (CAC) scoring 
has been elevated to a critical part of the 
American College of Cardiology (ACC) preven-
tion guidelines through its coarse assessment of 
plaque burden and incremental capacity for risk 
stratification.20 Beyond CAC, improvements in 
spatial and temporal resolution, mitigation of 
both calcium blooming and movement artefacts, 
as well as a reduction in radiation dose, have 
promoted coronary CT angiography (CCTA) to 
an equal footing with stress testing for the evalu-
ation of stable chest pain. Indeed, the most 
recent update to NICE (National Institute for 
Clinical Excellence) guidance recommends the 
use of CCTA upfront in patients with suspected 
angina.21

Diagnosis in the symptomatic patient
The symptomatic patient can be dichotomized 
into stable and unstable presentations. A patient 
presenting with crescendo pattern (increasing 
severity and/or with reducing exercise threshold) 
or rest symptoms should be referred to an emer-
gency department for urgent evaluation of poten-
tial acute coronary syndrome. In contrast, the 
patient presenting with intermittent chest pain 
symptoms that are consistent with stable angina 
can undergo prompt outpatient evaluation. After 
performing a detailed history and physical exami-
nation, a baseline electrocardiogram (ECG) 
should be performed. In the absence of changes 
that indicate ischaemia or a prior infarct, an 
assessment of pre-test probability is the generally 
accepted next step.

Pre-test probability
Both the US and European guidelines recom-
mend the concept of Bayesian probability when 
evaluating patients for symptomatic CAD: an 
initial assessment, or ‘pre-test’ probability, is 
estimated and then with the results of the test, a 
post-test probability of CAD is determined. 
Multiple methods have been described to assess 
pre-test probability;22–24 however, both the US 
and European guidelines utilize age, sex and 
chest pain ‘typicality’ (angina, atypical angina, 
non-anginal) to assign low-, intermediate- and 
high-risk diagnostic strata. Typical angina is 
characterized by all three of the following charac-
teristics: retrosternal discomfort precipitated by 

physical exertion or stress; relief with rest or 
nitroglycerine in less than 10 min; and accompa-
nied by radiation of the discomfort to the shoul-
der, jaw or the inner aspect of the arm. Atypical 
angina meets two of three criteria and non-angi-
nal pain meets only one (or less).

Both US and ESC (European Society of 
Cardiology) guidelines note that noninvasive test-
ing is of greatest benefit in those deemed at ‘inter-
mediate’ likelihood of CAD, which, although 
somewhat arbitrary, has been defined in the US 
guidelines as those with 10–90% likelihood, and in 
the ESC guideline as those with 15–85% likeli-
hood. These percentage estimates of likelihood 
were derived by Diamond and Forrester from sem-
inal work that detailed age, sex and symptom cor-
relates with the presence of angiographic CAD.23 
Notably, the NICE guidance in 2016 moved away 
from a formal assessment of pre-test probability 
(see Table 1) and instead has been simplified to 
consider CCTA as the first-line approach in those 
with either typical or atypical symptoms (defined 
as above) or in the presence of non-anginal symp-
toms with an ECG that shows ST–T changes or Q 
waves. Although most studies have found an 
assessment of pre-test probability overestimates 
the burden of obstructive disease,25 this may be 
less pronounced with the NICE symptom focus 
than with the Bayesian approach.26 In those with 
low pre-test probability, alternative explanations 
for symptoms should be considered (e.g. gastro-
esophageal reflux, musculoskeletal); however,  
further investigation could be considered for risk 
stratification. Patients deemed of ‘high’ pre-test 
probability can be treated empirically for obstruc-
tive CAD and may proceed on to upfront angiog-
raphy to facilitate revascularization in the event of 
refractory or progressive symptoms.

Diagnostic modalities
After making the decision to order a diagnostic 
test, there are a number of factors that are to be 
considered when choosing a modality. These 
include patient-level characteristics, availability, 
cost and local expertise. In order to provide back-
ground to broader commentary about each of the 
different approaches, a precis of the most widely 
used modalities is presented here. Figure 1 pro-
vides some representative images of nuclear per-
fusion, cardiac magnetic resonance (CMR) and 
CCTA, and Table 2 provides a summary of the 
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strengths and limitations of each as well as their 
respective diagnostic performance. Performance 
measures are presented as estimates of sensitivity 
and specificity; however, these vary substantially 
depending on: the choice of reference ‘gold stand-
ard’ (i.e. diameter stenosis 50% or 70%, visual 

estimate or quantitated calculation, or the use of 
invasive physiology) and varying quality and 
design of studies leading to verification and post-
test referral bias. While the former impacts both 
sensitivity and specificity, the latter overestimates 
sensitivity and underestimates specificity.

Table 1. Society guidelines for diagnostic work up of coronary artery disease.

ACC/AHA 20129 ESC 201310 NICE 20168

PTP Test PTP Test PTP Test

<10% Exercise ECG
Exercise nuclear
Stress echocardiography

15–50% CCTA N/A CCTA
. . .then functional 
imaging if equivocal.
. . .or ICA if 
functional imaging 
inconclusive

10–90% Exercise ECG
Stress nuclear/echo/
CMR
CCTA

15–65% Exercise ECG
Stress nuclear/echo/
CMR

>90% Stress nuclear/echo/
CMR
CCTA

66–85% Stress nuclear/echo/
CMR

Comparison of ACC/AHA 2012, ESC 2013 and NICE 2016 guidelines for selection of diagnostic modalities during work up of 
coronary artery disease.
ACC, American College of Cardiology; CCTA, coronary CT angiography; CMR, cardiac magnetic resonance; ECG, 
electrocardiogram; ESC, European Society of Cardiology; ICA, invasive coronary angiography; NICE, National Institute for 
Clinical Excellence; PTP, pre-test probability.

Figure 1. Noninvasive imaging modalities for work up of coronary artery disease.
Nuclear imaging stress test demonstrating anteroseptal perfusion defect (asterisks) at stress (a), compared to rest (b). 
Cardiac magnetic resonance adenosine stress demonstrating inferior perfusion defect (asterisks) at stress (c), compared 
to rest (d). Cardiac computed tomography angiography demonstrating stenosis (arrow) on 3D reconstruction (e) and CT 
angiogram (f).
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Anatomical investigations
Invasive coronary angiography. ICA involves the 
introduction of radiopaque dye into the coronary 
ostia while obtaining fluoroscopic cine images. 
This provides a silhouette assessment of the lumen 
in 2D; however, by obtaining orthogonal views, a 
3D pattern of obstructive disease can be esti-
mated. Critically, there is minimal capacity to 
derive plaque characteristics (aside from overt cal-
cification) and there is no ability to reliably quan-
titate plaque burden or positive remodelling 
beyond stenosis severity. In the clinical setting, 
stenosis severity has been assessed visually, with a 
threshold of 50% considered to be significant, and 
70% when performed with offline quantitative 
techniques. Accurate assessment of stenosis sever-
ity is hampered by vessel tortuosity, overlapping of 
vessels and other radiodense anatomy, as well as 
consistency of vessel opacification.31 Convention-
ally performed via the femoral artery, over the last 
10 years the radial artery has become the access 
site ‘gold standard’.32 Adverse reactions to dye 
were previously common, but with newer, low-
ionic contrast material this has been significantly 
reduced.33 Kidney injury is also a known compli-
cation, not only from contrast dye which is neph-
rotoxic, but potentially also from systemic emboli 
dislodged during instrumentation. The overall risk 
of major complications has been reported to be as 
high as 2% and includes arterial dissection, perfo-
ration and systemic embolism (including death 
~0.08%).34 Additionally, ICA is a comparatively 
expensive and resource-intensive investigation. 
For these collective reasons, most Society guid-
ance reserves an early invasive anatomical assess-
ment for those with refractory symptoms or 
high-risk features on noninvasive testing.

Coronary CT angiography. CCTA is recom-
mended by NICE as the first-line investigation for 
patients with a stable chest pain syndrome. As 
displayed in Table 2, CCTA has a very high sensi-
tivity (98.2%) with a moderate-to-high specificity 
(72–84%) for the diagnosis of significant CAD.35–38 
CCTA is accessible, noninvasive and relatively 
quick. Although there have been significant tech-
nological advances, an irregular or elevated heart 
rate still limits interpretation in some patients and 
often requires preparatory medication. An addi-
tional consideration is the requirement for con-
trast dye, which can be limiting in those with 
hypersensitivity to iodinated compounds or sig-
nificant renal dysfunction. Radiation doses were 
originally similar to those required for nuclear 

studies; however, these have dropped consider-
ably to be between 1 and 3 mSv for most contem-
porary prospectively gated acquisitions.39 This is 
in comparison to 0.1 mSv for a plane radiography, 
and 5–15 mSv for diagnostic ICA.39

Coronary artery calcium scoring. CAC scoring is 
a noncontrast CT-based evaluation of coronary 
calcium deposition for quantification of athero-
sclerosis, most commonly calculated and inter-
preted through the Agatston score.40 CAC scoring 
is quick, easy to obtain, requires minimal prepara-
tion and is highly reproducible. Although some 
studies have used CAC as a way to increase the 
yield of stress testing in symptomatic patients,41 
its role has become more established in stratifying 
risk in asymptomatic individuals in view of its 
high sensitivity. CAC scores can be a particularly 
useful adjunct when embarking on a shared deci-
sion-making process around preventive therapy as 
demonstrating the presence of established athero-
sclerosis can be a powerful arbiter for the com-
mencement of medications like statins.42 Similarly, 
a CAC score of zero is associated with a reassur-
ing prognosis and may alleviate costs, side effects 
and disutility of a lifelong therapy in patients at 
very low risk of events.43 Given its poor to modest 
specificity for clinically significant disease, CAC 
scoring is generally not recommended as a guide 
to revascularization in symptomatic patients as it 
does not produce a reliable (and measurable) esti-
mate of luminal stenosis.44

Functional investigations
Exercise ECG. Exercise ECG has been the corner-
stone of CAD diagnostic testing for several 
decades. The premise is straightforward: to induce 
sustained ventricular work through exercise such 
that the presence of a haemodynamically signifi-
cant stenosis will overcome an ischaemic thresh-
old and generate ECG changes and symptoms. 
Although traditionally performed on a treadmill, 
exercise can also be achieved through a stationary 
bike which reduces movement artefacts on the 
12-lead ECG. Diagnostic ECG changes are gen-
erally >1 mm ST depression in two or more con-
tiguous leads, although the results can be reported 
using the Duke treadmill score, which is a com-
posite incorporating exercise time, symptom 
development, and ECG changes.45,46 A major 
advantage is its accessibility: there is no prepara-
tion, it requires no specialized imaging, contrast or 
radiation exposure, it is comparatively inexpensive 
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and there is unmeasured, qualitative value in 
observing exercise capacity. However, a number of 
important disadvantages also exist. First, it is reli-
ant on adequate exercise capacity and the attain-
ment of adequate physical strain during the test 
(sustained maximal heart rate >85%), which is 
not always feasible (or predictable) and results in 
equivocal or nondiagnostic tests (and thus the 
requirement for further testing). Additionally, a 
number of baseline ECG abnormalities may mask 
ischaemic changes, including bundle branch 
blocks, left ventricular hypertrophy, ST depres-
sion at baseline, and pre-excitation, as well as 
changes that occur with digoxin use. Because of 
this, and the aforementioned reasons, both the 
sensitivity and specificity are relatively low.

Stress echocardiography. Stress echocardiography 
employs a mixed chronotropic and inotropic stress 
to induce ischaemia, and can be achieved by exer-
cise (treadmill or stationary bike) or using dobuta-
mine. Ventricular wall motion is observed at 
baseline and then at peak ‘stress’. While normally 
perfused segments will become increasingly con-
tractile, ischaemic segments will become hypoki-
netic, and if sustained, dyskinetic. ECG monitoring 
is also performed and thus with the addition of wall 
motion imaging, has a higher sensitivity and speci-
ficity than ECG alone. Other benefits include the 
ability to assess ventricular and valvular function, as 
well as to semi-quantitatively assess the region and 
burden of ischaemia, should it be detected.47 
Image quality can be a limiting feature owing to 
patient factors (e.g. obesity, chest deformity) and 
operator dependency, although some of this can be 
offset with the use of (relatively expensive) non- 
nephrotoxic intravenous contrast material.48

Nuclear perfusion imaging. Nuclear imaging tech-
niques such as SPECT (single positron emission 
computed tomography) or stress PET (positron 
emission tomography) aim to induce hyperaemic 
perfusion defects using either indirect (exercise or 
dobutamine) or direct (adenosine or dipyridam-
ole) microvascular dilatation. Exercise and dobuta-
mine increase myocardial oxygen ‘demand’ and 
cause a secondary microvascular dilatation to 
increase ‘supply’. In contrast, adenosine (and 
dipyridamole through its ability to prevent the 
breakdown of endogenous adenosine) directly 
binds to receptors in the microvasculature, causing 
dilatation and hyperaemia. In the context of a 
haemodynamically significant coronary stenosis, 
there is obstruction to an increase in flow and thus 

patent epicardial vessels are able to ‘steal’ blood 
flow horizontally. By administering a radioactive 
tracer at stress and baseline, areas of reduced tracer 
at stress represent perfusion defects, and thus iden-
tify sites of potential epicardial stenosis. SPECT is 
more commonly available (and less expensive) 
than PET; however, the latter uses less radiation 
overall and may be favoured in women. The limita-
tions of SPECT are that it is prone to artefacts, 
particularly from motion and soft tissue, and 
requires not insignificant radiation exposure. Fur-
thermore, SPECT relies on relative perfusion of 
defects and thus may under-recognize ‘balanced’, 
or regions of simultaneous myocardial ischaemia 
in patients with multivessel disease.49 Adenosine 
(and therefore dipyridamole) is contraindicated in 
patients with high-grade atrioventricular nodal 
conduction disease, as well as bronchospastic air-
ways disease. The features and metrics of SPECT 
and PET are compared in Table 2.49,50

Cardiac magnetic resonance imaging. CMR imaging 
has become a useful multifaceted modality for the 
diagnosis of CAD.50,51 Reversible perfusion defects 
can be detected using adenosine and gadolinium 
contrast in the same way adenosine and radioactive 
tracers are applied in nuclear imaging. This approach 
also allows the detection of late gadolinium enhance-
ment, which is a useful marker of myocardial scar-
ring and adds little to the overall duration of the 
study. The requirement for gadolinium can be limit-
ing as it is contraindicated in patients with reduced 
kidney function (usually <30 ml/min/m2) as it has 
been associated with nephrogenic systemic fibrosis, a 
rare but untreatable scleroderma-like condition.52 In 
patients with either a gadolinium or adenosine con-
traindication, regional wall motion abnormalities 
can be evaluated with dobutamine which is anaolo-
gous to stress echocardiography. CMR tends to be 
expensive and less available, particularly in centres 
without a dedicated cardiac scanner. Moreover, the 
central magnet bore can cause limiting claustropho-
bia in up to 15% and may not comfortably accom-
modate morbidly obese patients.53

Choosing a diagnostic test
There is no convincing evidence that one particu-
lar test is significantly better than any other in the 
unselected population for the diagnosis of CAD. 
Instead, this decision needs to be made on a num-
ber of system-, patient- and test-related factors 
(Figure 2). Rather than recapitulate Society 
guidelines, the following are some key considera-
tions when choosing a diagnostic test.
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 • Can the patient exercise? If pursuing a func-
tional test, using exercise as the method for 
stress is logistically simpler, less expensive 
and may be associated with a higher specific-
ity than pharmacological stimulus.54 Of 
note, the percentage of patients undergoing 
pharmacological stress imaging relative to 
exercise stress imaging is increasing, at least 
in part due to the investigated population 
becoming increasingly frail and overweight.55 
That being said, over 50% of patients 
referred for pharmacological stress tests in 
one study were able to complete a Bruce or 
Naughton protocol, suggesting many pro-
viders underestimate exercise capacity.56 
This is of particular importance as adenosine 
and dobutamine, while generally well toler-
ated, are not without risk – complete heart 
block and bronchospasm in the former, 
arrhythmia in the latter.57 Exercise stress 
echocardiography and exercise nuclear scans 
are the preferred options over exercise ECG, 
given their higher sensitivity and specificity 
overall. The ability to exercise is not dichot-
omous, however, and for most stress tests to 
be diagnostic there is a need to obtain 85% 
maximal heart rate. When exercise capacity 

is suboptimal, there is a greater likelihood of 
the test being not only nondiagnostic and 
thereby requiring an additional test, but also 
insensitive and carrying the risk of a false-
negative result. Furthermore, recent con-
sumption of beta/calcium channel blockers 
or caffeine may hinder ‘urgent’ testing for 
exercise/dobutamine or vasodilator testing, 
respectively.

 • What are the local expertise and availability? 
Although exercise ECG offers the least sen-
sitivity and specificity, it is widely available 
and in regional or resource-limited settings 
this may be a pragmatic first (but not defini-
tive) step in the diagnostic approach to 
CAD. Some centres will have the full spec-
trum of imaging modalities while others 
may have only one (nuclear or stress echo-
cardiography, for example). In these set-
tings, ordering a test that can be performed 
in a timely manner and reliably reported by 
a team with experience is preferable. Costs 
for each of these tests vary widely and, par-
ticularly in health systems where patients 
are out-of-pocket, ought to be considered 
upfront and discussed directly with the 
patient.

Figure 2. Considerations when choosing an investigative modality for suspected coronary artery disease.
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 • Specific considerations for women. Most con-
sensus statements suggest the avoidance of 
chest radiation in women and thus stress 
echocardiography is often preferred. 
However, there are some data emerging 
from recent clinical trials that CCTA may 
offer greater prognostic information than 
functional testing in women,58 although this 
awaits further confirmation. The use of 
ECG stress testing in women is strongly dis-
couraged as most studies report reduced 
diagnostic performance overall,59 poten-
tially mediated by a lower pre-test probabil-
ity and reduced exercise capacity given a 
generally older age at presentation.60 
Although outside the scope of this review, 
there is growing recognition of the broader 
range of coronary pathology that women 
present with beyond atherosclerotic CAD. 
To this end, it is perhaps unsurprising that 
classical diagnostic strategies aimed at dis-
cerning obstructive atherosclerosis are 
underwhelming when women are more 
likely than men to suffer from microvascular 
disease, spasm and spontaneous coronary 
dissection.61

 • Technical patient-level considerations. Stress 
echocardiography suffers from operator 
dependence and variable image quality. 
Obese patients or those with chest abnormali-
ties (e.g. hyperexpansion from chronic 
obstructive pulmonary disease) may not have 
easily interpretable images using standard 
echocardiography. While this can be offset 
with contrast enhancement, this may not be 
available in all centres. In this context, nuclear 
imaging or CCTA may be preferable, 
although in obese patients this comes at a cost 
of greater proportional radiation exposure. 
While some studies have raised concerns 
about reduced CT image quality from soft 
tissue attenuation, more recent techniques 
seem to have overcome this limitation.62 As 
obesity reaches epidemic proportions, the 
diagnostic evaluation of overweight and obese 
patients is likely to become an increasingly 
common and challenging dilemma.

Evidence for a functional approach
Decades of large cohort studies in those with sus-
pected and established CAD have demonstrated 
the extent and severity of ischaemic burden to be 
associated with a stepwise increase in the rates of 

myocardial infarction and cardiovascular death. 
This has been shown in exercise treadmill test-
ing,63 stress echocardiography64 and nuclear per-
fusion imaging.65 In complement, a meta-analysis 
of over 40,000 patients with approximately 
10 years of follow up demonstrated the absence of 
ischaemia (or normalcy) to confer an excellent 
prognosis, with cardiovascular event rates that 
approached those of the general population.66 
Similarly large analyses have been performed with 
PET67 and more recently CMR,68,69 yielding sim-
ilar results.

Although these data support the prognostic value 
of a functional assessment, it remains of ongoing 
interest whether it can be used to guide subse-
quent management. A detailed discussion on the 
approach to stable ischaemia is outside the scope 
of this review, but an understanding of the down-
stream implications of a diagnostic strategy is 
critical to a discussion of its overall performance. 
To this end, while risk stratification is of signifi-
cant clinical interest, it is of greater value if the 
finding is both modifiable and on the causal path-
way of outcomes, i.e. reducing or mitigating a 
functional abnormality will theoretically lead to 
improved outcomes. One of the earliest studies to 
evaluate this in a cohort without known CAD 
analysed >10,000 patients from a nuclear imag-
ing registry.70 Participants were followed for 
2 years and on subgroup analysis of those who 
received percutaneous coronary intervention 
(PCI) there was a graded reduction in cardiovas-
cular death in those with >10% ischaemic burden. 
Although detailed propensity scoring was per-
formed, it is nearly impossible to account for all of 
the factors that may have impacted on the like-
lihood of receiving revascularization. Consistent 
with unmeasured confounding is that only 39% 
of participants in the study that had >10% ischae-
mic burden on nuclear imaging actually received 
PCI, casting doubts on the generalizability of this 
finding. Recently, an upfront CMR-guided revas-
cularization strategy at a 6% inducible ischaemia 
threshold was associated with lower rates of angi-
ography (and presumably unnecessary revascu-
larization), but did not show a difference in hard 
clinical endpoints.71

Additional insight into the ischaemia–prognosis 
relationship comes from two key clinical trials – 
COURAGE and BARI-2D. The COURAGE 
(Clinical Outcomes Using Revascularization and 
Aggressive Drug Evaluation) trial randomized 
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participants with objective ischaemia confirmed on 
angiography to receive either medical therapy or 
PCI for a median follow up of 4.6 years.72 In a sub-
group analysis of the main trial, participants who 
had nuclear perfusion testing at baseline (1381 of 
2287) were dichotomized by ischaemic burden – 
‘no or mild’ versus ‘moderate to severe’. Although 
PCI was associated with a significant reduction in 
ischaemic burden in those who had repeat stud-
ies,73 there was no reduction in the rates of myocar-
dial infarction (MI) or death in either group.74 The 
BARI-2D (Bypass Angioplasty Revascularization 2 
Diabetes) study randomized patients with type 2 
diabetes and evidence of ischaemia on stress testing 
(confirmed on invasive angiography) to similarly 
receive medical therapy or revascularization.75 As 
with the COURAGE results, there was significantly 
less residual ischaemia observed in the revasculari-
zation arm, but no difference in the hard endpoints 
of MI or cardiovascular mortality.74 Meta-analysis 
of these and three other studies of patients with 
demonstrable ischaemia in the context of stable, 
symptomatic coronary disease showed that revas-
cularization provided no significant reduction in 
clinical endpoints.76

In summary, the available data suggest the rela-
tionship between ischaemia and prognosis is not 
altered by PCI and questions the validity of an 
ischaemia-driven revascularization approach. By 
extension, the basis of clinical events in these 
patients appears unlikely to arise from functionally 
significant lesions which generate ischaemia in 
subtended myocardium. Instead, it is more likely 
ischaemia is a marker for greater atherosclerotic 
burden and thus a greater volume of plaque poten-
tially at risk of rupture and subsequent hard clini-
cal events. This is supported by studies that show 
a strong relationship between atherosclerotic bur-
den assessed with CAC score, and functional 
ischaemia on nuclear imaging.77,78 Indeed, a direct 
comparison in a further subanalysis of the 
COURAGE trial showed that plaque burden 
independently predicted outcome, whereas 
ischaemia burden did not.79 Given that plaque 
events frequently occur on lesions that are not 
functionally significant,80,81 it is entirely consistent 
that a discrete intervention on a process removed 
from the causal pathway fails to reduce events. 
Although most recent studies have been direction-
ally consistent with this theory, both COURAGE 
and BARI-2D may have potentially suffered from 
selection bias in that all patients were randomized 

after angiography. This could have resulted in the 
highest risk patients being excluded from the stud-
ies and thus negating the potential benefit of 
revascularization. This has been the basis for the 
ISCHEMIA trial, which will randomize patients 
with a functional test demonstrating moderate-to-
high burden of ischaemia with blinded CT angi-
ography to either PCI or medical therapy.82 While 
the results will provide insight into the utility of 
PCI in this cohort, particularly in light of recent 
data suggesting a placebo effect of PCI,83 it will 
also help clarify the prognostic role of functional 
testing in the management of stable ischaemia.

Evidence for an anatomical approach
Historically the anatomical approach to diagnosis 
has focused around the finding of a ‘significant’ 
stenosis and thereby a categorical diagnosis of 
CAD. Although this approach has traditionally 
provided a useful construct with which to guide 
revascularization, there is growing recognition 
that the detection of a ‘significant’ stenosis is 
probably just a coarse marker for total atheroscle-
rotic burden. Elegant demonstration of this comes 
from over 11,000 participants undergoing ICA 
who were followed for 7 years. Those with ‘non-
obstructive disease’ (i.e. stenosis <50%) were at 
significantly higher risk than those without dis-
ease, and experienced cardiovascular events at the 
same rates as those with single-vessel disease.84

Although ICA provides a coarse, semi-quantitative 
assessment of atherosclerotic burden, the advent of 
CCTA has provided even deeper insight into this 
relationship. Registry data from over 20,000 symp-
tomatic individuals without established cardiovas-
cular disease undergoing CCTA demonstrated a 
linear risk continuum between cardiovascular events 
and plaque burden.85 Critically in this study, and 
other CAC data,86 there was no evidence of a 
threshold effect at either end of the spectrum, nor 
was there an inflexion point in those with lesions 
demonstrating >70% luminal obstruction. These 
observations provide insight into the potential supe-
riority of an anatomical assessment. For example, 
individuals diagnosed with nonobstructive ather-
oma, a group with up to sixfold risk of cardiovascu-
lar death than those without atheroma,87 would 
remain undifferentiated by a functional approach. It 
is potentially these individuals who may derive the 
most benefit from the administration of preventive 
therapies such as statins or aspirin.
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Leveraging this potential benefit, two key studies 
have evaluated the role of an anatomical assess-
ment on clinical outcomes. The PROMISE 
(Prospective Multicenter Imaging Study for 
Evaluation of Chest Pain) study randomized 
10,003 symptomatic outpatients to either CCTA 
or a functional test and were followed for 25 months. 
Similar clinical outcomes were observed in both 
arms, suggesting that an upfront CCTA approach 
was safe and may have improved the yield of ICA.88 
If the cohort had a higher event rate (overall rate 
was ~3%) with a greater burden of disease (12% 
had typical angina), there may have been an oppor-
tunity to demonstrate superior clinical outcomes 
from the institution of preventive therapy.89 
Support for this comes from a post hoc analysis of 
the SCOT-HEART trial which randomized 4,146 
patients to standard care (of which 85% received 
ECG stress and 9% received an imaging stress test) 
or standard care plus CCTA. At 4.8 years there 
were similar rates of revascularization; however, the 
CCTA arm had a lower rate of death or nonfatal 
MI [2.3% (n = 48) versus 3.9% (n = 81); HR, 0.59 
(95% CI 0.41–0.84), p = 0.004].90 An earlier post 
hoc analysis of the same signal suggested this bene-
fit may have been, at least in part, associated with 
the introduction of preventive therapies, such as a 
statin and aspirin, as this was mandated in the 
CCTA arm.91

In summary, the current evidence suggests that 
while rates of ICA may be slightly higher for a 
CCTA-based approach, there may be net benefit 
derived through the detection of individuals with 
atheroma that would not have otherwise have been 
identified on functional imaging and subsequently 
receive preventive management. Functional test-
ing continues to have a role in delineating.

For those with moderate to severe stenoses on 
CCTA, functional testing continues to have a 
general role in prognosis and to identify patients 
likely to benefit from ICA and subsequently 
symptom-driven revascularization.

Evolving approaches
Given the complementary information provided 
by both anatomical and functional testing, there 
is growing interest in approaches that provide 
both plaque and ischaemic data. In the setting of 
ICA, techniques using pressure or flow wires have 
been described to evaluate the haemodynamic 
significance of an ‘intermediate’ lesion, thereby 

influencing a decision to perform PCI. These 
techniques have generally required the use of 
adenosine (in the same way perfusion imaging is 
performed, above); however, more recent appli-
cations have used the intrinsic characteristics of 
blood flow alone,92 or under the influence of 
saline or contrast injections.93 Studies utilizing 
some form of intravascular functional assessment 
compared to ICA alone have generally shown 
greater specificity of CAD ‘significance’, and thus 
a tendency to reduce likely unnecessary PCI,,94,95 
and the potential to meaningfully change man-
agement and revascularization strategy when per-
formed upfront in ICA (CABG versus PCI versus 
optimal medical therapy).96,97 In line with the ear-
lier discussion around functional significance, it 
remains unclear whether an invasive functional 
assessment significantly impacts hard outcomes 
beyond urgent revascularization.98,99

In the noninvasive hybrid imaging sphere, CCTA 
can be augmented by quantitating perfusion [CT 
myocardial perfusion imaging (CT-MPI), analo-
gous to CMR by detecting passage of iodinated 
contrast into the myocardium] and/or deriving an 
index of flow reserve (CT fractional flow reserve, 
or CT-FFR, analogous to invasive FFR) using 
computational fluid dynamics. Both approa-
ches provide incremental prognostic information 
with comparable cost-effectiveness compared  
to ICA.100,101 As computational requirements 
improve and costs fall, broader availability may 
see hybrid CT becoming the premier gatekeeper 
for ICA.102,103 However, whether a hybrid CT as 
the dominant noninvasive test upfront improves 
hard clinical endpoints will be informed by ongo-
ing clinical trials [FORECAST (Fractional Flow 
Reserve Derived from Computed Tomography 
Angiography in the Assessment and Management 
of Stable Chest Pain; ClinicalTrials.gov identi-
fier: NCT03187639) and PRECISE (Prospective 
Randomized Trial of the Optimal Evaluation  
of Cardiac Symptoms and Revascu-larization; 
ClinicalTrials.gov identifier: NCT03702244)] 
studies.

Beyond conventional anatomical and haemody-
namic assessments of plaque burden and lesion 
severity, respectively, molecular imaging tech-
niques are now providing deeper insight into both 
plaque behaviour and composition. If the premise 
linking plaque burden to outcomes is driven by 
the propensity for plaque ‘events’, molecular 
imaging theoretically could evaluate this metric 
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directly, with higher fidelity and potentially over 
time. Two nuclear tracers, 18F-sodium fluoride 
(18F-NaF) and 18F-flurodeoxyglucose (18F-
FDG) have been shown to concentrate in areas of 
microcalcification, inflammation and macrophage 
burden, as well as to identify sites of recent clini-
cal plaque rupture.104,105 Whether or not this 
information can predict sites of disease progres-
sion or those plaques at risk of causing myocar-
dial infarction is being tested in the multicenter 
PREFFIR trial (Prediction of Recurrent Events 
with 18F-Fluoride) due for completion in the 
middle of 2020 [ClinicalTrials.gov identifier: 
NCT02278211].

Cost-effectiveness
Cost-effectiveness analyses are challenging to gen-
eralize given they are inherently dependent on 
local and regional economic factors, availability of 
imaging techniques, local expertise and disease 
prevalence – all of which are dynamic. Although a 
number of analyses have been performed compar-
ing one imaging technique to another, few have 
been done across all modalities and even fewer 
have captured the complexity of different tempo-
ral approaches to an investigative strategy. 
Furthermore, few studies have successfully cap-
tured all of the downstream subtleties – an expen-
sive test may be justified by the avoidance of 
downstream testing but even more so if it facili-
tates improved clinical outcomes through upstream 

management decisions, i.e. the adoption of pre-
ventive therapies where indicated, or the avoidance 
of disutility from long-term medication use where 
not required. One of the more complete studies in 
this area developed a microsimulation model to 
compare CCTA with stress imaging and was ana-
lysed from the perspective of three different health 
systems: the Netherlands, the UK and the USA.106 
A target population of 60-year-old patients with an 
intermediate pre-test probability of CAD was 
selected and 16 different diagnostic pathways stud-
ied involving the following permutations: no imag-
ing, CCTA, stress imaging, CCTA followed by 
stress imaging and direct invasive angiography. 
The analysis utilized Markov state-transition mod-
elling with a lifetime horizon for long-term progno-
sis (alive, post-MI and dead) as well as the impact 
on quality of life and outcomes from treatment of 
inducible ischaemia based on COURAGE data, as 
well as the implications of false-positive results. 
The summary suggested in the modelled cohort 
that CCTA was a cost-effective initial strategy 
prior to stress imaging across all of the studied 
regions. The comparisons between stress imaging 
tests suggested. There performance of the stress 
imaging approaches was similar however, owing to 
its lower cost, stress echocardiography was deemed 
the most cost-effective stress imaging modality. 
These results, and internal NICE modelling,107 
resulted in the adoption of CCTA as the initial 
strategy for investigating intermediate-risk stable 
chest pain.8

Figure 3. Complementary roles of anatomical, functional and hybrid imaging modalities.
CACS, coronary artery calcium scoring; CCTA, coronary CT angiography; CT, computed tomography; FFR, fractional flow 
reserve; ICA, invasive coronary angiography; MPI, myocardial perfusion imaging.
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Conclusion
Despite being a foundational pillar in clinical 
medicine, the optimal approach to the diagnosis 
of CAD remains contentious. Historical goal-
posts set against the faithful determination of a 
functional or anatomical threshold for ischaemia 
have been challenged by clinical trial evidence, 
which has failed to demonstrate improved out-
comes through its mitigation. These studies have 
revealed ischaemia to be an important marker for 
cardiovascular outcomes, but likely separate 
from the causal pathway of hard clinical events. 
Instead the growth of noninvasive CT anatom-
ical assessment has provided new insights into 
the risk continuum between plaque burden and 
adverse outcomes. The lack of durability 
observed with a lesion-level, ischaemia-focused 
strategy to date lends further support to the the-
ory that a systemic approach to preventive ther-
apy is likely to result in improved cardiovascular 
outcomes. As it currently stands, functional and 
anatomical approaches provide complementary 
information; stress testing continues to provide 
guidance for potential revascularization in cur-
rent guidelines, yet anatomical testing may addi-
tionally identify individuals likely to benefit from 
preventive therapy (Figure 3). Decisions sur-
rounding which test, in whom, in what order, 
and when, continue to have patient-, modality- 
and system-level considerations. Outcome trials 
evaluating hard clinical endpoints comparing not 
only different testing modalities but also care 
pathways are likely to provide critical insight into 
some of these unanswered questions.
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