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Graphical Abstract CTCA is rapidly becoming a ‘one-stop shop’ for the investigation of patients with stable chest pain. With the rise of
CTCA worldwide, distinct groups of patients will be frequently encountered: those with no detectable atherosclerosis, those with atherosclerosis
which is minor, those with atherosclerosis of questionable haemodynamic importance, and those with obstructive disease clearly visible on anatomic-
al assessment. FFRCT is likely to be most useful for patient care and resource minimization in the minor and equivocal stenosis groups where FFRCT

can be a gatekeeper for invasive procedures. Within the group with no atherosclerosis, only new AI-based technologies, such as FAI, will be useful
for adding yield to the CTCA through enhanced risk stratification, and such technologies can also be applied across all stages of disease. AI, artificial in-
telligence; CTCA, computed tomography coronary angiography; FAI, fat attenuation index; FFRCT, fractional flow reserve computed tomography;
FRP, fat radiomic profile.
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First devised as an invasive measurement of the clinical relevance of
coronary artery stenosis, fractional flow reserve (FFR) has become
widely utilized for identifying coronary lesions in need of revasculari-
zation at the time of invasive coronary angiography (ICA).1 European
guidelines recommend pressure wire-based FFR or instantaneous
wave-free ratio measurements before revascularization, especially
when prior testing for myocardial ischaemia is either inconclusive or
unavailable.2 Indeed, FFR is the gold standard test to tell us whether a
coronary atherosclerotic lesion is haemodynamically significant. This
is achieved by measuring the ratio of the coronary artery pressure
distal to the lesion divided by the coronary pressure proximal to the
lesion (or at the aortic root), under maximal hyperaemic conditions
during ICA. Although FFR-guided revascularization improves clinical
outcomes,2 it still forms part of an invasive procedure. Only a few
years ago, the clinical cardiology community could not imagine a
world where FFR could be performed non-invasively, allowing only
those patients eligible for revascularization to end up on the cath-lab
table. The hope for non-invasive FFR is being realized with the ad-
vancement of computed tomography coronary angiography (CTCA)
and the ground-breaking developments of computational fluid dy-
namics during the last decade.3

The growing acceptance of CTCA as a first-line diagnostic test for
stable chest pain in the recent ESC guidelines4 accelerated the adop-
tion of methods using computational fluid dynamics to interrogate
the haemodynamic significance of coronary atherosclerotic lesions.
Indeed, computed tomography-derived FFR (FFRCT) has emerged as
the most practical non-invasive means to assess the haemodynamic
significance of coronary atherosclerotic lesions. Despite its methodo-
logical limitations, FFRCT has generated the expectation among the
clinical community that it will offer a safer, cheaper, and more
patient-friendly way to replace invasive FFR. But is this indeed the
case?

In this issue of the European Heart Journal,5 the FORECAST investi-
gators set out to determine the cost implications of FFRCT in a popu-
lation of 1400 patients with stable chest pain undergoing CTCA,
compared with standard of care in the UK.6 The trial also considered
secondary outcomes of upmost relevance to patient care: major ad-
verse cardiac and cerebrovascular events (MACCE) and general
well-being, including quality of life and angina status.

It is important to note that the FORECAST trial occurred follow-
ing the publication of specific NICE Medical Technologies Guidance
on the use of FFRCT

7 that predicted substantial cost savings for the
UK’s health service with the use of the test. Given this, the major find-
ings from FORECAST are very timely: in a cohort of patients with sta-
ble chest pain, there was no significant difference in cost over
9 months between those randomized to CTCA with FFRCT vs. stand-
ard of care. The study was only designed to investigate resource allo-
cation between those randomized to CTCA with selective FFRCT

and those randomized to usual care, not to investigate cost benefits
or patient care benefits of specific alternative investigation strategies
such as stress echocardiography. The findings reveal that the ICA
rate and the coronary revascularization rate were not reduced
enough in the experimental arm to balance the costs of the CTCA
and the FFRCT.

Secondary outcomes were predominantly non-significant—an im-
portant finding. The trial found no significant difference in MACCE,
angina symptoms, quality of life, or requirement for coronary

revascularization. Importantly, those investigated with FFRCT were
22% less likely to receive ICA compared with those in the standard
care arm. This is a key finding given the purposes of FFRCT discussed
initially. Further, those investigated with FFRCT were 52% less likely
to receive an ICA that showed no obstructive lesions. This is a finding
worthy of note, given that CTCA tends to overestimate the severity
of coronary atherosclerotic lesions. So, patients who have FFRCT

seem to achieve a similar quality of life and clinical outcome to those
who follow the standard care, but with fewer invasive procedures.

How does FFRCT fit into the ‘big
picture’ of CTCA-driven clinical
care?

The FORECAST trial does not address the critical question of when
exactly FFRCT should be utilized in the clinical care pathway. FFRCT

may be of most use when CTCA has been performed for stable chest
pain, and angina symptoms persist despite optimum medical therapy.
FFRCT could be retrospectively assessed on the original CTCA with
the goal to assess suitability for revascularization. Further randomized
trials are needed to elucidate the possible cost-effectiveness of
FFRCT in this setting. Another factor expected to improve the accur-
acy of FFRCT is the technological advancement of the CT hardware.
Photon-counting CT scanners are expected to eliminate the number
of non-diagnostic (or low-confidence) analyses for FFRCT due the
expected reduction of noise levels and beam hardening artefacts.

Given the upgrade of CTCA to a class I indication for the investiga-
tion of stable chest pain in the 2019 ESC Guidelines for the diagnosis
and management of chronic coronary syndromes,4 it is important to
map out the new opportunities that modern CTCA has to offer.
CTCA-guided management of chest pain inevitably generates four
categories of patients that may require a different therapeutic ap-
proach (Graphical Abstract).

i. Patients where obstructive coronary artery disease is evident, who
can be referred for revascularization or start medical management.
Following the results of the ISCHAEMIA trial,8 if left main stem sten-
osis is excluded, the patient could be treated with tablets, but an
FFRCT could be requested on the existing CTCA only if symptoms
persist, to guide the revascularization strategy, especially in multives-
sel/multilesion disease. With the advance of CTCA hardware tech-
nologies and the introduction of FFRCT, the revascularization
decision is expected to be made more confidently, without the need
for ICA. The CTCA images can be analysed for the total plaque bur-
den, while identifying the vulnerable or inflamed plaques may help us
detect the ‘vulnerable patient’ and guide aggressive medical manage-
ment. Detecting the inflammatory burden of plaques or the overall
inflammatory burden of the coronary tree evaluated by technologies
studying perivascular fat attenuation [e.g. perivascular fat attenuation
index (FAI)]9 or perivascular fat radiomic profile (FRP)] offers new
opportunities for personalizing treatment decisions focused on
improving prognosis.10

ii. Patients with coronary atherosclerosis of questionable haemo-
dynamic importance. These are the patients whose treatment can be
guided by FFRCT. The default use of FFRCT to interrogate these pla-
ques does not yield a health economic benefit.5 However, if the pa-
tient is treated with tablets and an FFRCT is requested on the existing
CTCA only if symptoms persist, the cost-effectiveness of the test is
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expected to be much higher. This population may also benefit from
more advanced plaque characterization by studying plaque compos-
ition (e.g. calcified/non-calcified plaque burden) and by analysing the
inflammatory burden of the plaques or the overall inflammatory bur-
den of the coronary tree with perivascular fat analysis,9,10

iii. Patients with atherosclerosis which is clearly not haemodynamically
significant. These patients are often dismissed as of limited interest,
but they can be a source of future heart attacks when minor (but
inflamed) plaques rupture. This is a new population created as a re-
sult of widespread use of CTCA who sit between primary and sec-
ondary prevention and for which the current clinical guidelines give
conflicting messages. FFRCT may be important in this population as it
may provide the cumulative haemodynamic impact of diffuse disease
along a coronary artery, the prognostic value of which needs to be
confirmed in outcome trials. The same population will benefit from
plaque characterization11 as well as measurement of the coronary in-
flammatory burden using the FAI score12 or radiomic phenotyping,10

to allow accurate risk stratification that will then inform medical
decision-making. Coronary calcium scoring may also add some value
as a first investigation in untreated patients in this category, although
its value in secondary prevention (statin-treated populations) is lim-
ited by the fact that it detects stable, calcified plaques.

iv. Finally, �25% of the patients having CTCA in the modern era have no
detectable atherosclerosis. In these patients the risk for future heart
attacks is very low but not zero. Analysis of coronary inflammation using
artificial intelligence models such as perivascular fat phenotyping (FAI
score and FRP)10,12,13 could provide meaningful information, allowing
accurate refinement of their future cardiovascular risk, building imaging
on top of current risk stratification models such as the ESC SCORE2.14

CTCA is becoming the first-line test for investigation of the patient
with stable chest pain. Through the multiple approaches outlined
above, CTCA can guide revascularization procedures (using FFRCT),
allowing simultaneous extraction of information not achievable by
any other non-invasive test. This includes information about plaque
composition and plaque/arterial inflammation which can facilitate re-
allocation of resources and treatments to the vulnerable plaque and
the vulnerable patient. CTCA has great potential to render redun-
dant other widely used tests for ischaemia and significantly reduce
the number of unnecessary invasive diagnostic procedures. The com-
plete health, economic, and socioeconomic consequences of CTCA
can only be evaluated when CTCA is used as a ‘one-stop shop’, to
provide information about ischaemia, the vulnerable plaque, but—
most importantly—the vulnerable patient.
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