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CORRESPONDENCE ABSTRACT

Invasive coronary angiography (ICA) completed by fractional flow reserve (FFR) assessment
represents the main procedure that is performed in the decision process for coronary revascu-
larization. Coronary Computed Tomography Angiography (CCTA) is an effective method used
in the noninvasive anatomic assessment of coronary artery disease (CAD). However, CCTA
tends to overestimate and does not offer hemodynamic data about the coronary lesions. Re-
cent progresses made in the research involving computational fluid dynamics and image mod-
eling permit the evaluation of FFRCT noninvasively, using data obtained in a standard CCTA.
Studies have shown an improved precision and discrimination of FFRCT compared to CCTA
for the diagnosis of significant coronary artery stenosis. In this review, we aimed to summarize
the role of CCTA in CAD evaluation, the impact of FFRCT, the scientific basis of this novel
method and its potential clinical applications.
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BACKGROUND

Cardiovascular disease (CVD) remains the leading cause of death in Europe and

3 , around the world. In particular, coronary heart disease (CAD) has the highest
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incidence among all cardiovascular diseases, representing 46.2%.! CAD devel-
ops silently over the years, with a long asymptomatic phase before clinical pre-
sentation, which has a wide spectrum, ranging from stabile angina to sudden
cardiac death. The underlying condition of CAD is represented by coronary ste-
nosis due to vascular atherosclerosis.

CAD investigation and treatment remain points of interest due to the high
morbidity and mortality associated. Evaluation of coronary stenosis in order to
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identify patients, which will develop major cardiovascu-
lar events represents a challenging topic in cardiovascular
and imaging research, essential in the prevention of CAD.
Early recognition of clinically significant coronary stenosis
is of great importance in patient work-up.

Invasive coronary angiography (ICA) is the main inves-
tigation method in the diagnosis of patients with suspected
or known coronary stenosis, having the advantage of guid-
ing interventional revascularization in the same interven-
tion.2? In order to characterize lesions according to their
hemodynamic effects, ICA can be aided by functional flow
reserve (FFR).

Computed Tomography Angiography (CTA) develop-
ment offered the possibility of noninvasive evaluation of
coronary arteries, and has emerged, nowadays, as an effec-
tive method in CAD and cardiovascular risk assessment.*
CCTA offers data about coronary anatomy and is useful in
plaque characterization. However, it does not offer infor-
mation about the hemodynamic impact of stenotic lesions.

Developments in computational fluid dynamics and
image-based simulations have lead to the possibility of ob-
taining data about the hemodynamic impact of coronary
stenosis, by determining FFR noninvasively based on a
CCTA examination.?

In this review, we aimed to summarize the contribution
of CCTA in coronary plaque characterization, the impact
of FFRCT in cardiovascular patients evaluation, the scien-
tific basis of this noninvasive method, the benefits in thera-
peutic decisions of this new technique, and its potential
clinical applications.

INVASIVE EVALUATION OF CAD

ICA is considered the standard evaluation used in CAD
diagnosis. By visual estimation, it appreciates coronary
stenosis according to luminal diameter narrowing. Using
X-rays and a radiopaque contrast medium, ICA offers in-
formation about occlusion percentage, and provides a
road map for therapeutic strategies. However, it is known
to have limited value in offering functional information
about coronary stenotic lesions.

Besides detecting coronary stenosis, identifying the
hemodynamic impact was established as the most im-
portant factor in patient outcome.® Even if the associa-
tion between coronary stenosis and coronary flow was
demonstrated and was considered more predictable for
lumen diameter narrowing over 70%, the degree of coro-
nary stenosis that causes significant reduction in the flow
and subsequent ischemia is variable, especially in moder-
ate severity lesions (30-70%).7-2 Recent studies revealed
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an unreliable relationship between stenosis severity and
ischemia.’

Revascularization decision requires objective evidence
of ischemia.’ Percutaneous coronary revascularization is
indicated for hemodynamically significant stenotic lesions
that produce ischemia, while in hemodynamically nonsig-
nificant lesions, medical therapy is preferred.!® Therefore,
assessing the functional implication of stenotic lesions is
the key for therapeutic decision and can be assessed by de-
termination of FFR during ICA.

By definition, FFR is the ratio between the maximum
blood flow in a narrowed artery and the maximum blood
flow in the same artery in the absence of stenosis. It is mea-
sured using a catheter with a pressure sensor that records
the gradient across a stenosis, after the induction of maxi-
mal hyperemia with vasodilating agents (usually adenos-
ine), the normal value being 1.0, regardless of the patient,
the vessel or the blood pressure.!! FFR values lower than
0.75 are considered to associate ischemia, while values
over 0.80 are considered negative for ischemia.!? Studies
have shown that revascularization of positive FFR steno-
sis significantly decreased ischemia and improves patient
outcome, while postponing the stenting of negative FFR
stenosis is safe and has an excellent outcome.!3:14 Also, re-
perfusion therapy for lesions that do not induce ischemia,
has no clinical or survival benefits compared to pharmaco-
logical treatment only, and it exposes patients to unneces-
sary procedure risks, highlighting the need of functional
evidences prior to revascularization.!s

As it indicates ischemia determined by a specific lesion,
FFR emerged as an independent predictor in patient out-
come and is currently considered the gold standard for re-
vascularization decision.>* Interventions guided by invasive
FFR had an improved event-free survival and reduced costs,
compared with revascularization based only on ICA.1617

However, ICA is an invasive method with limitations,
including underestimation of stenosis due to lack of visual-
ization, extended costs for the numerous resources used in
FFR measurement, and known risks that include radiation
and a small possibility of secondary major complications.!®

NONINVASIVE CCTA EVALUATION OF CAD

CCTA has emerged as a valuable instrument in the non-
invasive evaluation of patients with low and intermediate
risk of CAD. Recent technological progression, including
mechanical and software advances, improved not only
CCTA acquisition parameters, which can be obtained now
during a single breath-hold with reduced radiation dose,
but also reconstruction image quality.!?
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Lesion complexity (including location, vessel tortuos-
ity and major calcifications) was indicated to influence not
only interventional treatment procedure complexity, but
also short- and long-term outcomes, and preprocedural
CCTA patient evaluation and lesion characterization be-
came an important step in PCI planning.20-2!

With improved spatial and temporal resolution, CCTA
offers three-dimensional images of the coronary arteries
and may characterize stenotic lesions. CCTA provides a
detailed anatomic evaluation of coronary artery lesions,
identifying the extent of the stenosis and its severity. More
than 70% luminal narrowing of the coronary arteries is
widely accepted as the anatomical threshold for signifi-
cant CAD.!2 However, studies showed that CCTA severe
stenoses are only modestly predictive of ischemia.* CCTA
is also useful to assess stenotic lesions according to plaque
morphology.22 By measuring tissue densities, CCTA is use-
ful in evaluating the content of coronary lesions, appreciat-
ing low-attenuation components and spotty calcifications,
identified as indicators of high risk plaque, as well as other
characteristics such as positive remodeling and aggregate
plaque volume, factors that may relate to lesion-specific
ischemia.?32+

CCTA is an accurate procedure; a recent meta-analysis
which quantified the diagnostic performance of CCTA by
using ICA as reference, reported high sensitivity, specific-
ity, positive and negative predictive values of 97%, 90%,
93% and 96% respectively.2s A limitation of CCTA is over-
estimation of CAD incidence and degree, due to blooming
artifacts from calcium deposits or moving artifacts. This
may significantly increase false positive diagnosis rates,
and leads to unnecessary ICA and revascularization.26

Assessing the hemodynamic significance of coronary
stenosis is a critical step in therapeutic decision.® Several
noninvasive methods including MRI, IVUS and SPECT
provide functional information about CAD, but they do
not visualize coronary stenosis directly, offering a complex
assessment of coronary lesions. In order to have a com-
plete characterization of CAD, hybrid imaging was devel-
oped, but it requires two methods: CCTA for the anatomic
evaluation and stress tests for physiologic information.

Obtaining functional information and an anatomic char-
acterization of coronary lesions using a single noninvasive
method is one of the most challenging topics in recent car-
diovascular imaging research.

Recent improvements in computational fluid dynamics
applied for the coronary flow, and development of image-
based modeling enabled calculation of FFR noninvasively,
using data acquired during a standard CCTA, without ad-
ditional imaging, medication, contrast or radiation.?’
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Scientific Basis for FFRCT

Developers of this new method established that FFRCT
computation requires three elements: (1) construction of
a 3D anatomical prototype of the coronary arteries; (2) a
mathematical model of coronary physiology and (3) a nu-
merical formula to explain the laws of physics involved in
fluid dynamics.?” The first two elements are specific to each
patient, while the equations describing blood flow dynam-
ics are universal and can be applied in different patients.

The 3D patient-specific anatomic model is obtained by
processing image data acquired during CCTA. Construc-
tion involves segmentation algorithms, which extract the
luminal boundary of coronary arteries and their branches,
followed by the discretization phase, when a geometrical
triangular network is fitted to the segmented data.'2 Good
quality images are the key element of a valuable FFRCT as
all the following computations are based on them.

Computational simulations of flow and pressure in the
coronary tree are based on the universal Navier-Stokes
equations that rule fluid dynamics. They describe the corre-
lation between conservation of mass and balance of momen-
tum, explaining coronary flow and pressure as a function of
three spatial coordinates and time, with blood considered
as a Newtonian fluid. Because they are nonlinear partial dif-
ferential equations, they can only be elucidated under ideal
conditions. For a coronary model specific for a patient, a
mathematical approximation method must be used for ve-
locity and pressure at a finite number of points. This entails
resolving millions of equations and repeating the process
thousands of times during one cardiac cycle.” To facilitate
these calculations, boundary conditions need to be set.

In order to generate a personalized prototype for coro-
nary physiology, the boundary conditions include: cardiac
output, aortic pressure and microcirculatory resistance,
and they have to be assigned taking into account three
underlying principles. Firstly, the total coronary blood
stream at rest can be quantified from the myocardial mass
determined by CCTA. The second principle states that
the microvascular bed at rest is inversely proportional to
the coronary artery dimension, thus the vascular caliber
adapts to the amount of flow they carry. Thirdly, the mi-
crocirculation has a foreseeable vasodilatatory answer to
adenosine, which allows the simulation of maximal hyper-
emia state in the computational model.2

Finally, the integration of the dynamic physiological
model of coronary flow to patient-specific anatomy allows
FFRCT computation as the ratio of coronary pressure to
aortic pressure under simulated maximal hyperemic con-
ditions.
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Clinical Performance of FFRCT

The diagnostic capacity of FFRCT in patients with assumed
CAD has been tested in four multicenter prospective stud-
ies: DISCOVER-FLOW — ‘Diagnosis of Ischemia-Caus-
ing Stenoses Obtained via Noninvasive Fractional Flow
Reserve’, DeFACTO — ‘Determination of Fractional Flow
Reserve by Anatomic Computed Tomographic Angiogra-
phy’, NXT — ‘Analysis of coronary Blood Flow Using CT
Angiography, Next Steps’ and PLATFORM — ‘Prospec-
tive Longitudinal Trial of FFRCT: Outcome and Resource
Impacts’.

The first trial, DISCOVER-FLOW was conducted in 4
centers and it compared the diagnostic performance of
FFRCT versus CT in assessing stenosis severity, using
invasive FFR as a reference. The study included 103 pa-
tients with known or suspected CAD, for which CT, ICA,
invasive FFR measurements and computation of FFRCT
was performed. The results showed a superior diagnostic
performance of FFRCT compared with CCTA alone, with
a diagnostic accuracy of 84% for FFRCT compared with
59% for CCTA.»

Subsequently, the DeFACTO trial, which included 252
patients with known or suspected CAD, from 17 centers,
compared the diagnostic performance of FFRCT in iden-
tifying hemodynamically significant coronary stenosis,
to the standard FFR, assessed invasively. By individually
analyzing each patient, FFRCT was superior to CCTA in
identifying ischemic lesions, in terms of sensitivity (90%
vs. 84%), specificity (54% vs. 42%), PPV (67% vs. 61%) and
NPV (84% vs. 72%). The trial showed an improved accuracy
in diagnosis for ischemia-causing stenosis of FFRCT (73%)
compared to CCTA alone (64%). Also, FFRCT presented
superior ability to discriminate between patients with or
without ischemia. A particular aspect was demonstrated
in patients with intermediate stenosis, where sensitivity in-
creased more than 2-fold, with no loss of specificity.3

The NXT trial is the largest one, incorporating results
from two previous studies that used FFRCT computation
as the latest generation technique. NXT is a study designed
to assess the diagnostic ability of FFRCT in detecting flow-
limiting obstructive coronary lesions, compared to the
reference standard, which is invasively measured by FFR.
Two hundred fifty-four patients from 10 sites underwent
ICA with FFR, CCTA and FFRCT computation. Com-
pared with previous studies, NXT integrated technologi-
cal improvements in physiologic modeling and focused
on the quality of the CCTA images that were used. The
primary end-point of the study was to determine the diag-
nostic performance of noninvasive FFRCT compared with
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coronary CCTA alone, and to determine the presence of
hemodynamically significant coronary lesions. The second
objective was to assess the diagnostic precision, sensitivity,
specificity, PPV and NPV of FFRCT. The NXT trial dem-
onstrated a good correlation between invasive and non-
invasive FFR.3! A substudy of the NXT trial revealed that
there were no differences in FFRCT diagnostic accuracy,
sensitivity, specificity, PPV and NPV in patients with high
Agatston scores that indicate coronary calcifications.3

The latest published trial, PLATFORM, was performed
in 11 centers from Europe and evaluated 584 patients with
stable CAD, in order to determine the effect on cost and
quality of life by using FFRCT compared to usually used
methods. The study concluded that an evaluation strategy
based on FFRCT was associated with lower costs within
90 days and less resource use than evaluation with ICA.
Also, patients who underwent FFRCT showed a greater
improvement in their quality of life compared to those
with usual noninvasive assessment.3?

Currently, there are no guidelines to provide recom-
mendations about FFRCT in clinical settings. FFRCT
testing should be used for intermediate stenosis, where
studies demonstrated higher diagnostic performance and
CAD guidelines recommend additional ischemia testing.
FFRCT interpretation is referred to the same value as in-
vasive FFR: stenoses with an FFRCT lower than 0.75 in
general cause ischemia, while lesions with FFRCT higher
than 0.80 rarely present hemodynamic significance. For a
FFRCT value between 0.75 and 0.80 therapeutic decisions
should take into account all available information, espe-
cially symptom severity.

CONCLUSION

FFRCT is a promising novel procedure that provides both
anatomic and functional assessment of CAD, using data
obtained from standard CCTA as a single noninvasive test,
without additional radiation or contrast. Interdisciplin-
ary research including cardiology, radiology, physiology,
physics, mathematics and computational science allowed
the development of FFRCT. Studies revealed that FFRCT
has an improved diagnostic accuracy in identifying hemo-
dynamically significant CAD compared to CCTA alone,
mostly by reducing the false positive rate. This new tech-
nology may play an important role in the therapeutic de-
cision process, in selecting patients who will benefit from
medical treatment or further invasive evaluation and re-
vascularization. FFRCT can identify intermediate steno-
ses in order to avoid unnecessary invasive procedures. In
the future, this method could be adjusted and applied for
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cardiovascular disease involving other regions, including:
cerebrovascular, peripheral or renal.
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