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Computed tomography coronary angiography (CTCA) is a technique proved to provide
high sensitivity and negative predictive value for the identiﬁcation of anatomically signiﬁcant coronary artery disease (CAD) when compared with invasive X-ray coronary angiography. While the CTCA limitation of a ionizing radiation dose delivered to patients is
substantially overcome by recent technical innovations, a relevant limitation remains
the only anatomical assessment of coronary stenoses in the absence of evaluation of
their functional haemodynamic signiﬁcance. This limitation is highly important for
those stenosis graded as intermediate at the anatomical assessment. Recently, non-invasive methods based on computational ﬂuid dynamics were developed to calculate vesselspeciﬁc fractional ﬂow reserve (FFR) using data routinely acquired by CTCA [computed
tomographic fractional ﬂow reserve (CT-FFR)]. Here we summarize methods for CTFFR and review the evidence available in the literature up to June 26, 2016, including
16 original articles and one meta-analysis. The perspective of CT-FFR may greatly
impact on CAD diagnosis, prognostic evaluation, and treatment decision-making. The
aim of this review is to describe technical characteristics and clinical applications of
CT-FFR, also in comparison with catheter-based invasive FFR, in order to make a cost–
beneﬁt balance in terms of clinical management and patient’s health.

Introduction
Fractional ﬂow reserve (FFR) was ﬁrstly introduced by Pijls
et al. in 1996,1 with the aim to describe the maximum
achievable blood ﬂow to the myocardium supplied by a
stenotic coronary artery in terms of coronary pressure measurements. The value of FFR is given by the ratio of the
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mean distal coronary artery pressure to the mean aortic
pressure during the period of maximum hyperaemia.1
It is usually invasively obtained during catheter-based conventional coronary angiography (CCA) with the normal
value of a healthy coronary artery being 1.0, regardless
of the patients or the speciﬁc vessel examined.1–3
In the past years, several trials showed that FFR allows
for determining the clinical signiﬁcance of ischaemia,
i.e. for identifying the lesions to be revascularized by percutaneous coronary intervention (PCI), thus contributing
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When a patient presents with a signiﬁcant occlusive stenosis of a coronary artery, with typical symptoms (such as
angina or chest pain) or with a risk to induce an ischaemia
using non-invasive methods (such as stress test, myocardial
scintigraphy, or stress echocardiography), the cardiologist
has no doubts about the need to treat the stenosis, commonly using a PCI strategy. Instead, when the patient presents with a moderate stenosis (between 50 and 70% in
PCI) without any evidence of symptoms, a treatment strategy is difﬁcult to establish.2
Techniques like CCA only assess the morphological luminal
proﬁle of the vessel (and of the atherosclerotic plaque), and
a correct interpretation may be limited by vessel foreshortening, heavy calciﬁcation, and side-branch overlap.2 Differently, functional methods may evaluate the FFR. This
parameter is of a great importance. In fact, PCI is aimed at
increasing blood ﬂow to the heart, but clinical studies
showed that if the ﬂow is not signiﬁcantly obstructed, the
lesion does not need to be treated with PCI. In these cases,
the patient can be treated safely with medical therapy,
and some researches have shown that patients who have
been screened out of angioplasty by using FFR did not experience an intensiﬁcation in adverse outcomes.5
As already said, FFR is deﬁned as the ratio of the mean
distal coronary artery pressure to the mean aortic pressure
during the period of maximum hyperaemia. This value can

be measured invasively during a CCA procedure using a thin
(0.014-inch) guide wire introduced through a diagnostic
catheter.10 By crossing the stenosis, we can measure the
blood ﬂow and pressure after hyperaemic agent infusion
(such as adenosine). The small diameter of catheter allows
to perform this procedure even in outpatients.2 For FFR
values less than 0.75–0.80, the ischaemia is highly probable. As a consequence, an interventional treatment can
be required. Differently, for values higher than this threshold, the stenosis is rarely associated with inducible ischaemia, and the patient may be safely treated with medical
therapy without the need of angioplasty.1–3
A new computational model that allows assessing with
high accuracy the functional signiﬁcance of intermediate
stenosis is the quantitative coronary angiography FFR
(QCA-FFR). The high accuracy of QCA-FFR derived from
computational ﬂuid dynamics applied to reconstruction
of the patient’s coronary tree. This is possible using validated three-dimensional QCA and hyperaemic volumetric
ﬂow rates derived from a score called thrombolysis in myocardial infarction (TIMI) based on clinical data, adjusted
to parent and daughter vessel ﬂow distribution in side
branches. The inclusion of major side branches allows for
a better adjustment for differences in myocardial mass
subtended by the interrogated vessel, and the use of individual hyperaemic ﬂow better accounts for distal microvascular disease, providing a better approximation of
invasive measures overall. Compared with CT-FFR (that
assesses the empiric ﬂow derivation based on average
population-based physiological model assumptions under
rest conditions), the QCA-FFR is based on individual hyperaemia. This approach leads to a higher accuracy of QCA-FFR
compared with the computed tomography (CT) technique.11
The FFR measurement can be used to evaluate the robustness of collateral ﬂow in the case of chronic total occlusion
(CTO). This measurement differs from the traditional approach because of having to cross the occluded segment
with an FFR guide wire. After crossing the CTO segment,
the FFR guide wire is advanced into the distal collateralized
CTO vessel through a 1.2–1.5 mm over-the-wire balloon.
The measurement of FFR is performed in the distal CTO
vessel at baseline without inducing hyperaemia after withdrawal of the balloon into the guide. If the CTO is reanalysed
via a retrograde approach, all retrograde devices occupying
the collaterals will have to be removed prior to FFR measurement in order to allow adequate collateral ﬁlling of the distal
CTO segment and facilitate measurement of true perfusion
pressures. At the end of the revascularization, the ﬁnal
measurement of the FFR is recorded using the same technique.12 We hypothesize that in the near future, the measurement of collateral ﬂow in the case of CTO could be
performed using the CT-FFR, but until now, there are no
studies that demonstrate the efﬁcacy of this approach.
Despite the unequivocal evidence supporting the use of
FFR to guide clinical decision, the practice of this technique
is limited. In fact, FFR is currently used in ,10% of coronary
revascularization procedures in the USA.13 This is partially
due to the invasive nature of the technique, the need for
pharmacologic vasodilator and for skilled operators, and
risks associated to instrumentation of the coronary arteries.
Importantly, the cost of this procedure is quite high.14
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to a better selection to treatment and patient management.4,5 According to the European Society of Cardiology,
the measurement of CCA-based invasive FFR (I-FFR) is a
IA-class indication for identiﬁcation of haemodynamically
signiﬁcant coronary lesions when non-invasive evidence
of myocardial ischaemia is unobtainable.2
A non-invasive method for direct visualization of coronary artery disease (CAD) is computed tomography coronary
angiography (CTCA). A large body of evidence exists about
a high diagnostic accuracy of this technique in the detection of signiﬁcant coronary artery stenosis.6 Notably, for a
long time, the luminal narrowing of coronary arteries has
been used as the main gatekeeper for patient management, even though the detection of a severe stenosis at
CCA, or also at CTCA, has only a moderate prognostic
value for myocardial ischaemia.7
Recent technological innovations allow for a noninvasive calculation of FFR using data already routinely
acquired by CTCA. This approach [computed tomographic
fractional ﬂow reserve (CT-FFR)] has been demonstrated
to be superior to the only anatomical evaluation of stenosis
for the detection of coronary stenosis causing myocardial
ischaemia. In particular, CT-FFR has been shown to improve
the diagnostic accuracy of CTCA by reducing the falsepositive rate of stenosis assessment.8,9
The purpose of this review is to describe the technical
characteristics and clinical applications of CT-FFR, also in
comparison with catheter-based I-FFR, in order to make a
cost–beneﬁt balance in terms of clinical management
and patient’s health.
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Non-invasive fractional ﬂow reserve measurement

(1) At rest, the total coronary blood ﬂow is proportional to
the oxygen demand of myocardial mass, which can be
computed using CT data.13
(2) At rest, the resistance of the coronary microcirculation
is inversely proportional to the size of the feeding
vessel.28–31
(3) The coronary microcirculation has a predictable response to the vasodilator administration.32

Therefore, the condition of maximum myocardial hyperaemia can be simulated using a computational dynamic
physiological model that provides a ﬁnal CT-FFR value.
Two other non-invasive CT-based methods for the assessment of haemodynamic signiﬁcance of coronary stenosis are transluminal attenuation gradient (TAG) and
myocardial perfusion. Transluminal attenuation gradient
evaluates the signiﬁcance of stenosis using the density
of contrast material in a series of evenly spaced regions
of interest. It is a post-processing deﬁned as the regression
coefﬁcient of the line ﬁtting the plot of density vs. distance from the coronary ostium.33 In fact, in the presence
of a functionally signiﬁcant stenosis, the density of contrast material falls off more rapidly than in the absence
of the stenosis.34 The study of myocardial perfusion is a
non-invasive contrast-enhanced CTexamination that provides both anatomic and physiological information.
However, it is performed in patient rest-stress conditions
and involves an additional radiation exposure compared
with CTCA.35

Computation of fractional ﬂow reserve from
computed tomography coronary angiography data
The computation of FFR requires the knowledge of the
pressure proﬁle inside a coronary artery before and after
the stenosis. Pressure and blood ﬂow can be noninvasively
computed by solving the Navier–Stokes equations (which
are the equations governing the ﬂuid dynamics) using numerical methods.36 For the equations to be solved, the
physical properties of blood such as density and viscosity
are supposed to be known. The solution of the Navier–
Stokes equations is the blood pressure proﬁle along the
vessel and its time dependence as well as the blood velocity
(which is described by three components varying again with
position and time). Since the Navier–Stokes equations can
be solved analytically only under speciﬁc conditions, in the
case of a patient-speciﬁc model, they must be approximated and solved in a ﬁnite number of points (millions of
points) and in a ﬁnite number of time points (e.g. 100
points for 1 cardiac cycle). This means that millions of
equations must be solved simultaneously for each time
points using powerful computing workstations.37
To compute blood ﬂow and pressure in coronaries, the
anatomical domain of interest must be ﬁrstly deﬁned. In
fact, this is the volume in which the Navier–Stokes equations will be solved (the lumen of the coronary tree). To
this aim, CTCA images are processed using segmentation
algorithms, which allow the extraction of the luminal
surface of coronary arteries and of the aorta.25 Once the
anatomical surface is reconstructed, a mesh consisting
in millions of points and elements is generated, and for
each of the generated points, the numerical method will
compute blood pressure and velocity. Theoretically, an accurate computation of pressure and velocity is obtained if
the Navier–Stokes equations are solved in the whole
patient-speciﬁc circulatory domain. In practice, this is
not feasible, and the domain is reduced to the main coronary branches and the aortic root with the ﬁrst part of the
ascending aorta (Figure 1). The parts of the circulatory
system which are eliminated must be replaced with
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One of the most accurate diagnostic tools for the identiﬁcation or exclusion of CAD is CTCA. During the past decades,
CT underwent a relevant improvement, evolving from
single-slice to 640-slice scanners,15,16 while dual-source
units opened new perspectives in cardiac imaging in
terms of faster data acquisition and dual-energy (i.e. spectral) studies.17 Thus, CTCA images can now be acquired
within few seconds, with a spatial resolution not so
distant from that of CCA.18 Using at least 64-slice multidetector CT systems, the median sensitivity for signiﬁcant
coronary stenosis on a per-patient level is 98%, and the speciﬁcity is 90%, while the high sensitivity reported across
most studies turns out into a negative predictive value
from 95 to 100%.19 Of note, radiation exposure has been
dramatically reduced, more recently, to ,0.1 mSv.20,21
However, CTCA cannot determine the haemodynamic
signiﬁcance of coronary lesions, and it often overestimates
the clinical relevance of stenosis. In particular, even if most
CTCA-detected coronary stenosis are conﬁrmed at CCA,
less than half of those studied with FFR cause myocardial ischaemia.22,23 Thus, at least a percentage of stenosis could
be overtreated: the revascularization of such lesions would
provide no clinical beneﬁt in terms of improvement of
blood ﬂow but exposes the patient to the risks of this
procedure.24
Improved image-based modelling and computational
ﬂuid dynamics allowed for calculating coronary artery
pressure and ﬂow using CTCA data, without the need for
additional imaging or modiﬁcation of acquisition protocols.25 In this way, we could combine the ability of CTCA
in anatomical quantiﬁcation of stenosis with the value of
the FFR in the assessment of the functional signiﬁcance of
the identiﬁed lesions.
The ﬁrst researches on computational ﬂuid dynamics
applied to blood ﬂow were performed in the study of
carotid bifurcation and subsequently in the study of imagebased modelling of pulsatile blood ﬂow in the abdominal
aorta and aortic aneurysms.26,27 This technology allows
for obtaining patient-speciﬁc three-dimensional computational models also of the coronary vasculature and stenosis
using contrast-enhanced CT. Moreover, the calculation of
pressure and velocity of blood ﬂow through the coronary
vessels is possible, simulating different situations such as
hyperaemia, thus also sparing injection of pharmacologic
vasodilator.
The method mostly used for calculating CT-FFR is quite
similar to that used for the I-FFR: CT-based computed pressure values are used instead of those measured invasively.
In this case, CT-FFR is based on the following three assumptions:
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Figure 1 Male patient, 57 year old, with atypical chest pain. Anatomical
domain in which the aortic root and the main coronary branches have
been reconstructed from one computed tomography coronary angiography
(Unit of Radiology, Research Hospital Policlinico San Donato, Milan, Italy).
The interfaces between the anatomical domain and the parts of the circulatory system which have not been reconstructed are labelled: the interface
with left ventricle (inlet), the interface with the aortic arch (AO), and the
interfaces with the truncated coronary tree (CO1, CO2, CO3, CO4, and CO5).

(1) the inlet boundary condition (inlet, in Figure 1), which
mimics the blood entering the aorta from the left ventricle of the patient;
(2) the aortic outlet boundary condition (AO, in Figure 1),
which mimics the expected patient pressure at the
ascending aorta;
(3) the coronary outlets (CO1-5, in Figure 1), which mimic
the expected patient vessel resistance for each of the
coronary branch.25
For the inlet, a simpliﬁed model of the heart is used,
which is calibrated to obtain a cardiac output equal to
the patient-speciﬁc cardiac output computed through an
allometric scaling law (of note, allometry, also called biological scaling, is an empirical science assessing the change
in size and shape of organs in relation to changes in body
size).38,39 At the aortic outlet, a pressure equal to the
mean brachial pressure of the patient is imposed. Finally,
the total coronary ﬂow at rest conditions is computed
using a power-law relation which states that total coronary
ﬂow is proportional to the myocardial mass to the power of
3/4. From the total coronary ﬂow, the total coronary resistance at rest is estimated, and this is used to estimate the
basal resistance of each individual coronary outlet boundary through the assumption that the resistance at rest is
inversely proportional to the vessel diameter.31 Notably,
in this model, the movement of the vessels is ignored,
and the vascular domain is imposed to be rigid during the
solution of the numerical method.
All the described conditions are computed using patientspeciﬁc information at rest, i.e. the cardiac output, the
myocardial mass, the vessels diameters and the brachial

pressure. To compute the FFR, the last step consists in estimating the boundary conditions relative to the maximum
myocardial hyperaemia. This is done modelling the effect
of vasodilator by reducing the total coronary resistance
to 0.24 of the resting value as suggested in Wilson et al.32
After the generation of the vascular domain and the deﬁnition of the boundary conditions during hyperaemia, the
computational ﬂuid dynamic method computes the hyperaemic pressure ﬁeld and the blood velocity ﬁeld in all the
points of the vascular domain and for each time point in
the cardiac cycle. From these values, the mean over the
cardiac cycle of the hyperaemic pressure ﬁeld is computed,
and the CT-FFR is obtained in each domain point by normalizing the mean hyperaemic pressure ﬁeld by the average mean
hyperaemic aortic pressure that means the ratio of the mean
distal coronary artery pressure to the mean aortic pressure
during the period of maximum hyperaemia. Of note, the
output of the CT-FFR computation can be presented as an
image in which a colour-coded map represents the CT-FFR
values over the vascular domain (Figure 2).13,24,25 This
allows the evaluation of the CT-FFR across the stenosis
and on the whole vascular domain and not only before
and after the studied stenosis as is when I-FFR is measured.
In Table 1, the principal clinical subsets in which either CT
or CT-FFR are recommended are reported.

Limitations of computed tomographic fractional
ﬂow reserve
Three main factors may limit the clinical value of CT-FFR.
The most important one is the image quality of CTCA.
Image noise, beam-hardening artefacts from metallic
devices or from coronary calciﬁcations, and motion artefacts
can impair the image quality. These problems may be kept
under control following speciﬁc guidelines, in particular
with the administration of beta-blockers to reduce heart
rate and its variability and with the administration of sublingual nitrates to dilate the coronary arteries.39
Another limiting factor is the use of a ﬂuid dynamics model
that can be inaccurate in individual patients with abnormal
response of the microcirculation to vasodilators and to the
physiologic condition that may inﬂuence parameters such
as the blood viscosity or density. Blood viscosity, presumed
from the concentration of haematocrit and haemoglobin,
has minimal inﬂuence on CT-FFR in the normal range. Conversely, in condition of severe anaemia, the reduced viscosity can affect the calculation of CT-FFR.13 Moreover, all the
physiological assumptions that must be done to compute
CT-FFR (the relationship between total coronary ﬂow and
myocardial mass, the relationship between coronary resistance and coronary diameter, and the amount of reduction in resistance due to adenosine) may be incorrect due to
variability among patients.24
Finally, accuracy of CT-FFR in patients with acute coronary syndrome remains unknown.13

Short review of the literature about computed
tomographic fractional ﬂow reserve
We performed a literature search on PubMed (MEDLINE) of
English studies updated to 26 June 2015. The aim of this
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appropriate boundary conditions imposed at the interfaces.36 These conditions should mimic the missing
vessels and the heart. In particular, we can distinguish
between the following three types of boundary conditions:
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Figure 2 Male patient, 57 year old, with atypical chest pain (same patient shown in Figure 1). Computed tomography coronary angiography was performed at
the Unit of Radiology of the Research Hospital Policlinico San Donato, Milan, Italy using a 64-row computed tomography (Deﬁnition AS, Siemens, Enlargen,
Germany) with prospective gating, and 80 mL of iomeprol with an iodine concentration of 400 mg I/mL (Iomeron 400, Bracco, Milan, Italy). Computed tomography scan (left panel) showed a 50% stenosis at origin of circumﬂex coronary artery and a 50% stenosis at middle left anterior descending coronary artery.
Computed tomographic fractional ﬂow reserve (right panel) was calculated and represent as a colour-coded map by the Computational Mechanics & Advanced
Material Group, Department of Civil Engineering and Architecture, University of Pavia, Pavia, Italy, showing for both stenoses a fractional ﬂow reserve of .0.8,
i.e. haemodynamically not signiﬁcant, clinically not deserving conventional coronary angiography.

Pretest probability of CAD
Low
Intermediate
High
Setting
Graft patency
Stent with diameter .3 mm
Stent with diameter ,3 mm

CT

CT-FFR

R
R
I

I
R
I

R
R
I

R
NC
I

CT-FFR, computed tomographic fractional ﬂow reserve; I-FFR,
CCA-based invasive fractional ﬂow reserve; R, recommended; I,
inappropriate; NC, not clear.

search was to show and summarize the progresses of CT-FFR
measurement in the assessment of CAD. The key words used
for this search were fractional ﬂow reserve AND computed
tomography, restricting to only clinical trials or metaanalyses.
We found 16 original articles and 1 meta-analysis
(Table 2). Eight of them compared CT-FFR with I-FFR as a
reference standard.37–47 The systematic review and metaanalysis included articles published up to August 2014,
evaluating the diagnostic performance of CT-FFR using
I-FFR as a reference standard.48 Five studies for a total of
706 patients and 1165 vessels or lesions were included.
The pooled per-patient sensitivity and speciﬁcity were 90
and 72%, respectively; pooled LR+ and LR2 were 3.70 and
0.15, respectively. The pooled per-vessel or per-lesion
sensitivity and speciﬁcity were 83 and 78%, and pooled LR+
and LR2 were 3.75 and 0.22, respectively. The area under

the summary receiver operating characteristic curve was
0.94 (per patient) and 0.91 (per vessel). The authors concluded that ‘The existing evidence suggests that noninvasive FFR-CT has high diagnostic performance compared
with invasively measured FFR for the detection of ischemiacausing stenosis in stable patients with suspected or known
coronary artery disease’.
One study evaluated the reproducibility of repeated
CT-FFR measurements.49 FFR-CT and I-FFR measurements
were performed in 28 patients with suspected stable
CAD, for a total of 58 vessels examined. The standard deviation for the difference (P ¼ 0.722) between ﬁrst and
second FFR-CT analyses was 0.034 vs. 0.033 for I-FFR
repeated measurements. Limits of agreement were
20.06 to 0.08 for FFR-CT and 20.07 to 0.06 for I-FFR.
The coefﬁcient of variation of FFR-CT was 3.4 vs. 2.7% for
I-FFR.46 Therefore, the reproducibility of CT-FFR is similar
to that of I-FFR.
Two articles discussed the use of TAG for predicting the
haemodynamic signiﬁcance of coronary artery stenosis.50,51 However, Yeonyee et al.52 compared the diagnostic performance of TAG and CT-FFR and concluded that
CT-FFR provides better diagnostic performance for detecting and excluding coronary artery lesions-speciﬁc ischaemia compared with TAG or visual stenosis grade on CCTA.
Two of these studies analysed the economical and clinical
impacts of incorporating CT-FFR into future pathways.53,54
In particular, the study performed by Kimura et al.53 on 254
patients showed that the use of CT-FFR for selecting
patients for PCI would result in 32% lower cost and 19%
fewer cardiac events at 1 year compared with I-FFR trial.
On the other hand, the retrospective analysis performed
at the RACPC hospital in UK by Rajani et al.54 on 410
patients showed that using FFR-CT in patients with a
pre-test likelihood of CAD between 10 and 90% predicted
a reduction of 48% in CCA and 49% in PCI. Furthermore,
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Table 1 Criteria of appropriateness for computed
tomography and/or computed tomographic fractional ﬂow
reserve in principal clinical subsets
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Table 2 Original articles and meta-analysis regarding computed tomographic fractional ﬂow reserve measurement in the assessment
of coronary artery disease
First name, year (reference)
Deng, 201548
Hulten, 201555
Rajani, 20155
Thompson, 201556
Baumann, 201445
Coenen, 201546
Gaur, 201449
Kim, 201443a
Kimura, 201453
Leipsic, 201457
Miyoshi, 201447
Nørgaard (HFNXT), 201442a
Renker, 201444a
Stuijfzand, 201450
Wong, 201451
Min (DeFACTO), 201241a
Koo (DISCOVER-FLOW), 201140a
Total

CT-FFR vs. I-FFR

Reproducibility

Cost analysis

TAG

Other
Meta-analysis
CT-perfusion vs. CT-FFR

x
CT-FFR vs. CTA, I-FFR and ICA
x
x
x
x
x
CTA vs. Ct-FFR
x
x
x
x
x
x
x
8

1

2

2

4

CT-FFR, computed tomographic fractional ﬂow reserve; I-FFR, CCA-based invasive fractional ﬂow reserve; TAG, transluminal attenuation gradient.
a
Studies included in the systematic review and meta-analysis by Deng et al. (2015).

Conclusion
The non-invasive measurement of FFR based on CTCA data
is a promising tool for the assessment of the haemodynamic
signiﬁcance of intermediate coronary arteries stenosis.
The possibility to use the data routinely acquired with
CTCA may greatly help physicians in selecting patients for
medical therapy vs. invasive CCA, improving clinical outcomes while reducing healthcare costs. Further large-scale
clinical trials are warranted to support the implementation
of CT-FFR in clinical practice.
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