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Fractional flow reserve (FFR) is an important invasive physiological tool that has had 
a great impact on the management of coronary artery disease in the catheterization 
laboratory. It has been proven in several large randomized trials to be superior to 
angiography-guided percutaneous coronary intervention, paving the way for an 
era of ischemia-guided revascularization. Albeit straightforward to measure, the 
physiological derivation of FFR and its inherent assumptions are poorly understood, 
which can lead to its misinterpretation in routine clinical practice. The aim is, therefore, 
to discuss the key physiological principles of FFR, review clinical scenarios in which 
its application may challenge its evidence base and discuss future perspectives with 
respect to alternative physiological indices and the noninvasive measurement of FFR 
through CT. 
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The invasive functional assessment of coro-
nary artery stenoses has been in the clinical 
arena for over two decades through the use of 
the pressure wire and subsequent calculation 
of fractional flow reserve (FFR). This was 
developed due to the well-documented limi-
tations of the assessment of lesion severity on 
the basis of angiography alone (referred to 
as ‘lumenography’), particularly in visually 
intermediate lesions, where an assessment 
of its impact on myocardial flow is key in 
determining whether revascularization will 
improve patient outcomes.

Many physiological indices of lesion sever-
ity seek to estimate the impact of the latter 
on regional myocardial blood flow. While it 
is difficult to measure absolute coronary flow 
rates in the clinical setting, flow velocity is 
used as a surrogate of flow. Coronary flow 
reserve is calculated as the ratio of coronary 
flow velocity during stress (usually hyper-
emia) to flow velocity at rest. Its clinical util-
ity has been limited by inherent practical 

difficulties in acquisition of consistent flow 
velocity signals and the fact that they are 
influenced by prevailing hemodynamic con-
ditions  [1,2]. In contrast, coronary pressure 
can be easily and reliably measured leading 
to the exploration of techniques, whereby 
flow could be derived from pressure mea-
surements alone, which ultimately led to the 
description of FFR. Myocardial FFR is the 
ratio between maximal hyperemic myocar-
dial flow in the stenotic territory to maxi-
mal hyperemic flow if the stenosis were not 
present. In clinical practice, this is calculated 
as a ratio between invasive aortic pressure 
(Pa) and distal coronary pressure (Pd) dur-
ing maximal hyperemia, most commonly by 
an intravenous infusion of adenosine. This 
physiological tool was initially described by 
Pijls  et  al., and his group provided the first 
experimental data that validated this method 
in dogs and subsequently humans, whereby 
a cut off of 0.75 corresponded to ischemia 
demonstrated by noninvasive testing  [3–5]. 
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This tool has subsequently been tested in several large 
clinical trials including DEFER (Deferral Versus Per-
formance of PTCA in Patients Without Documented 
Ischemia), FAME (Fractional Flow Reserve Versus 
Angiography for Multivessel Evaluation) and FAME II 
(Fractional Flow Reserve Versus Angiography for Mul-
tivessel Evaluation 2), showing that an FFR-guided 
revascularization approach in the catheter laboratory 
in single vessel and multivessel coronary artery dis-
ease is safe with no adverse effect on outcomes [6–9]. A 
recent meta-analysis of 19 studies has also confirmed 
the safety of deferring PCI in patients with nonisch-
emic lesions assessed by FFR  [10]. This body of evi-
dence has led to its inclusion in current American [11] 
and European  [12] revascularization guidelines and 
its use internationally in the catheter laboratory dur-
ing routine angiography. Albeit an elegant and simple 
tool, several assumptions are made in its calculation, 
which can lead to a significant impact on clinical inter-
pretation and subsequent management decisions. It 
is therefore important to understand its physiological 
basis in order to maximize its accuracy in determining 
whether a given stenosis can result in ischemia. Fol-
lowing from this, in part due to these assumptions and 
in part due to the validation studies being performed 
predominantly in a specific subset of patients, FFR can 
easily be misinterpreted in a variety of different clini-
cal scenarios such as in left main stem disease, sequen-
tial stenoses, microvascular disease and left ventricular 
dysfunction. The aim of this review, therefore, is to 
address each physiological assumption and its impact 
on the diagnostic accuracy of FFR and review the evi-
dence of the use of FFR in specific clinical situations, 
to enable the reader to maximize its clinical utility in 
everyday practice.

Physiological assumptions of FFR
Pressure is directly proportional to flow
FFR relies heavily on the assumption that pressure and 
flow within a coronary artery have a linear relation-
ship when resistances are kept constant and minimal, 
thereby a drop in pressure leads to a drop in flow and 
vice versa. However, the relationship between pressure 
and flow is more complex. At lower perfusion pressures, 
the relationship between pressure and flow is concave, 
and in fact does not intercept at 0 pressure, but slightly 
above coronary venous pressure  [1,13]. In a coronary 
artery that has a stenosis, the pressure drop across it 
is governed by energy losses due to friction through 
the stenosis, as well as acceleration of flow at the exit 
point, such the relationship between pressure and flow 
(velocity) is curvilinear  [1]. This can be described by 
the quadratic equation ΔP= Av + Bv [2], where A and 
B are coefficients that are related to the morphology of 

the stenosis and blood characteristics. In the absence of 
a coronary stenosis, Bv [2] is often approximated to zero 
as the main contributor to this is the exit loss, resulting 
in the simplified equation ΔP = Av. FFR relies on the 
assumption that flow in nondiseased coronary arter-
ies behaves the same as in diseased coronary arteries 
which is incorrect.

Microvascular resistance is constant & minimal
As described above, flow in a region of myocardium 
is approximated to the ratio of the pressure difference 
across the myocardial bed and the resistance of the 
microvasculature. If flow in a stenosed artery is referred 
to as Q

S
 and flow in the same (but undiseased) artery 

as Q
N
, FFR equates to Q

S
/Q

N
, which in turn equates 

to the product of (P
d
–P

v
)/(P

a
–P

v
) and R

N
/R

S
. The 

second assumption that is made is that during either 
hyperemia, or in a specific time interval during late 
diastole (which underlies a newer index know as the 
instantaneous wave-free ratio, iFR, which is described 
later), microvascular resistance in the presence of a ste-
nosed artery (R

S
) is the same as it would be within an 

undiseased artery (R
N
) and hence that the ratio of R

N
/

R
S
 will be 1, or simply, that microvascular resistance 

can be omitted when calculating FFR. However this 
is not always the case and therefore has the ability to 
influence the accuracy of the value of FFR obtained. 
First and foremost, to keep resistances minimal and 
constant, maximal hyperemia should be obtained [14]. 
This is not always achievable due to either procedural 
or patient aspects. Effects of extrinsic factors (such as 
caffeine  [15]), and intrinsic factors such as endothelial 
and microvascular dysfunction (present in a variety of 
different pathologies) have been shown to affect the 
ability of the coronary vasculature to vasodilate, which 
can subsequently affect the FFR value obtained.

Venous pressure can be ignored
On the basis of the first two assumptions, FFR = (P

d
–

P
v
)/(P

a
–P

v
). Yet, venous (or right atrial) pressure is 

rarely measured in everyday clinical practice, mainly 
due to time constraints and the additional vascular 
access required, particularly when coronary angiog-
raphy is performed via the radial artery. However, it 
has been shown in a small cohort study that ignoring 
venous pressure (or assuming an arbitrary fixed value 
such as 5 or 10 mmHg) results in significant errors 
in FFR measurement, especially at lower values of P

d
 

and hence FFR  [16]. The investigators found that the 
sensitivity of detecting a significant stenosis (using a 
dichotomous threshold of 0.75) with FFR was reduced 
to 64% when venous pressure was assumed to be zero. 
Others have found similar results in prospective stud-
ies [17,18]. The adoption of a higher threshold (0.8) does 
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reduce the likelihood of misclassification due to omis-
sion of venous pressure, but it should be borne in mind, 
especially in conditions where venous pressure may be 
elevated (such as left ventricular dysfunction), when 
calculation of true FFR would be preferable to P

d
/P

a
. 

With respect to LV dysfunction, these patients by 
definition will have raised left ventricular end diastolic 
pressures (LVEDP) and also right atrial pressures. 
Leonardi  et  al. performed an invasive hemodynamic 
study in 17 patients to investigate the impact of LVEDP 
on FFR (20 coronary arteries)  [19]. In a multivariate 
model LVEDP was positively associated with FFR, 
therefore the higher the LVEP the higher the FFR, par-
ticularly in those lesions with an FFR < 0.8. This led 
the authors to conclude the sensitivity of an FFR < 0.8 
for the identification of ischemia may be reduced when 
the LVEDP is high. Of note patients with normal LV 
function were recruited into this study, with LVEDP 
changes induced by nitroprusside infusion, which may 
have impacted the FFR results obtained. What can be 
concluded from these subsets of patients, however, is 
that the evidence of FFR is lacking in patients with LV 
dysfunction, and any measurements taken should be 
interpreted cautiously.

The FFR ‘gray-zone’
An initial validation study comparing FFR with non-
invasive ischemia tests found that FFR had a high 
specificity of 100% and a high sensitivity of 88%  [4] 
using an FFR cut-off of 0.75. This value was tested as 
a result of previous studies that had shown that lesions 
with FFR values below 0.75 demonstrated ischemia in 
noninvasive tests  [20,21]. Outcomes were subsequently 
compared in both DEFER, which used a cut off of 
0.75, and the FAME trials, which both used cut offs 
of 0.80. This leaves an FFR ‘gray-zone’ between 0.75 
and 0.8. The shift from 0.75 to 0.80 occurred follow-
ing the design and publication of the FAME trials, as 
in previous studies there were patients who had coro-
nary lesions with FFR values of between 0.75 and 0.8 
that demonstrated ischemia in noninvasive testing. As 
a result of this 0.8 was mandated as the cut off.

There are several apparent problems with this. First, 
the initial validation studies were performed on small 
numbers of patients comparing FFR with different 
noninvasive ischemia tests, that themselves have in 
built errors that can impact on their sensitivity and 
specificity in detecting ischemia. Second, the seminal 
trials have not used a consistent ischemic threshold to 
assess for impact on outcomes. They have confirmed 
its utility in guiding or deferring revascularization, but 
have not provided a consistent cut-off. Although the 
use of dichotomous values has likely aided its adop-
tion, it is often the group of patients with intermediate 

stenoses where an FFR is key in deciding a manage-
ment plan, that often have values within this ‘gray-
zone’. And third, physiological indices including FFR 
are inherently variable, both within and between sub-
jects due to various factors. Petraco et al. reviewed the 
data from the DEFER trial and calculated how much 
the test–retest variability in FFR measurement could 
affect the certainty of its results [22]. In summary, they 
found that at extremes ends of the disease spectrum, 
with FFR less than 0.75 and FFR greater than 0.85, the 
repeated FFR measurements were the same in 100% of 
cases. Within 0.75 and 0.85 however, this agreement 
is much less, and is least around the 0.8 cut off. The 
authors suggested that in patients with FFR values of 
between 0.75 and 0.85 further clinical judgement and 
review of other noninvasive testing should be taken 
into account before a further management decision 
is made. A meta-analysis performed by Johnson et al. 
sought to investigate from the existing outcome data 
the relationship between FFR numeric values and their 
associated prognostic value  [23]. They in found that 
the lower the FFR value the larger the absolute ben-
efit received from revascularization. They found that 
the optimal threshold for a composite of death, MI 
and revascularization occurred at 0.67, rising to 0.76 
after adjustment for percent diameter stenosis. Further 
randomized studies need to be performed to assess the 
outcome of patients that fall within the 0.75–0.8 FFR 
range, and using other thresholds, to guide practice in 
these differing subset of patients. However, until these 
studies are performed and published a cut off of 0.8 
should be used due to the large body of prognostic data 
that support it.

The use of FFR in differing coronary & LV 
pathologies
Left main stem disease
Left main stem disease historically has been treated 
with coronary artery bypass grafting, however, PCI has 
become attractive in certain subsets of patients with an 
unprotected left main stem (ULMS) lesion. The large 
multicentre trial SYNTAX found that in patients with 
a ULMS lesion that was either ostial or in the main 
shaft not involving the bifurcation primary outcomes 
were comparative to surgery  [24], with similar results 
found in the recently published 5-year results of the 
PRECOMBAT trial  [25]. A cut off of 50% diameter 
stenosis angiographically has historically been deemed 
significant in the left main stem; however, the inac-
curacies of assessing lesion severity by angiography 
alone hold most true in these subset of patients. This 
is due to the left main stems short length, the lack of 
a reference vessel and the presence of daughter ves-
sels that can often overlie and distort its appearance. 
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Although there is strong outcome data with the use of 
FFR in guiding revascularization from several large 
randomized controlled trials, all these trials excluded 
patients with ULMS disease. There have been small 
observational studies suggesting the efficacy of FFR 
in assessing the functional significance of ULMS dis-
ease [26,27]. Hamilos et al. [28] reported the outcomes of 
213 patients who had equivocal ULMS lesions assessed 
with FFR. Those who had an FFR less than 0.8 under-
went revascularization with coronary artery bypass 
grafting, and those who had an FFR greater than or 
equal to 0.8 were treated medically. There was no sig-
nificant difference in event-free survival rates between 
the two groups. They also found that angiographic 
assessment of ULMS lesions often leads to underes-
timation of lesion severity, with a quarter of patients 
with a ULMS stenosis of less than or equal to 50% had 
an FFR of less than 0.8. Conversely 6% of patients had 
a ULMS stenosis greater than 50% whose lesions were 
hemodynamcially insignificant. A recent meta-analysis 
performed of six prospective cohort studies also found 
that in patients with indeterminate LMS lesions who 
had revascularization deferred on the basis of a nega-
tive FFR had similar outcomes to the revascularized 
group [29]. However, it is important to note that there is 
no randomized data to support the use of FFR in LMS 
disease. Furthermore, it is unclear whether a diagnos-
tic threshold of 0.75 or 0.80 would apply to patients 
with LMS disease, or whether even higher values may 
be prognostically important, given the greater mass of 
subtended myocardium. Also, many distal left main 
stem lesions involve the bifurcation, and further down-
stream disease in the LAD and circumflex arteries, 
which pose additional challenges when interpreting 
FFR measurements and evaluating the contribution of 
the LMS lesion itself. In these cases, it is important 
that a steady pullback is performed to look for discrete 
step-ups in order to assess the hemodynamic signifi-
cance of a ULMS lesion. In the case of single vessel 
(either LAD or circumflex) involvement, the normal 
vessel should be used for assessment of FFR, although 
it is important to be aware that any disease in the other 
vessel may also impact the value of the FFR obtained.

Sequential & diffuse coronary lesions
Although lesions seen on diagnostic angiography often 
appear isolated, what has been found histologically is 
that these lesions are commonly part of a more dif-
fuse atherosclerotic process, occurring as either diffuse 
narrowing throughout the arterial tree or as sequen-
tial stenoses. With the advent of intravascular imaging 
techniques, we are increasingly seeing this at the index 
catheterization. What is often seen on FFR with diffuse 
disease is a gradual drop in pressure when invasively 

measured, and although not necessarily classed as isch-
emic with respect to FFR cut offs, has been shown to 
be prognostically important. Similarly assessment of 
sequential disease can be a challenge, due to the impact 
of each stenosis on flow and pressure. This was high-
lighted by mathematical modeling and then validation 
in an animal study performed by De Bruyne et al. [30]. 
His group found that although FFR can be used to 
determine the hemodynamic significance of both ste-
noses, it cannot be used to predict the FFR of each indi-
vidual stenoses. They highlighted the importance of 
integrating coronary wedge pressure into the equation, 
which takes into account collateral flow. However, in 
clinical practice this is often impractical, so a pullback 
of the pressure wire can be performed across the ste-
nosis during maximal hyperemia, allowing qualitative 
appraisal of the relative contributions of serial lesions 
(as demonstrated in Figure 1). This approach is still to 
be validated in a randomized study.

Bifurcation disease
Bifurcation disease also poses a challenge to interven-
tional cardiologists, and over the years several strate-
gies and techniques have been used to manage these 
lesions. Currently the favored approach is a strategy 
of performing PCI on the main vessel, with balloon 
angioplasty in most cases where side-branch treat-
ment is required. It is often difficult to assess ostial side 
branch lesion severity on the basis of angiography alone 
and the use of FFR has been shown to be of benefit in 
an animal model  [31] and observational studies  [32,33]. 
FFR guided intervention of jailed side branch disease 
resulted in less frequent restenosis rates  [33]. A more 
recent randomized study published sought to compare 
angiographically guided provisional side branch stent-
ing and an FFR-guided side branch stenting [34]. Three 
hundred and twenty patients with coronary bifurcation 
lesions requiring stenting were randomized to undergo 
either angiography guided side branch stenting or FFR 
guided stenting. Both arms had similar one-year com-
posite major adverse cardiac event rates, with no sig-
nificant differences in target vessel revascularization 
or stent thrombosis rates in either group, suggesting 
FFR guided side branch intervention is both feasible 
and safe.

Acute coronary syndromes
Most studies validating FFR have been in stable 
patients and little is known about its use in assessing 
lesions during an acute coronary syndrome (ACS). 
Microvascular dysfunction is significant in this situ-
ation; therefore any pressure gradient measured will 
be underestimated. Also the presence of residual 
thrombus, distal embolization and vasoconstriction 
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Figure 1. Assessment of serial stenoses with the use of fractional flow reserve pullback. (A) Anterior posterior 
(AP) cranial view of the left coronary artery demonstrating a pressure wire in the left anterior descending (LAD) 
artery. The LAD is diffusely diseased, with a focal stenosis at its mid point (arrow). There is also a focal stenosis at 
the ostium of the left main stem (arrow). (B) Image taken from a pressure wire console, showing simultaneous Pa 
and Pd recordings during steady-sate maximal hyperemia as induced by intravenous adenosine. The distal pressure 
can be seen to increase in two distinct steps (arrows), corresponding to the focal stenoses seen on angiography. 
Pa: aortic pressure; Pd:  Distal coronary pressure.
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that often predominates can also have an impact on 
FFR. During an ST-elevation myocardial infarction 
(STEMI), the main aim of intervention is to revascu-
larize the target vessel, however there are signals from 
small randomized trials that patients with multivessel 

disease show improved clinical outcomes following 
complete revascularization during their index admis-
sion [35,36]. FFR has a potential utility in this cohort of 
patients, and several observational studies have dem-
onstrated its safety in assessing bystander disease with 
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adequate one-year outcomes  [37,38]. In patients with a 
myocardial infarction greater than or equal to six days 
previously, De Bruyne  et  al. found that FFR can be 
used accurately, as the microvascular resistance in the 
infarcted territory is inversely proportional to viable 
myocardium  [39]. The recently presented and pub-
lished FAMOUS-NSTEMI randomized control trial 
sought to investigate the utility and safety of an FFR-
guided revascularization approach in patients present-
ing with a non-ST-elevation myocardial infarction 
(NSTEMI) [40]. Three hundred and fifty patients diag-
nosed with an NSTEMI were randomized to receive 
either FFR guided or angiographically guided revascu-
larization. In the FFR guided group only those lesions 
with an FFR less than or equal to 0.8 were revascular-
ized. In the angiography-guided group the FFR was 
also measured but blinded to the operator and research 
team. The primary outcome was the proportion of 
patients initially treated by medical therapy. Second-
ary outcomes included feasibility and safety of rou-
tine FFR measurement, major adverse cardiac events 
(MACE) at 12 months and the relationship between 
FFR and stenosis severity on angiography. The inves-
tigators found that more patients were treated medi-
cally in the FFR-guided arm. They also found that the 
reduced revascularization rates were maintained at 12 
months follow-up in the FFR-guided arm. There were 
no significant differences in MACE between the two 
groups; however, the study was not powered for this. 
Interestingly this trial calls into question the current 
paradigm of the need to revascularize the ‘vulnerable 
plaque’ to improve outcomes; however, a larger trial is 
needed to look for any differences in major cardiovas-
cular outcomes.

Microvascular dysfunction
Conditions such a left ventricular hypertrophy, hyper-
trophic cardiomyopathy, diabetes and hypertension 
can all lead to microvascular dysfunction. Although 
each is pathophysiologically distinct, the main causes 
of coronary microvascular dysfunction include endo-
thelial and smooth muscle dysfunction, vascular 
remodeling, microvascular atherosclerosis, inflamma-
tion, extramural compression and increased sympa-
thetic tone [41]. Often these patients lack the presence 
of epicardial stenosis, however, do in fact have myocar-
dial ischemia. The challenge is to establish, particularly 
in those patients who also have concurrent epicardial 
coronary artery disease, which lesions result in isch-
emia. FFR, although pitched as being a physiological 
indice that is independent of microvascular resistance, 
is in fact influenced by it as described above. Resul-
tant epicardial blood flow is often reduced in patients 
with microvascular dysfunction, which can lead to an 

overestimation of the FFR value obtained. This should 
always be taken into account when performing FFR 
studies in this subset of patients.

It has been suggested previously that coronary flow 
velocity reserve (CFVR) provides more information 
regarding the state of the microvasculature and sug-
gestion of discordance between CFVR and FFR relate 
to microvascular dysfunction [42]. A recently published 
study sought to investigate the impact of discordance 
of these indices had on clinical outcome and the physi-
ology that it underlines [43]. The investigators studied 
157 intermediate coronary stenoses that were evaluated 
by both CFVR and FFR in which revascularization 
was deferred. They found discordant CFVR and FFR 
values occur frequently (between 31 and 37% depend-
ing on the FFR cut-off used). They also found that in 
patients who had a negative FFR but abnormal CFVR 
had significantly higher rates of major adverse cardio-
vascular events. They found in patients with equivo-
cal epicardial disease with an abnormal CFVR, basal 
microvascular resistance was significantly lower with 
higher levels of hyperemic microvascular resistance, 
suggesting underlying microvascular dysfunction.

Other physiological indices & methods to 
measure the functional significance of a 
coronary artery stenosis
iFR
Davies et al. identified a diastolic period where intra-
coronary resistance at rest appears minimal, which has 
been coined the ‘wave-free’ period (reference to absence 
of activity during this phase on wave intensity analy-
sis). iFR is calculated as a ratio between distal coro-
nary pressure and aortic pressure during this wave-free 
period. The main draw practically to iFR is the fact 
that this can be measured without the administration 
of adenosine. The ADVISE study [44] and registry [45] 
concluded that iFR correlates well with FFR, and that 
it was independent to changes in heart rate, rhythm 
and large changes in blood pressure. On closer inspec-
tion, while iFR correlated well with FFR at extreme 
values, at more clinically relevant values (close to the 
diagnostic threshold) this correlation was in fact not 
as strong. In contrast to ADVISE, the VERIFY study 
found little correlation between FFR and iFR measure-
ments  [46]. The ADVISE II prospective multicentre 
study sought to investigate further the diagnostic accu-
racy of iFR and also sought to investigate an iFR–FFR 
hybrid approach, whereby FFR use is limited to the 
intermediate iFR range of values (0.85–0.94) that cor-
relate less strongly with FFR [47]. They found that the 
percentage of stenoses properly classified by the pre-
specified hybrid iFR-FFR approach was 94.2%, with 
a sensitivity of 90.7% and a specificity of 96.2%. This 
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resulted in 65% of patients not requiring adenosine 
administration. More correlative and prognostic stud-
ies are underway but, as with FFR, inherent physiologi-
cal assumptions underlying iFR should be noted, pri-
marily, the assumption that baseline resistance during 
this diastolic interval is constant; particularly account-
ing for the varying physiological and emotional states 
of patients in the cardiac catheter laboratory.

Hyperemic stenosis resistance (HSR)
The hyperemic stenosis resistance is a physiological 
indice that takes in account both flow and pressure 
in its calculation. It is defined as the pressure gradient 
across a stenosis (mean aortic pressure minus mean dis-
tal pressure) divided by the average peak flow velocity 
(APV) during maximal hyperemia. Tested against sin-
gle photon emission computed tomography (SPECT) 
in 151 patients undergoing invasive coronary angiogra-
phy [48], compared with FFR or CFVR, HSR showed 
higher sensitivity and specificities with lower false posi-
tives. Accuracy was best in those patients that had dis-
cordant values of FFR and CFVR. Despite advancing 
technology following these original studies, measure-
ments of flow velocity with Doppler can be difficult, 
mainly in acquisition of adequate and reproducible sig-
nals. Although this tool has been shown to be superior 
when compared with FFR and CFVR, it lacks the large 
outcome data that support the use of FFR, and there-
fore is currently not used in clinical practice.

CT FFR
CT coronary angiography (CTCA) has been a wel-
comed tool in the field of cardiac imaging, and has 
been of particular use in the diagnosis of patients 
presenting with chest pain who have low and inter-
mediate risk of coronary artery disease. Improving 
technology leading to better spatial resolution and a 
reduction in motion artefact have led to this modal-
ity’s high negative predictive value  [49]. However, like 
invasive coronary angiography, it results in a purely 
anatomical assessment of coronary arteries, and has 
in fact been found to over estimate the severity of a 
stenosis, particularly as a result of the ability to visual-
ize the vessel wall and quantify plaque burden. Calci-
fication also makes the assessment of coronary lesions 
on CTCA challenging. Therefore many patients with 
coronary lesions found on CT are referred for the gold 
standard of invasive coronary angiography. CT FFR 
has become an attractive technology, as it allows the 
noninvasive anatomical and functional assessment of 
coronary lesions. This technique uses a 3D model of 
the coronary arterial tree in combination with a math-
ematical model, which simulates pulsatile flow to cal-
culate an FFR value. The DeFACTO study enrolled 

252 patients in 17 centres to undergo CTCA, CT FFR 
and invasive coronary angiography with FFR [50]. They 
found improved diagnostic accuracy of CT FFR com-
pared with CTCA alone for the diagnosis of lesions 
causing ischemia. They also found a high negative 
predictive value, indicating its value in assessing inter-
mediate stenoses. The prospective multicentre NXT 
trial also evaluated FFR CT, compared with standard 
CTCA and also invasive FFR  [51]. They also found 
that FFR CT compared with its anatomic counterpart 
increased specificity, but to a greater extent compared 
with results seen in the DeFACTO study. CT FFR can 
be calculated without extra medications, radiation or 
techniques compared with a standard CTCA, which 
makes it an exciting technology, particularly for the 
assessment of intermediate stenoses. However, it needs 
further validation in larger randomized trials, and at 
present remains a research tool due to its complex com-
putational processes.

Conclusion
FFR is an important invasive physiological tool that has 
altered how patients are managed in the catheter labo-
ratory globally. Despite its simple technical acquisition, 
its underlying physiological derivation is complex, and 
its practical application is not without its limitations. 
Understanding its physiological basis, assumptions 
and limitations allows greater accuracy in acquisition 
and also interpretation. Although it has been clinically 
validated and has good outcome data for single and 
multi-vessel coronary artery disease from several large 
randomised trials, further studies are awaited in other 
clinical conditions such as LV dysfunction, left main 
stem disease and sequential coronary artery disease to 
validate its use in these situations. The field of CT FFR 
has exciting promise, and may in future change the 
way low and intermediate risk patients with intermedi-
ate stenoses are managed. 

Future perspective
Although there is strong prognostic data supporting 
the use of FFR to guide revascularization, real world 
use remains to be low. There are several reasons behind 
this, including the perceived increase in cost and the 
potential increase in procedural time. However, in cen-
ters that perform FFR routinely procedural times are 
not impacted significantly and the reduction of unnec-
essary coronary intervention on nonischemic lesions in 
fact reduces the cost overall. We believe it should be 
adopted as part of the standard diagnostic angiogram, 
enabling all patients to undergo a one stop anatomi-
cal and physiological assessment. However, this may 
mean that diagnostic angiography becomes a tool only 
for the interventional cardiologist, which may have 
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implications on the wider cardiology community for 
a variety of reasons.

We are, however, seeing FFR used more frequently 
in complex coronary disease including left main stem 
and bifurcation disease, and are likely to see it play 
a larger role in the management of both culprit and 
nonculprit lesions in acute coronary syndromes. Larger 
randomized controlled trials are needed in these more 
complex clinical scenarios to fully validate this physi-
ological assessment tool. Although there are other 
physiological indices in both the research and clinical 
arena, none have yet been validated to the extent to 
that which FFR has, but we await the results of future 
randomized clinical trials. CFVR can provide impor-
tant information regarding the state of the microvascu-
lature, however, the impact of baseline hemodynamics 
and the lack of expertise in its acquisition means that 
its adoption into routine clinical use is unrealistic at 
this point in time. However, the upcoming DEFINE-

FLOW trial (NCT02328820), which will evaluate the 
prognostic value and therapeutic potential of combined 
coronary pressure and flow measurements in assessing 
and managing coronary stenosis (with deferral of PCI 
in patients with preserved CFVR but reduced FFR) is 
eagerly awaited. Finally, noninvasive FFR assessment 
with CT is an exciting new technology, and may revo-
lutionize the management of low-to-intermediate risk 
patients.
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Executive summary

•	 The functional assessment of coronary artery stenoses with fractional flow reserve (FFR) when performed 
accurately with the understanding of its limitations is a powerful tool and has been validated in several large 
randomized trials.

•	 One of the main assumptions made when calculating FFR is that pressure is a direct surrogate of flow, which is 
incorrect. This relationship is in fact curvilinear.

•	 Microvascular resistance in the calculation of FFR is assumed to be constant and minimal, with the ratio of 
resistance in a normal artery to a stenosed artery assumed to be one. However, this relies on inducing maximal 
vasodilatation, which is not always achieved and can impact on the FFR result obtained.

•	 Venous pressure is often felt to be negligible and therefore is ignored in the current calculation of FFR. 
However, there are situations, such as in LV dysfunction, where ignoring the venous pressure can lead to errors 
in FFR measurement.

•	 There is an ‘FFR gray-zone’ between 0.75 and 0.8, as a result of the earlier validation studies using an FFR cut 
off of 0.75 and the latter prognostic studies using a cut off of 0.8. What is important to note is that physiology 
consists of continuous variables, and it is often difficult as a result to impose a dichotomous value to guide 
management. However, the prognostic data that exist in the current clinical arena are based on a cut off value 
of 0.8, and therefore at present this should be used to guide revascularization.

•	 Although not fully validated in pathologies such as left main stem disease, sequential/diffuse coronary 
disease, bifurcation lesions, acute coronary syndromes and microvascular dysfunction, FFR is being used 
increasingly in these situations. Certain techniques should be adopted, (such as the use of pull-back) and 
the understanding of the role of the microvasculature in certain conditions should be remembered when 
interpreting the FFR value obtained. Further randomized studies investigating the role of FFR in these varying 
clinical situations are welcomed.

•	 The impact of newer invasive physiological indices and the role of noninvasive FFR through the means of CT 
is promising; however, further research is required to validate these methods in order to translate them into 
routine clinical practice.
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