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Fractional flow reserve: a new paradigm 
for diagnosis and management of 
coronary artery disease

  Perspective 

Fractional flow reserve (FFR) is an index of the physiological significance of a coronary stenosis and is defined 
as the ratio of maximal blood flow in a stenotic artery to normal maximal flow. It can be easily measured 
during coronary angiography by calculating the ratio of distal coronary pressure to the aortic pressure. FFR 
in a normal coronary artery equals 1.0. An FFR value of ≤0.80 indicates ischemia with an accuracy of more 
than 90%. The information provided by FFR is similar to that obtained with myocardial perfusion studies, 
but it is more specific and has a better spatial resolution, because every artery or segment is analyzed 
separately. This review outlines the utility of FFR in a number of conditions including multivessel disease, 
left main coronary artery stenosis, bifurcation lesions, myocardial bridging and myocardial viability. 
Furthermore, this review discusses the correlations between FFR with intravascular ultrasound and the 
economic considerations of the procedure in patients with coronary artery disease.
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Coronary angiography is merely a ‘luminogram’ 
and does not provide much insight into the 
hemodynamic significance of a stenotic lesion 
and this view has been rigorously challenged for 
the past two decades [1–4]. This well recognized 
limitation has been documented repeatedly by 
intravascular ultrasound (IVUS) imaging and 
stress testing [2–4]. It is known that coronary 
angiography often leads to overestimation of 
the functional significance of the ostial side-
branch, more so than lesions in other segments 
of the coronary circulation [2,3]. This is in part 
due to difficulties in visualizing the ostial lesions 
in multiple orthogonal views and also due to 
the fact that such lesions are often very short, 
reducing the likelihood that they cause limita-
tion of blood flow [2,4]. In this regard, fractional 
flow reserve (FFR) has emerged as a powerful 
catheter-based tool that provides robust informa-
tion about the functional severity of the lesion. 
[3,5–8]. FFR, calculated from coronary pressure 
measurement, is a reliable, invasive index to indi-
cate if a stenosis is ischemia-related and can be 
calculated in the catheterization laboratory using 
a pressure wire (Figures 1 & 2) with almost iden-
tical mechanical properties as a normal guide 
wire and that barely prolong the procedure, even 
when multiple vessels are interrogated [5–11]. 

FFR is calculated from coronary pressure 
measurement by taking the ratio of the coro-
nary pressure, measured distal to the stenosis 
to aortic pressure (Pa), as the normal perfu-
sion pressure (distal coronary pressure/Pa) and 

obtaining these measurements when the micro-
vascular resistance was minimal and assumed 
to be constant (i.e., at maximal hyperemia), the 
percentage of normal coronary flow, or a frac-
tion of normal flow (i.e., FFR), can be calculated 
[3–11]. Maximal hyperemia is usually achieved 
with intravenous adenosine administration 
at 140  µg/kg/min. Intracoronary adenosine 
boluses are also used, but continuous intra
coronary adenosine infusion seems to be a safe 
and more accurate alternative [12]. FFR has a 
uniform normal value of 1.0 for every patient 
and every coronary artery; it is not dependent 
on changes in heart rate, blood pressure, or con-
tractility; it accounts for collateral flow; and it 
has a sharp threshold value to indicate inducible 
ischemia: FFR <0.75 always indicates inducible 
ischemia; FFR >0.8 excludes ischemia in 90% 
of the cases [3–13]. The grey zone is very limited, 
which is important for clinical decision making 
in an individual patient. The ischemic thresh-
old of FFR has been replicated independently 
with different noninvasive functional tests in 
numerous studies (including exercise electro-
cardiography, dobutamine stress echocardiog-
raphy and myocardial perfusion imaging [MPI]) 
as well as alongside one another in the same 
population [3,13]. 

An FFR >0.75 identified coronary stenoses 
in patients with inducible myocardial ischemia 
with high sensitivity (88%), specificity (100%), 
positive predictive value (100%) and overall 
accuracy (93%). FFR has a high reproducibility 
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and low intra-individual variability [3,5–8]. 
Moreover, FFR, unlike coronary flow reserve, 
is independent of gender and coronary artery 
disease (CAD) risk factors such as hypertension 
and diabetes [3,13]. 

Clinical applications
The utility of FFR has been established in 
multiple settings of complex lesions, includ-
ing discerning the hemodynamic significance 
of equivocal left main (LM) coronary artery 
lesions, multivessel disease and previous myo-
cardial infarction (MI) [14–17]. FFR provides 
reliable information on any individual stenosis 
and therefore, can be used for immediate deci-
sion making in the catheterization laboratory 
regarding whether to stent or not. FFR has also 
been validated to correlate strongly with clinical 
outcomes in the short- [14–17] and long-term up 
to 5 years, as established by the DEFER trial 
investigators [18]. There was no difference in 
the outcomes of Defer group (FFR mn >0.75; 
no percutaneous coronary intervention [PCI]) 
and Perform group (FFR >0.75; PCI). They 
found that 5-year outcome, after deferral of 
PCI of an intermediate coronary stenosis, based 
on FFR ≥0.75 is excellent. The risk of cardiac 
death or MI related to this stenosis is <1% 
per year and is not decreased by stenting. An 
FFR <0.75 defines a physiologically significant 
stenosis. Examined by year, stented patients had 
a 1.5% risk of death or MI, whereas patients 
treated conservatively, with statins and aspirin, 
had only a 0.6% risk. The authors concluded 
that the 5-year outcome after deferral of PCI 
of an intermediate coronary stenosis, based on 
FFR of 0.75, was excellent. The risk of cardiac 
death or MI related to this stenosis was <1% 
per year and was not decreased by stenting [18]. 
In fact FFR has been unanimously considered 

as the ‘gold standard’ modality for assessing 
the physiological significance of ambiguous 
lesions [3,5–8]. 

According to the consensus statement by 
the American Heart Association (AHA)/
American College of Cardiology (ACC) ‘best 
clinical practice suggests that the addition of 
coronary physiological measurements comple-
ments traditional angiographic information and 
is essential for accurate clinical decision-mak-
ing.’ In fact, physiological assessment (includ-
ing FFR) of the effects of intermediate coro-
nary stenoses (30–70% luminal narrowing) in 
patients with anginal symptoms, is a Class IIa 
recommendation by the ACC/AHA [3].

FFR & multivessel disease
The FAME study is the largest randomized, 
prospective, multicenter clinical trial that com-
pared stenting guided by FFR with stenting 
guided by angiography alone, in 1005 patients 
with two or more diseased coronary arteries [19]. 
The primary end point (a composite of death, 
MI and repeat revascularization) occurred in 
91 patients (18.3%) in the angiography group 
and in 67 (13.2%) in the FFR group (p = 0.02). 
All-cause mortality at 1 year was 3% (15 deaths, 
ten of which had cardiac causes) in the angi-
ography group and 1.8% (nine deaths, seven 
of which had cardiac causes) in the FFR group 
(p = 0.19). MI occurred in 43 patients (8.7%) in 
the angiography group and in 29 (5.7%) in the 
FFR group (p = 0.07). The numbers of small, 
periprocedural infarctions were 16 and 12 in the 
two groups, respectively. A total of 47 patients 
(9.5%) in the angiography group and 33 (6.5%) 
in the FFR group required repeat revasculari-
zation (p = 0.08). In addition, an FFR-guided 
strategy reduced the number of stents used, 
decreased the amount of contrast agent used 

Sensor at the tip of
guiding catheter

Figure 1. The technique of fractional flow reserve measurement. (A) The pressure guide wire 
was advanced into the coronary artery, such that the pressure transducer exited the guiding catheter. 
(B) The equalization before the pressure transducer and the aorta. 
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and resulted in a similar functional status with 
no decrease in health-related quality of life. 
Furthermore, the procedure-related costs were 
significantly lower with the FFR-guided strategy. 
The 2-year follow-up from FAME demonstrated 
sustained benefit, in that the 22.2% of patients 
randomized to angiography-guided PCI reached 
a primary end point, compared with 17.7% in 
the FRR-guided treatment arm, an absolute 
reduction of 4.5%. As in earlier analyses, the 
reduction was driven by a reduction in the rate 
of MI [20].

Tonino et  al. examined the relationship 
between angiographic severity and FFR in the 
FFR arm of the FAME study [21]. In the FFR 
group, 44.1% had stenoses of 50–70% by vis-
ual estimate, 37.5% had stenoses of 71–90%, 
14.3% had stenoses of 91–99% and 10.6% had 
stenoses that were totally occluded. In those 
with angiographic 3-vessel disease (approxi-
mately one-fourth of the FFR-guided group), 
only 14% had concordant 3-vessel functional 
disease (i.e., FFR <0.8 of all three vessels), 43% 
had functional 2-vessel disease, 34% had func-
tional 1-vessel disease and 9% had no lesions, 
with an FFR < 0.8. Interestingly, in those with 
angiographic 2-vessel disease, the proportion 
of patients with functional 2-vessel disease was 
43%, whereas 45% had functional 1-vessel dis-
ease and 12% had no lesions, with an FFR <0.8. 
Overall, in the FFR arm of the FAME trial, the 
subgroup with angiographic lesion severity of 
50–70% by visual estimation, had an FFR < 0.8 
in only 35% that increased to 80% in the group 
with angiographic lesion severity of 71–90% and 
to 96% in the group with angiographic severity 
of 91–99%. The authors inferred that only in 
the angiographic stenosis category >90%, visual 
lesion assessment corresponded well to a lesion’s 
capability of inducing myocardial ischemia 
because 96% of such lesions were functionally 
significant by FFR [21]. Figure 3 demonstrates a 
representative patient with multivessel disease. 
Despite the fact that angiography demon-
strated that both the stenoses of the left ante-
rior descending artery (LAD) and right coronary 
artery (RCA) were significant by angiography, 
however, neither FFR of the LAD or of the RCA 
was significant and stenting was deferred. Since 
FFR of the left circumflex artery (LCX) was 
0.66, only LCX underwent stenting. 

Multivessel disease: FFR 
outperformed MPI
MPI is the most commonly used noninvasive 
modality for evaluation of CAD. It is based on 

the principle of differential flow in the vascular 
bed. In a recent study by Melikian et al., the 
performance of MPI was assessed against FFR 
in 67 patients (201 vascular territories) [22]. In 
42% of patients, MPI and FFR detected identi-
cal ischemic territories, whereas in 36% MPI 
underestimated and in 22% overestimated the 
number of ischemic territories in comparison 
with FFR. There was poor concordance between 
the ability of the two methods to detect myocar-
dial ischemia on both a per-patient (correlation 
coefficient (correlation coefficient [r]  =  0.14; 
95% CI:  0.1–0.39) and per-vessel (r  =  0.28; 
95% CI: 0.15–0.42) basis. As a functional index 
of epicardial vessel stenosis, FFR was unique to 
each and every vessel and not influenced by the 
presence and/or absence of stenoses in adjacent 
vessels. The authors concluded that FFR is ideally 
suited to the functional assessment of coronary 
stenoses in patients with multivessel CAD [22].

In a recent study, 497 patients enrolled in the 
FAME trial were followed over a 1-year period. 
A functional SYNTAX score (SS) was calculated 
by counting only the ischemia producing lesions 
with FFR < 0.8. The functional SS (FSS) was 
compared with the angiographic SS in predict-
ing major adverse coronary events over a 1-year 

No gradient Minimal Moderate Severe

Resting gradient

Crossing lesion Crossing Uncrossing

Figure 2. Examples of fractional flow reserve measurements. (A) The 
separation of the distal pressure from the aortic pressure during hyperemia, based 
on the severity of the stenosis. (B) During hyperemia, upon crossing the stenosis, 
the separation of the distal pressure from the aortic pressure and after uncrossing 
the stenosis, the pressure return to baseline.
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period. FSS moved 32% of the patients to a 
lower risk group. The FSS had a better predic-
tive accuracy for major adverse coronary events 
as compared with SS [23].

FFR for the interrogation of 
equivocal LM coronary stenois
Significant LM disease has been traditionally 
defined as stenosis >50% luminal diameter and is 
a Class IA recommendation for surgical revascu-
larization. It is also well known that grafting an 
insignificant lesion leads to a high rate of disease 
progression in the grafted native artery and is 
associated with a high rate of graft failure [24,25]. 
Given the inherent limitations with luminogra-
phy and intraobserver variability, a more reli-
able form of evaluation is critical in determining 
the hemodynamic significance of LM stenosis. 
Hamilos et al. evaluated 213 patients with equiv-
ocal LM stenosis using an FFR guided strategy 
[26]. Patients with FFR <0.8 underwent surgical 
revascularization. There was poor correlation 
between coronary diameter stenosis and FFR 
(r = -0.38), with 23% of patients with <50% 
diameter stenosis angiography having FFR <0.8. 
The 5-year survival estimates were 89.8% in the 

nonsurgical group treated medically (FFR >0.8) 
and 85.4% in the surgical group (p = 0.48). 
Figure 4 demonstrates a representative case of the 
LM stenosis. Despite the fact the LM ostium 
appeared significantly stenosed by angiography, 
the FFR of the LM stenosis was 0.85 and the 
IVUS of the LM demonstrates that the ostium 
of the LM is not significant. 

FFR evaluation of coronary 
bifurcation lesions
The issue of performing angioplasty on a side 
branch (SB) after the main vessel (MV) has 
been stented across a bifurcation, continues 
to be a matter of debate. To date, there are no 
randomized studies to demonstrate the use of 
FFR-guided strategy for coronary bifurcation 
lesions (CBL). Koo et al. investigated the util-
ity of FFR to determine the significance of SB 
stenosis after stenting the MV in 92 consecutive 
patients [27]. Patients with CBL with jailed SBs 
after successful stenting of the MV were pro-
spectively enrolled. As part of the study protocol, 
jailed SB had to have thrombolysis in myocardial 
infarction (TIMI) III flow, with an ostial steno-
sis >50%, vessel size >2 mm and lesion length 

Figure 3. Coronary angiogram of a patient with multivessel disease. (A) A long diffuse 
stenosis of the left anteror descending artery, (B) FFR of the left anteror descending artery was 0.88, 
(C) angiogram of the left circumflex artery (LCX) demonstrated a critical stenosis of the LCX, (D) FFR 
of the LCX was 0.68, (E) a long diffuse stenosis of the right coronary artery and (F) FFR of the right 
coronary artery was 0.92. 
FFR: Fractional flow reserve.

FFR = 0.88 FFR = 0.66 FFR = 0.88
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Figure 4. Coronary angiogram of a patient with bifurcation lesion. (A) A 70% lesion involving 
bifurcation of the LAD and diagonal; (B) the pressure guide wire in the LAD and a 3.5 × 23 mm 
drug-eluting stent inflated in the LAD, while a whisper wire was positioned in the diagonal to protect 
the diagonal; (C) after stenting the LAD, a 70% stenosis of the LAD was reduced to <10%, however, 
a significant plaque shift occurred at the ostium of the diagonal with a stenosis of 70%; (D) after 
stenting the LAD, the pressure guide wire was positioned in the diagonal to measure FFR; (E) FFR of 
the LAD 0.73 at baseline; (F) FFR of diagonal 0.85 after stenting the LAD and (G) FFR of the LAD 
after stenting the LAD = 1. 
FFR: Fractional flow reserve; LAD: Left anterior descending artery.

Baseline FFR (LAD) = 0.73

After stenting, FFR (LAD) = 1.0

After stenting, FFR (DIAG) = 0.85

<10  mm. Important angiographic exclusion 
criteria included LM stenosis, totally occluded 
lesion, infarct-related artery or angiographically 
visible thrombus, diffuse or significant distal 
lesion at a SB, significant lesion at a main branch 
proximal to stented segment and predilation of 
the SB before the main-branch stent implan-
tation FFR could successfully be measured in 
97% of the patients. They reported that only 
27% of the SB lesions with >75% stenosis by 
quantitative coronary angiography (QCA) were 
functionally significant, thereby highlighting 
the fact that visual assessment of jailed SB gen-
erally tends to overestimate the significance of 
a stenosis. Even amongst large SBs (>2.5 mm) 
with >75% stenosis, only 38% of lesions were 
hemodynamically significant (FFR  <  0.75). 
Importantly, no lesion with <75% stenosis had 
FFR <0.75. Using receiver operator curve ana
lysis, they estimated an optimal cut-off value of 
85% stenosis by QCA in predicting functionally 
significant lesions (sensitivity 80%, specificity 
76%) yielding an AUC of 0.85. 

Sarno et al. investigated an improved three 
branch QCA analysis that has better correla-
tion with FFR; however, the study included only 
20 patients [28]. In a subsequent study by the 
same authors, 110 patients treated by provisional 
strategy were consecutively enrolled and SB FFR 
was measured in 91 patients [29]. SB intervention 
was guided by an FFR-based strategy (<0.75). 
After MV stent implantation, mean FFR was 
0.81 ± 0.12 at the jailed SBs and 0.96 ± 0.04 
at the MV. While the mean percent stenosis of 
jailed SB was 79 ± 11%, only 28 lesions (31%) 
turned out to be functionally significant and 
subsequently underwent intervention (all were 
treated by kissing balloon inflation over the 
pressure wire). Post-kissing balloon inflation, 
FFR significantly increased from 0.65 ± 0.08 
to 0.85 ± 0.07 (n = 25; p < 0.001). FFR ≥0.75 
was achieved in 92% of the lesions despite mean 
residual stenosis of 69 ± 10%. 

At 6-months angiographic follow-up (85%), 
there were no changes in SB FFR in lesions with 
(0.86 ± 0.05 to 0.84 ± 0.01; p = 0.4) and without 
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SB angioplasty (0.87  ±  0.06 to 0.89  ±  0.07; 
p  =  0.1). Functional restenosis (FFR  <0.75) 
rate was only 8%. When clinical outcomes of 
these patients were compared with 110 patients 
with similar bifurcation lesions, treated with-
out FFR-guidance, there was no difference 
in 9-month cardiac event rates (4.6 vs 3.7%; 
p = 0.7) between the two groups. Clinical out-
comes of these patients at 9 months (FFR-guided 
strategy) were then compared with 110 patients 
with similar bifurcation lesions treated without 
FFR-guidance (SB intervention was performed 
more often in the conventional group [45 vs 
30%; p = 0.03]). There was no difference in 
the incidence of death, MI or revasculariza-
tion between the two strategies (4.6 vs 3.7%; 
p = 0.7). As compared with angiographic criteria, 
FFR-guided SB intervention appeared to reduce 
what appeared as unnecessary interventions of 
SB by 55–80% [29].

In another small pilot study of 14 patients, 
Bellenger et  al. demonstrated the efficacy of 
FFR-guided approach in patients with coronary 
CBL [30]. While QCA demonstrated a signifi-
cant stenosis in the SB in 9/14 (64%) patients 
after stenting the MV, FFR showed that only 
3/14 (21%) of these were hemodynamically sig-
nificant. In all cases, TIMI III flow was seen in 
both the MV and SB after deployment of the 
MV stent. There was a poor correlation between 
the angiographic degree of stenosis by QCA and 
the FFR in the SB after stenting the MV.

The utility of FFR assessment was inves-
tigated before stenting the MV and SB in 

patients with CBL and/or multivessel disease, 
and demonstrated that the event rate was sig-
nificantly lower with FFR-guided strategy com-
pared with the conventional strategy (6 vs 12% 
at 12 months)  [16]. Furthermore, only 42% of 
lesions that were deemed significant by FFR 
underwent stenting, compared with 100% of 
the lesions assessed by angiography. However, 
in this pilot study, we did not perform FFR of 
the SB after stenting the MV [16]. Figure 5 dem-
onstrates a representative case of a bifurcation 
lesion. After stenting of the LAD, a significant 
plaque was shifted to the ostium of the diagonal, 
despite a critical stenosis of the  diagonal, the 
FFR of which was 0.85. 

FFR evaluation of myocardial 
bridging
Myocardial bridging (MB) is a common finding 
and poses a diagnostic and therapeutic chal-
lenge. Distinguishing a bridge as the culprit of 
symptoms versus an innocent bystander needs 
to be firmly established to guide appropriate 
therapy. Data from the Mayo Clinic (MN, 
USA) have shown that MB is associated with 
a 36% increased risk of nonfatal-MI during a 
mean follow-up of 1 year [31]. In order to assess 
the physiological significance of MB, we have 
defined an ‘FFR paradox.’ We demonstrated 
that angiographic and functional severity of 
MB could be unmasked after inotropic stimu-
lation by dobutamine infusion. After adenosine 
infusion, FFR was >0.82, indicating that MB 
was not hemodynamically significant, whereas 

MLA = 12.5 mm2

MLD = 4 mm

FFR = 0.85MLA = 22 mm2

Figure 5. A representative case of a bifurcation lesion. (A) Coronary angiogram demonstrates a 
70% stenosis of the ostial left main coronary artery (LMCA) stenosis; (B) FFR of the LMCA was 0.85; 
(C) intravascular ultrasound demonstrates that minimum lumen area at the ostium of the LMCA was 
12.5 mm2 and (D) at the distal reference, minimum lumen area was 22 mm2.
FFR: Fractional flow reserve.
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after dobutamine infusion, FFR decreased to 
<0.75 [32]. The underlying mechanism of the 
‘FFR paradox’, include a greater FFR drop 
with dobutamine than with adenosine among 
patients with MB, likely owing to increased 
contractility of muscle fibers overlying arterial 
segment in response to dobutamine and that, 
in turn, decreased minimum lumen diameter 
and increased the length of bridging segment, 
as previously reported [32]. In contrast, it has 
been reported that among patients with fixed 
coronary stenosis and no evidence for MB, both 
distal coronary pressure and Pa/distal pressure 
decreased to the same extent during intracoro-
nary adenosine and high-dose dobutamine 
infusion [32]. Likewise, among patients with 
fixed coronary artery stenosis, minimum lumen 
diameter at the stenosis did not differ at baseline 
and after high-dose dobutamine infusion. FFR 
measurement, after a high-dose dobutamine 
infusion, is a promising strategy to unmask the 
significance of MB [32]. Figures 6 & 7 demonstrate 
a representative case of MB. After adenosine, 
FFR of the LAD was 0.82, but after dobuta-
mine infusion at a rate of 40 µg/kg/min, FFR 
dropped to 0.71. After stenting, FFR increase 
to 0.92. 

FFR & viability
Assessment of myocardial viability and physio-
logical significance of coronary artery stenoses are 
essential for appropriate guidance of revasculari-
zation. Samady et al. studied 48 patients within 
4 days following acute MI [33]. An FFR of 0.78 was 
found to provide optimal discriminatory power 
for detecting reversibility on single photon emis-
sion computed tomography (SPECT) or myocar-
dial perfusion echocardiography, with no signifi-
cant loss in sensitivity to detect ischemia in large 
infarct sizes. In addition, patients with irreversible 
defects on MPI had a mean FFR of 0.93. The 
ability of FFR to discriminate ischemic tissue 
from scar tissue in post MI period may further 
guide clinical decision making when considering 
revascularization in acute MI patients. 

In patients with prior MI, a FFR cut-off value 
of 0.75 can be used to distinguish patients with 
positive from patients with negative SPECT. 
There is an 85% concordance between FFR and 
SPECT results. Patients with positive SPECT 
imaging have better preserved left ventricular 
ejection fraction and lower FFR compared with 
patients with negative SPECT imaging. This 
suggests that lower FFR values indicate more 
viable myocardial mass [34].

Diastole Dobutamine 40 µg/kg/min

After stenting

Diastole Systole

Half moon Half moon

Systole

Figure 6. A representative case of myocardial bridging. (A & B) demonstrate myocardial 
bridging (MB) in the left anterior descending artery during diastole and systole at baseline, 
(C & D) demonstrate intravascular ultrasound images of MB during diastole and systole, (E) 
demonstrates worsening of MB after dobutamine infusion and (F) demonstrates resolution of MB 
after stenting of the left anterior descending artery.
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The therapeutic implications of FFR in 
predicting myocardial recovery were further 
tested clinically. Beleseline et  al. concluded 
that increased coronary flow following PCI – 
as measured by increased FFR – is a significant 
predictor for improvement of left ventricular 
function on echocardiography [35]. FFR <0.71 
before angioplasty and improvement in FFR by 
0.21 were significant predictors of improved left 
ventricular function following PCI.

FFR & IVUS
The summary of correlations between IVUS 
cutoff points and FFR is depicted in Table  1. 
Brigouri et  al. reported comparative data on 
FFR and IVUS in evaluating the hemodynamic 
significance of coronary stenoses [36]. For sten-
oses with FFR <0.75, the best cut-off values for 
corresponding IVUS measurements were mean 
luminal areas (MLA) <4 mm2, mean luminal 
diameter <1.8 mm and lesion length greater than 
10 mm. A MLA of <4 mm2 yielded a sensitiv-
ity of 92% in detecting significant coronary 
stenoses, but specificity was limited to 56%. A 
MLA <3 mm2 by IVUS measurement resulted 
in significant improvement in specificity of 
IVUS in detecting hemodynamically significant 
lesions [37].

The diagnostic accuracy of IVUS MLA is 
highly variable, depending on lesion location. In 
267 lesions of indeterminate significance, 33% 
had FFR <0.8 [38]. The best cut-off value of MLA 
to define the functional significance was 3 mm2 
for proximal LAD lesions and 2.75  mm2 for 

mid-LAD lesions located before the second diago-
nal branch. However, the functional significance 
of MLA could not be determined for other lesion 
locations [39]. Kang et al. further questioned the 
specificity of IVUS measurements as compared 
with FFR; an IVUS MLA >2.4 mm2 ruled out 
FFR <0.8 in 96% of cases, but an IVUS MLA 
<2.4 mm2 was associated with an FFR <0.8 in 
only 37% of the cases [40]. IVUS measurements 
are sensitive in ruling out hemodynamically 
significant stenoses. However, the specificity of 
IVUS measurements remains in question. 

Brugaletta et  al. investigated correlations 
between IVUS virtual histology and FFR in 
patients with an intermediate coronary steno-
sis [41]. They demonstrated that, although the 
stenoses with an FFR ≤0.8 had larger plaque 
size compared with an FFR >0.8, plaque com-
position was different between the groups. Lee 
et al. demonstrated that a small-vessel disease, 
an IVUS MLA <2.00mm2 yielded a sensitivity 
and specificity of 82.4 and 80%, respectively, 
for detection of significant stenosis by FFR [42]. 

Economic rationale
While the cost of obtaining FFR adds apparent 
operational expense, the net benefit of objec-
tive and timely decision-making can provide 
a significant overall savings to the healthcare 
delivery system. The use of physiological lesion 
assessment is associated with favorable medical 
economics for the strategy of risk assessment in 
the catheterization laboratory. Leesar et al. found 
comparable results for patients admitted with 

Baseline

FFR = 0.82

After adenosine

FFR = 0.75

After 20 µg/kg/min dobutamine

FFR = 0.92

After stenting

After 40 µg/kg/min dobutamine

FFR = 0.71

Figure 7. A representative case of myocardial bridging. (A) Baseline pressure recording 
(B) demonstrates FFR = 0.82, (C) FFR = 0.75 after dobutamine infusion at 20 µg/kg/min, (D) 
FFR = 0.71 after dobutamine infusion at 40 µg/kg/min and (E) demonstrates FFR = 0.92 after 
stenting. 
FFR: Fractional flow reserve.
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acute coronary syndrome who were random-
ized either to angiography with measurement 
of FFR and interventional or medical treatment 
as indicated by FFR, or to nuclear stress imag-
ing with angiography if results were abnormal 
[43]. They found that a FFR strategy significantly 
reduced both the duration and cost of hospital-
ization, with identical cardiac event rates in the 
two groups at 1-year follow-up. A decision ana
lysis by Fearon et al. demonstrated that an FFR 
based PCI strategy saved US$1795 per patient as 
compared with nuclear stress based PCI strategy 
and $3830 per patient as compared with stent 
implantation for all intermediate lesions with-
out measuring FFR [44]. Most recently, a cost-
effective analysis based on 1-year results from the 
FAME study showed that the mean cost of PCI 
was reduced by almost $2400 when decision-
making was guided by FFR. The cost-savings 
come initially from the reduction in use of stents 
(1/3 fewer stents were used with FFR guided 
decision-making) but continued through the 
first year, due to less need for repeat procedures, 
rehospitalization and adverse events [45].

Limitations of FFR measurements
Both the DEFER and FAME trial did not report 
an increased incidence of complications during 
FFR evaluation [18,19]. However, FFR may be 
associated with an increase in radiation dose 
(4 mSv), contrast dose (50 ml) and procedure 
time (9 min) [46]. In addition, FFR evaluation 
confers risk of coronary complications associated 
with wiring, specifically in anatomically com-
plex, bifurcation and calcified lesions. Heparin 
administration with FFR may confer a slightly 
higher risk of bleeding complications, despite a 
lack of clinical data to validate this theory. 

False-positive FFR is rare. One potential 
explanation is a drift in the pressure wire. 
When FFR is low a pullback across the lesion 
with normalization of FFR is evidence of sig-
nificant stenosis. Wire induced coronary spasm 
is another pitfall which is avoided by injection 
of intracoronary nitroglycerin [47].

False-negative FFR may occur due to techni-
cal factors such as insufficient hyperemia, deep 
guide-catheter engagement, or electrical drift in 
the system [45]. Actual false-negative FFR may 
occur in the setting of severe microvascular dys-
function, which can theoretically occur with LV 
hypertrophy and ST-elevation MI [48]. 

Unlike IVUS, FFR does not provide mor-
phological information about coronary stenoses. 
Information on healthy reference segment, stent 
sizing and accurate stent placement is therefore 
lacking. 

Future perspective 
FFR is more routinely used in evaluation of 
lesions of indeterminate significance. The major 
pitfall of FFR is lack of anatomical data and 
lesion morphology. The development of remote 
consoles in the near future will cut down on 
added time to FFR procedures and will likely 
facilitate the use of this modality. Combining 
FFR wires with IVUS or optical coherence 
tomography catheters in the future, will fill one 
of the major gaps of FFR. The combination of 
coronary flow reserve calculation with FFR wires 
is an additional enhancement that is already 
available for use and will likely grow in the near 
future. As more stringent rules are applied to 
appropriate PCI, the use of ‘functional proof 
of significance’ should become a cornerstone in 
evaluating coronary stenosis.

Table 1. Intravascular ultrasound mean luminal area correlation with fractional flow reserve in patients with an 
intermediate coronary stenosis.

Study FFR Cut-off MLA (mm2) Accuracy (%) Sensitivity (%) Specificity (%) No. of lesions Ref.

Briguori et al. (2008) <0.75 ≤4.0 79.0 92.0 56.0 70 [36]

Takagi et al. (1999) <0.75 <3.0 90.2 83.0 92.0 51 [37]

Jasti et al. (2004) <0.75 5.9† 94.0 93.0 95.0 55 [14]

Lee et al. (2010) <0.75 ≤2.0‡ N/A 82.4 80.8 94 [42]

Kang et al. (2011) <0.80 <2.4 68.0 90.0 60.0 236 [40]

Koo et al. (2011) <0.80 3.0§ N/A 75.0 88.0 267 [39]

<0.80 2.75¶ N/A 73.0 78.0 267

<0.80 2.5# N/A 70.0 44.0 267
†For left main coronary artery stenosis.
‡For small-vessel disease (<3 mm).
§For proximal left anterior descending artery.
¶For mid left anterior descending artery.
#For distal left anterior descending artery.
FFR: Fractional flow reserve; MLA: Mean luminal area.
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Executive summary

�� Fractional flow reserve:
–	 Provides functional data that can safely reduce the need for percutaneous coronary interventions;

–	 Provides more accurate risk assessment in patients with multivessel disease as compared with coronary angiography; 

–	 Reduces the need for bifurcation stenting; 

–	 Is more specific than intravascular ultrasound in assessing coronary stenoses;

–	 Is not associated with an increased risk of complications in larger clinical trials.
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