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Importance of Maximum Hyperemia
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During maximal vasodilation, the 
ratio of stenoticflow to normal 
flow is proportional to their 
respective driving pressures.

This is exactly the definition of 
the FFR: the ratio of distal 
coronary pressureto aortic 
pressure.

Maximal vasodilation



Importance of Maximum Hyperemia

Insufficient hyperemia

Underestimation of pressure gradient

Overestimation of FFR

Underestimation of StenosisSeverity



Coronary Tandem Lesions
Multiple stenoses in series along one coronary artery

Rule of Big Delta  
FFRa 

FFRm 

FFRd

If  FFRa-FFRm > FFRm-FFRd

If  FFRa-FFRm < FFRm-FFRd

Courtesy of SJ PARK
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Coronary Tandem Lesions
Multiple stenoses in series along one coronary artery

ñaò lesion ñbò lesion 

Pa Pm Pd

FFRa = Pa-Pm/Pa FFRb = Pd-Pm/Pm   (at maximal 

hyperemia)



Coronary Tandem Lesions
Multiple stenoses in series along one coronary artery

If ñaò lesion is removed FFR of ñbò lesion will change

Pa Pa Pd

FFRb = Pd-Pa/Pa (At maximal hyperemia) 



N = 45 patients
Sensitivity 88%, Specificity 100%, PPV 10%, NPV 88%

First Validation of FFR
Comparison with 3 non-invasive functional studies

N Engl J Med 1996;334:1703-8



FFR Cut -Off Value



Visual -Functional Mismatch (I)

From FAME Study 

J Am Coll Cardiol 2010;55:2816ï21

Visual Estimated Diameter Stenosis, %

Mismatch 
36.3%



Visual -Functional Mismatch (II)
From FAME Study

J Am Coll Cardiol 2010;55:2816ï21

Functionally Diseased Coronary Arteries



Visual -Functional Mismatch (III)

Functional SYNTAX Score in FAME

Nam et al. J Am Coll Cardiol 2011;58:1211ï18

Classic SS Functional SS



FAME @ 2yr FU
A total of 1,005 patients with multivesselCAD were randomly assigned

J Am Coll Cardiol 2010;56:177-84
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J Am Coll Cardiol 2010;56:177ï84

p=0.03

FAME @ 2yr FU
A total of 1,005 patients with multivesselCAD were randomly assigned



Prognostic Value of FFR on 
Clinical Outcomes

Johnson et al, JACC 2014;64:1641-54

0.75 0.76

6,961 pts, 9,173 lesions



12 24 36 48 600 12 24 36 48 60

100

80

60

40

20

%
 S

u
rv

iv
a

l

Months

100

80

60

40

20

0

%
 M

A
C

E
 f
re

e

Months

p=0.48 p=0.5

CCwҗлΦул
FFR<0.80
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FFR<0.80

FFR guided PCI in Equivocal LMCA

An FFR-guided strategy showed the favorable outcome.

Circulation. 2009;120:1505-1512

ÅIn 213 patients with an equivocal LMCA stenosis

ÅFFR Ó0.80: Medication (n=138) vs. FFR<0.80: CABG (n=75)

Survival MACE

89.8%

85.4%

82.8%

74.2%



Saving Costs and Improving Outcomes
By FFR guidance 

Circulation2010;122:2545-2550
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Use of IVUS vs. FFR

in SB Assessment

After LM Cross-over

SB FFR



Functional Compromise of LCX
after LM Cross -Over Stenting
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MLA 3.7 mm2 Plaque burden 56%

PreporceduralMLA and plaque burden 
of poststentingLCX FFR < 0.80

Kang SJ et al. Catheter Cardiovasc Interv. 

2014;83:545-552



FFR of the Jailed Side Branch
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Only 27% 

among SB 

with > 75% has 

FFR < 0.75
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Functional LCX Compromise
In LMCA Bifurcations (LCX ostial DS<50%)

42%

7%

(DS >50%) (FFR<0.80)

%

Kang et al. Catheter CardiovascInterv2014;83(4):545-52

When Pre-PCI LCX Ostial DS<50%,
Just Do Single Stent!

35% at risk for 

unnecessary SB PCI



121086420

1.0

0.9

0.8

0.7

0.6

0.5

Post-stenting MLA, LCX os(mm2)

r=0.197
p=0.391

P
o

st
-s

te
n
tin

g
 F

F
R

LMCA Bifurcation
Post -stenting LCX Stenosis

8070605040302010

P
o

st
-s

te
n
tin

g
 F

F
R

1.0

0.9

0.8

0.7

0.6

Post-stenting DS, LCX os(%)

r=-0.455
p=0.002
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ÁLesion eccentricity of SB
ÁNegative remodeling of ostium
ÁVarious size of myocardium
ÁStrut artifacts
ÁFocal carina shift

Sachdeva et al. Am J Cardiol 2011;107:1794-5      

Why Mismatch?



The Use of FFR

ÅSingle Vessel Stenting

ÅMultivesselStenting

ÅComplex Bifurcation Stenting

ÅFull Metal Jaket

ÅDeferral of PCI under OMT

ÅSingle Vessel Stenting

ÅSimple Bifurcation Stenting

ÅSelected Stent Implantation



Between Jan 2008 and Dec 2011, 5097 pts 
underwent PCI at Asan Medical Center, Seoul, 

Korea and were followed for 1 year

SJ Park et al. Eur Heart J 2013;34:3353-61



FFRðGuided Multivessel
Angioplasty in SCAD

ÅStable coronary artery disease

ÅMeta-analysis of 3 randomized 
control trials

ÅFAME 2 study 

ÅDANAMI-3-PRIMULTI

ÅCompare-Acute 

ÅPrimary composite end-point : 
cardiac death or MI

HR 0.72 (95% CI 0.54-0.96) 



FFRðGuided Multivessel
Angioplasty in Myocardial Infarction

Å885 patients with STEMI and multivessel

Åunderwent primary PCI

ÅRandomization(1:2)

Complete revascularization of nonïinfarct-

related coronary arteries guided by FFR 

(295 patients) 

VS

No revascularization of nonïinfarct-related

coronary arteries (590 patients)

Smits PC et al. N Engl J Med 2017;376:1234-1244

COMPARE-ACUTE trial



FFRðGuided Multivessel
Angioplasty in STEMI

Wang et al. BMC Cardiovascular Disorders (2019) 19:49 

Complete revascularization by FFR vs culprit only revascularization

All cause mortality

HR 1.24 [0.65-2.35]

Non-fatal MI

HR 0.96 [0.60-1.56]

Repeat revascularization

HR 0.36 [0.26-0.51]

MACE

HR 0.47 [0.35-0.62]



Pitfalls with 
Pressure Measurement

ÅIntroducer needle

ÅHeight of the fluid-filled transducer

ÅEqualization

ÅHyperemia

ÅDrift

ÅGuiding catheter wedging

ÅSide holes

ÅWhipping

ÅAccordion effect



Instantaneous wave -Free Ratio ( iFR )

ɲP = ɲQ Ȼ R ɲt Ғ ɲQ Ȼ R

Changes in pressure across a stenosis 
under constant and minimized coronary resistance can 
be a surrogate for blood flow to myocardium.

For minimizing intracoronary resistance during measurment
ωFFR : adenosine infusion, average over several cycles
ωiFR: wave free period, instantaneous pressure 



ÅWave free period ; resistance naturally 
constant and minimized in the cardiac cycle

Instantaneous wave -Free Ratio ( iFR )

iFR = 
Pdwave free period

Pa wave free period



iFR vs FFR to Guide PCI

Å2037 participants with stable angina or an acute coronary syndrome

ÅUnderwent coronary revascularization

ÅRandomization (1:1)

Åa multicenter, controlled, open-label clinical trial

iFR-guided

VS

FFR-guided

iFR-SWEDEHEART trial

An iFR-guided revascularization strategy was noninferior to an FFR-guided 
revascularization strategy with respect to the rate of MACE(1yr)

GötbergM et al. N Engl J Med 2017. DOI: 10.1056/NEJMoa1616540



Use of the Instantaneous Wave -free Ratio

Å2492 patients with coronary artery disease

ÅUnderwent coronary revascularization

ÅRandomization (1:1)

Åa multicenter, international, blinded trial 

iFR-guided

VS

FFR-guided

DEFINE-FLAIR trial

Davies JE et al. N Engl J Med 2017. DOI: 10.1056/NEJMoa1700445

Coronary revascularization guided by iFRwas noninferior to 
revascularization guided by FFR with respect to the risk of MACE(1yr)



iFR vs FFR in LAD lesions

LAD lesion

DEFINE-FLAIR trial sub-study

Non-LAD lesion

HR 0.47 [0.23-0.96]

p=0.04

HR 1.22 [0.60-2.44]

p=0.58

SayanSen et al. J Am Coll Cardiol. 2019 Feb 5; 73(4): 444ï453.



iFR vs FFR to Guide PCI
META-ANALYSIS OF ANGIOGRAPHY, IFR AND FFR GUIDED PCI

There is no significant superiority of 
FFR over iFR

Baumann et al. Exp TherMed. 2019 Mar;17(3):1939-1951. doi: 10.3892/etm.2019.7156. Epub2019 Jan 7. 

significant lower numbers in chest 

discomfort (P<0.001) when using iFR

iFR-SWEDHEART study 
DEFINE-FLAIR study



iFR vs FFR concordance

ÅComparison of 2-Year Clinical Outcomes of Lesions 
Classified by FFR and iFR in Deferred Lesions

Lee J, Shin E, Nam C et al. JACC Cardiovasc Interv 2017;10(24):2506

3V FFR-FRIENDS substudy

Å821 deferred lesion (n=374)

ÅPrimary outcome : MACE at 2 years

ÅGroup 1 : FFR > 0.80 and iFR > 0.89

ÅGroup 2 : FFR > 0.80 and iFRÒ0.89

ÅGroup 3 : FFR Ò 0.80 and iFR > 0.89

ÅGroup 4 : FFR Ò 0.80 and iFRÒ0.89

The discordant results between FFR and iFRwere 
not associated with the increased risk of MACE. The 
risk of MACE wassignificantly increased only in 
lesions with abnormal results of both FFR and iFR.



FAVOR lll China
QFR-guided PCI versus Angiography-guided PCI

Xu bo et al. Lancet 2021; 398: 2149ï59

Death/MI or Ischemic Driven Revascularization



FLOWER MI

Etienne Puymiratet al. N Engl J Med 2021;385:297-308

In Patients with STEMI
Undergoing Complete Revascularization

(n=1171)

Primary Endpoint at 1 year:
Death from any cause, nonfatal myocardial infarction or 

unplanned hospitalization leading to urgent 
revascularization

FFR Guided PCI
(n=590)

Angio Guided PCI
(n=581)

R



FLOWER MI

Etienne Puymiratet al. N Engl J Med 2021;385:297-308



FUTURE

Gilles Rioufolet al. JACC 2021;78:9;1875-1885

Multivessel CAD Patients at Angiography
3 stenosis > 50% per patient

(n=927)

Primary Endpoint at 1 year:
Death from any cause, nonfatal myocardial infarction,

Stroke, or unplanned revascularization

Angiography Evaluation only
(>50% Stenosis)

(n=467)

FFR in all target lesions
43% (FFR > 0.80)

(n=460)

R



FUTURE

Gilles Rioufolet al. JACC 2021;78:9;1875-1885



FLAVOUR trial

KOO et al. JACC 2021;78:9;1875-1885

Patients with de novo intermediate stenosis 
(40ς70%) eligible for PCI

(n=1682)

Primary Endpoint at 2 year:
Death from any cause, myocardial infarction, 

and any revascularization

FFR guided PCI
(n=838)

IVUS-guided PCI
(n=844)

R



FLAVOUR trial

KOO et al. JACC 2021;78:9;1875-1885



COMPLETE trial

Mehta et al. NEJM 2019;381:1411-1421

4041 STEMI patients with non-culprit stenosis (visual > 70% or FFR < 0.80) were randomized 
into complete revascularization (N=2016) versus culprit-only PCI (N=2025) groups

Primary endpoint: cardiac death or new MI
Co-Primary endpoint: 
cardiac death or new MI, ischemia-driven revascularization



Gray-zone FFR



Data from IRIS-FFR Registry

Ahn JM et al. Circulation. 2017;135(23):2241-2251. 



Ahn JM et al. Circulation. 2017;135(23):2241-2251. 

Data from IRIS-FFR Registry



Defer vs. PCI in Gray-zone FFR

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Primary End Point in Gray-zone FFR
(Death, TV-MI, Target Vessel Revascularization)

Overall Population Matched Population

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Death from any cause

Overall Population Matched Population

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Myocardial Infarction

Overall Population Matched Population

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Death and Myocardial Infarction

Overall Population Matched Population

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Death and Spontaneous MI

Overall Population Matched Population

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Target Vessel Revascularization

Overall Population Matched Population

Kang DY et al. Eur Heart J. 2018;39(18):1610-1619.



Meta-analysis

Kim J et al. JACC CV Interv. 2022;15(10):1033-1043.



Du Y et al. Angiology. 2020;71(1):48-55.

MACE

TVR

Death

Meta-analysis



Du Y et al. Angiology. 2020;71(1):48-55.

Cardiac Death

MI

Death or MI

Meta-analysis



GzFFR RCT : Defer vs. PCI in Gray-zone FFR

Hennigan B et al. Heart. 2020.



GzFFR RCT : Defer vs. PCI in Gray-zone FFR

Hennigan B et al. Heart. 2020.



GzFFR RCT : Defer vs. PCI in Gray-zone FFR

Hennigan B et al. Heart. 2020.



Johnson N, Zimmerman F. Eur Heart J. 2018;39(18):1620-1622.

Decision-Making in Gray-zone FFR



FAME 3

N Engl J Med 2022;386:128-37. DOI: 10.1056/NEJMoa2112299

1500 MultivesselCAD Patients 48 centers 

Primary Endpoint at 1 year:
Death from any cause, myocardial infarction,

Stroke, or repeat revascularization

CABG FFR Guided PCI

R



FAME 3

FFR-guided PCI did not meet criteria for

non-inferiority compared with CABG in 

patients with angiographic three-vessel 

disease.

N Engl J Med 2022;386:128-37. DOI: 

10.1056/NEJMoa2112299



FAME 3

* benefit with PCI among patients 

with low SYNTAX scores

*IVUS/OCT was used in only 12% 

of patients



FRAME-AMI

Å. 2023 Feb 7;44(6):473-484. 

JM Lee et el. Eur Heart J 2023 Feb 7;44(6):473-484



FRAME-AMI

JM Lee et el. Eur Heart J 2023 Feb 7;44(6):473-484

In acute MI and multivessel coronary 

artery disease, selective PCI using 

FFR was superior to routine PCI 

based on angiography for non-

infarct-related artery lesions 

regarding the risk of death, MI, or 

repeat revascularization. 



IVUS



Residual Plaque Predicts Edge 
Restenosis

Population DES F/U time Predictor

SIRIUS1
6 edge restenosis 
vs. 162 controls

SES 8 mo
Ref segment PB

60% vs. 41% (p<0.01)

TAXUS2 276 edge stenosis PES 9 mo Ref segment PB 47%

1 Am J Cardiol 2005;96:1251-3
2Liu et al. Am J Cardiol 2009;103:501-6

TAXUS BMS

predict 9-mo edge restenosis



Residual Plaque Predicts DES 
Thrombosis

Population DES Endpoint Predictor

Fujii1 15 ST vs. 45 controls SES ST <1 mo Ref. PB 62% vs. 46%

Okabe2 13 ST vs. 27 controls DES ST <1 yr Ref. PB 66% vs. 56%

Liu3 20 ST vs. 50 controls DES ST <1 yr Ref. PB 57% vs. 38%

1 Fujii et al. J Am Coll Cardiol 2005;45:995-8
2 Okabe et al.Am J Cardiol 2007;100:615-20
3 Liu et al. JACC Cardiovasc Interv. 2009;2:428-34

Post-stenting

ProxPB 60%

F/U

edge restenosis



Hong et al. Eur Heart J 2006;27:1305-10
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HR 7.8 (95% CI 2.5ς24.1)

Stent Thrombosis

Suh et al. JACC interv 2010;3:383-9

(%)

Sensitivity 81%, Specificity 78%

IVUS-guided PCI is necessary to achieve full lesion coverage and to 
avoid the waste of stent



Underexpansion Predicts DES 
Restenosis

Population DES Endpoint Rate of Underexpansion

Fujii 1 15 ST vs.

45 controls
SES ST <1 month <5.0mm2 in 80%vs. 29%

Okabe 2
13 ST vs.

27 controls
DES ST <1 year <5.0mm2 in 79%vs. 40%

Liu 3
20 ST vs.

50 controls
DES ST <1 year <5.0mm2 in 85%vs. 26%

1 J Am Coll Cardiol 2005;45:995-8     2 Am J Cardiol 2007;100:615-20     3 JACC interv 2009;2:428-34
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Underexpansion Predicts DES Restenosis

Song et al. Catheter CardiovascInterv2012;
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*

*

Two-stent

Frequency of Underexpansion

and ISR 

* single-stent vs. two-stent, p<0.05

27%had underexpansionin at least one 
of the 3 stented segments 

54%had underexpansionin at least one 
of the 4 stented segments

33.8%had underexpansionof at least one stented segment 
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ADAPT -DES 1 -year Outcomes
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(%)

IVUS
n = 3349 

No IVUS
n = 5234

p Value

Definite/probable ST 0.52% (17) 1.04% (53) 0.011

All myocardial infarction 2.46% (81) 3.68% (188) 0.0022

Ischemic driven TVR* 2.42% (81) 3.95% (207) 0.0001

Maehara et al. 2013 TCT



ADAPT -DES 2 -YEAR RESULTS
The largest prospective study of IVUS use to date



ADAPT -DES 2 -YEAR RESULTS
The largest prospective study of IVUS use to date



ADAPT -DES 2 -years Outcomes

Maehara et al. Circ Cardiovasc Interv. 2018;11:e006243.


