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Fractional Flow Reserve 
The “Gold Standard” for Invasive Functional Assessment 

• FFR = Pd/Pa during hyperemia 

• FFR to detect coronary lesions that would benefit 
from revascularisation 

 

• FFR-guided PCI 

– Improves patient outcomes 

– Reduces stent implantations 

– Is cost-effective 

 
Pijls NH, et al. J Am Coll Cardiol 2007 

Tonino PA, et al. N Engl J Med 2009 
De Bruyne B, et al. N Engl J Med 2012 



Global Adoption of FFR in  
Catheter Laboratories in 2016 

Gotberg M, et al. J Am Coll Cardiol 2017 



Low Adoption of FFR in Clinical Practice 

• More invasive – More risk 

– Intracoronary manipulation of the pressure wire 

– Administration of vasodilators (adenosine) 

 

• Additional time 

 

• Additional cost 

 

• Operator’s choice: confidence in visual assessment 

AV block (2-8%) 
Bronchospasm 

Headache, flush 

Gotberg M, et al. J Am Coll Cardiol 2017 
Tebaldi, M, et al. JACC Intv 2018 



Resting (non-hyperemic) 
pressure-derived indices  

as an alternative for hemodynamic severity 
of coronary artery disease 

Resting Pd/Pa 

diastolic Pressure 
Ratio (dPR) 

Resting Full-cycle 
Ratio (RFR) 

No administration of adenosine 

instantaneous  
wave-Free Ratio (iFR) 

Contrast FFR 



iFR (instantaneous wave-Free Ratio) 

 

Sen S, et al. J Am Coll Cardiol 2012 

wave-free period: 
25% of the way into diastole and 
ending 5 ms before the end of diastole 



Non-inferiority of iFR vs FFR for MACE 

iFR-SWEDEHEART RCT 

MACE: death from any cause, nonfatal myocardial infarction, or unplanned revascularization 
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DEFINE-FLAIR RCT 

p=0.007 for  
non-inferiority p<0.001 for  

non-inferiority 

Gotberg M, et al. N Engl J Med 2017 
Davies J, et al. N Engl J Med 2017 

FFR cut-off =0.80 
iFR cut-off =0.89 



iFR in ESC Guidelines 
When to perform revascularisation? 

When 
physiology? 

ESC Guidelines on  
Myocardial Revascularisation. 2018 



iFR in SCAI Position paper 

Lotfi et al. Coron Artery Dis 2018 



Meta-analysis of Death and MI in  
iFR vs FFR RCTs 

Berry C, et al. Circulation 2017 

90 (~4.2%) 70 (~3.2%) 



Deferral of Revascularisation: 
FFR vs iFR 

Escaned J, et al. JACC Intv 2018 

Pooled analysis 
of FFR-iFR RCTs 



Discordance between FFR and iFR:  
Clinical Outcomes of Deferred Patients 

Lee SH, et al. JACC Intv 2019 

840 vessels (596 pts) 

Differences in 
vasodilatory capacity 



Residual Ischemia 
After Successful 

Angiographic PCI: 
DEFINE-PCI Study 

Jeremias A, et al. JACC Intv 2019 



Adenosine-free Indices 

THEY Negate the use of vasodilators (adenosine) for  
induction of hyperemia 

BUT 
THEY Require a pressure wire for invasive 

measurements 

Resting Pd/Pa 

diastolic Pressure 
Ratio (dPR) 

Resting Full-cycle 
Ratio (RFR) 

instantaneous  
wave-Free Ratio (iFR) 

Contrast FFR 



• Add a functional component to angiography by using a 
computer-simulated index 

• No need for coronary instrumentation and adenosine infusion 

• Obtain an FFR-equivalent color-coded coronary artery map 

Papafaklis and Baumbach. Circulation 2019 

THE ADVENT OF FUNCTIONAL ANGIOGRAPHY 
Angiography-based FFR 



• Methodologies to compute FFR surrogates using principles of fluid 
dynamics applied to vascular geometries derived either from 
noninvasive CTCA or from invasive angiography 

– Step 1: Construct a computer (in silico) model of the 3-dimensional 
geometry 

– Step 2: Prescribe inflow and outflow (boundary conditions) 

• Simplified boundary conditions 

• OR Physiologic model of the heart and arterial system as a closed hydraulic 
circuit (Windkessel parameters of arterial compliance, microvascular 
resistance) 

– Step 3: Implement a calculation method (principles of fluid dynamics) 

• Computational Fluid Dynamics (CFD) techniques = Finite elements and 
Numerical solution of 3-D Navier-Stokes equations (differential equations of 
fluid motion) 

• OR Approximate algebraic method using simple equations 

 

Imaging  Functional Assessment 
≈ Functional Coronary Imaging 

Giddens DP. JACC Intv 2016 
Papafaklis M et al. Expert Rev Cardiovasc Ther 2017 



• CT coronary angiographic dataset 

• Sophisticated 3-dimensional 
mathematical modelling of coronary 
flow, pressure and resistance (CFD and 
Windkessel model) 

• 1-4 hrs of processing time 

• Validated in prospective multicentre 
trials against invasive FFR in stable 
patients with suspected CAD 

• Improved diagnostic accuracy over 
CTCA alone 

• FDA-approved class II Coronary 
Physiological Simulation Software 

 Taylor CA et al. J Am Coll Cardiol 2013 
Norgaard BL et al. J Am Coll Cardiol 2014 

Computed Tomography Coronary Angiography 
FFR-CT 



FFR-CT vs Perfusion Imaging:  
PACIFIC Trial substudy 

157 patients: FFR, SPECT, PET, and CTA with evaluable FFR-CT 
(51 patients were not fully [3-vesssel]evaluable by FFR-CT) 

Driessen RS et al. J Am Coll Cardiol 2019 



FFR-CT Diagnostic Strategy vs Usual Care in 
Suspected CAD: PLATFORM study 

Douglas PS et al. Eur Heart J 2015 

Rate of invasive catheterisation without obstructive coronary artery disease 



Decision-Rule Algorithm based on CTCA 

Noorgard BL et al. J Am Coll Cardiol Img 2016 



Diagnostic and Management Strategy for Suspected CAD: 
Selective FFR-CT Testing 

Norgaard BL et al. J Am Coll Cardiol 2018 



vFFR (VIRTU-1 and VIRTU-Fast studies)  
– Early experience in 19 patients 

– Rotational angiography (3-D geometry) 

– Computational fluid dynamics 
(Navier-Stokes equations of fluid motion) 

– Patient-specific Model of microvascular resistance (parameters inferred 
from invasive measurements) 

– >24 hrs can be reduced to <4 min by simplification in the flow 
simulation 

 

 

Morris P et al. JACC Intv 2013 
Morris P et al. JACC Basic Transl Sci 2017 

Virtual FFR Surrogates From Invasive Angiography 
vFFR 



Virtual functional assessment index  
(vFAI) 

– Validation in 120 patients 

– 3-D QCA geometry (routine 
angiography) 

– Navier-Stokes equations of fluid 
motion 

– Generic/universal boundary 
conditions 

• Quadratic equation for pressure 
drop across a range of coronary 
flow values 

– Computational time: 7 min 

 

 

Papafaklis M et al. EuroIntervention 2014 

Virtual FFR Surrogates From Invasive Angiography 
vFAI 



• High diagnostic performance  

• Incremental value to angiography 
%stenosis (QCA) 

 

Papafaklis M et al. EuroIntervention 2014 

Virtual FFR Surrogates From Invasive Angiography 
vFAI vs FFR 

Good correlation to FFR 

 



Quantitative Flow Ratio (QFR) 
– 3-D QCA geometry (routine angiography) 

– Approximate algebraic method of fluid 
dynamics: quadratic equation with 
empirically derived coefficients for pressure 
drop 

– Contrast-flow (cQFR): a hyperaemic flow 
determined from baseline (resting) 
conditions (simple frame counting of 
contrast) 

– Time for QFR results: 5 min in online QFR 
application (FAVOR II Europe-Japan study) 

 

 

Tu S et al. JACC Intv 2016 
Xu B et al. J Am Coll Cardiol 2017 

Westra J et al. J Am Heart Assoc 2018 

QFR From Invasive Angiography 



QFR vs FFR 

Westra J et al. J Am Heart Assoc 2018 

FAVOR II Europe-Japan study 
329 patients 



QFR: Immediate Assessment of  
NonCulprit Lesions in STEMI 

Sejr-Hansen M et al. Cath Cardiovasc Interv 2019 

iSTEMI substudy 112 patients (146 lesions) 



Functional SYNTAX score using QFR (fSSQFR) 

Asano T et al. JACC Intv 2019 



Residual Functional SYNTAX Score 
Using QFR (Q-rFSS) After STEMI 

Tang J et al. EuroIntervention 2019 



Prognostic value of QFR after Successful PCI 

Biscaglia S et al. JACC Intv 2019 

Multicenter HAWKEYE study (602 pts, 751 lesions) 



Prognostic value of QFR after Successful PCI 

Kogame N et al. JACC Intv 2019 

SYNTAX II substudy (all vessels treated with PCI) 



Virtual FFR Surrogates From Invasive Angiography 
FFRangio 

 

FFRangio tool 

 

• Accuracy studied in 301 
patients 

 

• Allows the simulation of FFR 
in the entire coronary tree 
including side branches 

 

• Diagnostic accuracy 92% 

 

Fearon W et al. Circulation 2019 



• Time required for the analysis 

• Ability of techniques to realistically simulate the in vivo 
conditions 
– Anatomic accuracy of the 3-D coronary and lesion geometry 

– “Physiologic” accuracy of the model computing the virtual index:  
use of physiological parameters – application of boundary conditions 

 

 

Functional Angiography: Challenges 

Influences on the Variability of Virtual FFR 

Morris P et al. JACC Basic Transl Sci 2017 

Inlet pressure 



Take-home Messages 

• Fractional Flow Reserve 
– Gold standard for invasive functional assessment 

– BUT the adoption of FFR in catheter laboratories remains low 

• Instantaneous Wave-Free Ratio (iFR) 
– Large body of clinical studies and available randomized data showing 

non-inferiority in MACE – Adoption in Current Guidelines 

• Functional Angiography 
– Can provide an option without using pressure wires and adenosine 

– Opportunity to increase coronary physiology assessment in patients 

– FFR-CT could play an important role as gate-keeper for coronary 
catheterisation 

– FFR based on Invasive Angiography is feasible and provides an 
approximation to wire-FFR with good diagnostic performance  

– Need for randomised clinical trials of angio-based FFR and patient 
outcomes 

 

 




