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Summary

The use of coronary physiology to guide myocardial revascularisation was
shown to improve clinical outcomes and reduce costs in patients with coro-
nary artery disease. Fractional flow reserve (FFR) is the most commonly
used pressure-derived physiological index for coronary lesion assessment,
being supported by a body of compelling randomised evidence, but its up-
take into clinical practice remains unacceptably low.

The instantaneous wave-free ratio (iFR) is a novel adenosine-free pressure-
derived index of coronary stenosis severity that was recently introduced to
circumvent the limitations of existing hyperaemic pressure-derived indices
with the aim of increasing the widespread adoption of coronary physiology
assessment. Following the recent publication of two large-scale, ran-
domised, patient outcome clinical trials, iFR has emerged as a simpler, safe
and effective alternative to FFR to guide coronary revascularisation.This has
led to renewed interest in the field of coronary physiology and challenges
current paradigms supporting the need for pharmacologically-induced max-
imal hyperaemia as an essential requirement for coronary stenosis assess-
ment.

This review aims at addressing the physiological concepts and patient out-
come evidence supporting the use of iFR and discuss the recent develop-
ment of novel iFR-based applications allowing full integration of invasive
coronary physiology in percutaneous coronary intervention planning strat-
egy.
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Introduction

Inducible myocardial ischaemia is considered to be a
prerequisite for the clinical benefit of coronary revas-
cularisation [1]. In this regard, the introduction of inva-
sive pressure-derived physiological indices to guide

myocardial revascularisation represented a major
breakthrough in the treatment of patients with coro-
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nary artery disease (CAD), by moving the focus of coro-
nary revascularisation from anatomy to physiology [2]
(table 1). The main premise of coronary physiology as-
sessment is to determine the functional significance of
individual stenoses at the time of clinical decision-
making, providing an objective marker to identify is-
chaemic lesions, and therefore patients, most likely to
benefit from coronary revascularisation [1].

Fractional flow reserve (FFR) is the most widely used
pressure-derived invasive physiological index for cor-
onary lesion assessment in contemporary clinical
practice. FFR is the ratio of the mean distal coronary
pressure (Pd) to the mean proximal coronary pressure
(Pa) across a stenosis during maximal hyperaemia, a
condition that is commonly achieved by the intracor-
onary or intravenous administration of a potent vaso-
dilator agent, such as adenosine [3-5]. Based on the re-
sults of landmark clinical trials [6-11] (table 2), most
recent guidelines recommend the use of FFR to iden-
tify haemodynamically significant coronary lesions
in patients with stable CAD [1, 12]. Despite this, the
worldwide adoption of FFR into current clinical prac-
tice remains limited [13], accounting for less than 10%
of coronary procedures in Switzerland [14]. Potential
reasons for the low uptake of coronary physiology as-
sessment include technical challenges related to FFR
measurements, time consumption, inadequate or lack
of reimbursement, physician preferences, patient-re-
lated discomfort, and contraindications to or costs as-
sociated with adenosine. Furthermore, adenosine is
either not licensed nor unavailable in some healthcare
systems.

The instantaneous wave-free ratio (iFR) is a novel
pressure-based physiological index of coronary ste-
nosis severity that is measured under resting condi-
tions by making use of the unique properties of base-
line coronary physiology and does not require the
administration of vasodilator drugs, such as adeno-
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Table 1: Invasive physiological indices to assess the functional significance of coronary artery stenosis.

Index Conditions of Interrogation level Advantages Disadvantages
measurement
FFR Hyperaemia Epicardial level e Established cut-off * Need for hyperaemic agents
* High inter-patient variability in microvas-
cular resistance during vasodilatation
induced by adenosine
* Affected by haemodynamic variables
iFR Baseline Epicardial level * No need for hyperaemic agents * Requires proprietary software
¢ Established cut-off * Longer-term outcome results warranted
¢ Assessment of tandem and/or diffuse coronary e Outcome data in higher-risk patient
lesions subgroups needed
Resting Pd/Pa Baseline Epicardial level * No need for hyperaemic agents * Not validated in randomised controlled
trials
Contrast FFR Hyperaemia Epicardial level ® Resting index correlating best with FFR * No contrast dose established in
randomised controlled trials
e Contrast induces short-lived hyperaemia
CFR Hyperaemia Epicardial level and ¢ Prognostic marker ¢ Inability to differentiate the effects of
microcirculation microvascular dysfunction from effects
of the epicardial lesion
* Need for hyperaemic agents
¢ Affected by haemodynamic variables
HSR Hyperaemia Epicardial level e Combination of flow and pressure measurement * Need for hyperaemic agents
¢ Established cut-off ¢ Largely confined to research setting
owing to difficulty of measurement
technique
BSR Baseline Epicardial level e Combination of flow and pressure measurement * No established cut-off

* No need for hyperaemic agents

e Less accurate than HSR

e Largely confined to research setting
owing to difficulty of measurement
technique

BSR: basal stenosis resistance; CFR: coronary flow reserve; FFR: fractional flow reserve; HSR: hyperaemic stenosis resistance; iFR: instantaneous wave-free ratio; Pd/Pa: ratio of

the mean distal coronary pressure to the mean proximal coronary pressure.

Table 2: Summary of FFR pivotal patient outcome trials.

Trial Study question  Study population Patients Patientsin Study primary FFR cut-off Mean FFR values Conclusion
(n) the coronary endpoint for treatment
physiology-
guided group
(n)
DEFER Safety of defer-  Stable CAD 325 325 MACE' at <0.75 e Defer group: 0.87 +  Deferral of PCI
[6] ral of PClin pa- 4 months 0.07 (n=91) in lesions with
tients with FFR e Performance group: FFR>0.75is
>0.75 0.87 £0.06 (n =90) safe
e Reference group:
0.56 £ 0.16 (n = 144)
FAME  Efficacy of FFR-  Multivessel stable 1005 509 MACE? at <0.80 e Overall cohort: 0.71  FFR-guided PCI
[8] guided PCl vs CAD / ACS with 12 months +0.18 is superior to
angiography non-culprit e |schaemic lesions: angiography
alone-guided PC| stenosis 0.60+0.14 alone-guided
e Non-ischaemic lesi- PCI
ons: 0.88 + 0.05
FAME 2 FFR-guided PCI+ Multivessel stable 1220 1220 MACE? at <0.80 * FFR guided PCI + FFR guided PCI
[9] OMT vs OMT CAD 24 months OMT: 0.68 + 0.10 + OMT reduces
alone in patients (trial prematurely e OMT alone: 0.68 ischaemic out-
with FFR <0.80 stopped at +0.15 comes compa-
7-month follow- red with OMT
up) alone
Total 2550 2054

ACS: acute coronary syndrome; CAD: coronary artery disease; FFR: fractional flow reserve; MACE: major adverse cardiac events; OMT: optimal medical treatment; PCl: percutane-
ous coronary intervention.
" Composite of all-cause mortality, myocardial infarction, CABG, coronary angioplasty, and any procedure-related complication necessitating major intervention or prolonged

hospital stay.
2Composite of death, myocardial infarction, and any repeat revascularisation.
3Composite of death from any cause, non-fatal myocardial infarction, or unplanned hospitalisation leading to urgent revascularisation.
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sine [15]. iFR has recently emerged as a simpler, safe
and effective alternative to FFR to guide coronary re-
vascularisation, contributing to a renewed interest in
the field of coronary physiology and challenging cur-
rent paradigms supporting the need of pharmacolog-
ically induced maximal hyperaemia as an essential
requirement for coronary stenosis assessment. The
purpose of the present review is to address the ration-
ale, fundamentals and available patient outcome data
supporting the use of iFR for physiological lesion as-
sessment and discuss present and future applications
of the iFR technology.

Fractional flow reserve

FFR is currently considered the gold standard for
assessment of the functional significance of coronary
stenosis, being supported by a large body of ran-
domised evidence demonstrating its value in clinical
decision making [6-11]. FFR is defined as the ratio of
maximum achievable coronary blood flow (CBF) in the
presence of an epicardial coronary stenosis and the
theoretical maximum CBF in the hypothetical absence
of the coronary stenosis during maximal pharmaco-
logical vasodilation [3].

Patient outcome trials

The use of FFR to guide coronary revascularisation is
supported by several randomised patient outcome
trials (table 2). DEFER (Deferral versus performance of
percutaneous transluminal coronary angioplasty
(PTCA) in patients without documented ischaemia)
was a prospective, randomised trial including 325 pa-
tients with stable CAD referred for elective percutane-
ous coronary intervention (PCI) who underwent FFR
assessment of de novo intermediate coronary lesions
[6]. Patients with FFR >0.75 were randomly assigned to
deferral or PCI, whereas patients with FFR <0.75 under-
went PCI as planned (reference group). The primary
endpoint was the absence of major adverse cardiac
events (MACE) during 24 months of follow-up. Event-
free survival was similar between deferred and treated
patients (89 vs 83% at 24 months), but was significantly
lower in the reference group (78% at 24 months) [6].
Moreover, the proportion of patients free from angina
was similar in deferral and PCI groups (70 vs 51%) but
was significantly higher in the reference group (80%)
[6]. Subsequently, 5-year follow-up of the DEFER cohort
confirmed that long-term outcomes of patients after
deferral of PCI in intermediate coronary stenosis with
FFR 20.75 were excellent [7].

FAME (Fractional Flow Reserve versus Angiography for
Multivessel Evaluation) was a prospective, multicentre
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trial that randomly assigned 1005 patients with multi-
vessel CAD to FFR-guided or to angiography alone-
guided coronary revascularisation with drug-eluting
stents [8]. The incidence of the primary endpoint of
MACE, a composite of death, nonfatal myocardial in-
farction (MI) or repeat revascularisation at 1 year, was
significantly lower in the FFR group compared with the
angiography-alone group (13.2 vs 18.3%, respectively;
relative risk 0.72, 95% confidence interval [CI] 0.54—
0.96; p = 0.02) [8]. Furthermore, physiology-guided
revascularisation using a FFR threshold >0.80 was
associated with fewer stents, less contrast volume, and
reduced costs compared with coronary revascularisa-
tion guided by visual assessment only.

In the prospective, multicentre, randomised FAME 2
trial, patients with angiographically documented stable
CAD and candidates for PCI underwent FFR assessment
to determine the haemodynamic severity of each indi-
cated coronary stenosis [9]. Patients with an FFR <0.80 in
at least one stenosis were randomly assigned to an FFR-
guided PCI strategy plus optimal medical therapy (OMT)
or OMT alone, whereas patients with an FFR >0.80 in all
vessels with indicated coronary stenoses were enrolled
in a registry and received OMT. The primary endpoint
was a composite of death, MI, or unplanned hospitalisa-
tion leading to urgent revascularisation during the first
2 years. Recruitment was halted prematurely after en-
rolment of 1220 patients (median follow-up 7 months)
owing to a large reduction in the primary composite
endpoint in the FFR-guided PCI+OMT group compared
with the OMT alone group (4.3 vs 12.7%, respectively;
hazard ratio [HR] 0.32, 95% CI 0.19-0.53; p <0.001), driven
by significantly lower rates of urgent revascularisation
(1.6 vs 11.1%; HR 0.13, 95% CI 0.06-0.30; p <0.001) in the
FFR-guided PCI arm. Notably, rates of death from any
cause, cardiac death and MI were not statistically differ-
ent between the two groups [9]. The longer-term follow-
up of the FAME 2 trial demonstrated persistent lower
rates of the primary composite endpoint in the FFR-
guided PCI group, primarily as a result of lower rates of
urgent revascularisation in the FFR-guided PCI arm,
with no significant between-group differences in the
rates of all-cause death, cardiac death, or MI, at 2- [10]
and 3-year [11] follow-up.

Based on the results of these landmark studies, current
European Society of Cardiology guidelines recom-
mend the use of FFR to identify haemodynamically rel-
evant coronary lesions in stable patients when evi-
dence of myocardial ischaemia is not available (class of
recommendation [, level of evidence A) and FFR-guided
PCI in patients with multivessel disease (class of rec-
ommendation IIA, level of evidence B) [1]. However,
despite being endorsed by strong clinical evidence, the
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use of FFR to guide coronary revascularisation in
contemporary practice remains low.

Limitations of the hyperaemic pressure-derived
physiological indices

The concept of FFR and hyperaemic pressure-derived
indices of coronary stenosis severity depends on the
fundamental physiological principle that coronary
pressure is directly proportional to CBF when micro-
vascular resistance is stable, a condition that is com-
monly achieved during the administration of hyper-
aemic agents, such as adenosine [3, 16]. Under these
conditions, the decrease in pressure across a coronary
stenosis reflects the decrease in CBF to the amount of
subtended myocardium. This assumption was trans-
lated into the paradigm that coronary pressure can
only be considered as a surrogate to CBF during maxi-
mal hyperaemia. Nonetheless, the cornerstone of FFR
is based on a simplified theoretical model of the coro-
nary circulation, thereby potentially limiting the diag-
nostic accuracy of FFR in clinical practice.

The relationship between pressure and flow is indeed
not linear but curvilinear. The pressure-flow correla-
tion is straight in the physiological range of perfusion
pressures (incremental-linear relationship) and curves
towards the pressure axis at lower perfusion pressures
(non-zero pressure intercept), owing to several condi-
tions such as central venous pressure (deducted from
both proximal and distal coronary pressure in the
experimental validation of FFR, because considered as
negligible), collateral flow, epicardial capacitance and
intramyocardial compliance [17]. Furthermore, micro-
circulatory resistance, which is influenced by many
factors including capacitive, inertial and resistive
forces, or the complex effects of systolic contraction,
fluctuates in a phasic pattern throughout the cardiac
cycle even after administration of potent pharmaco-
logical agents [15]. These fluctuations reflect the close
interaction between myocardium and microcircula-
tion during systole (high intracoronary resistance, mi-
crovasculature compression) and diastole (lower intra-
coronary resistance, microvasculature decompression)
[18]. To minimise these effects, the FFR is calculated
during hyperaemia and time-averaged over several
cardiac cycles to ensure constant intracoronary resist-
ance. Importantly, the actual coronary microvascular
resistance values are not routinely measured in clini-
cal practice as they cannot be derived from pressure
measurements alone; thus, coronary resistance is as-
sumed to be constant (and minimal). This represents a
potential source of error in the assessment of FFR, as
any unaccounted variability in minimal microvascu-
lar resistance will influence FFR values. The impact of
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this variability is more relevant in lesions within the
intermediate range of coronary stenosis severity than
for minimally obstructed coronary arteries [17].

The achievement of maximal hyperaemia in clinical
practice is less attainable than currently acknowl-
edged. Adenosine is the most widely used vasodilatory
pharmacological agent and represents the current gold
standard to induce maximal hyperaemia during FFR
measurements [19]. Nevertheless, the vasodilatory
response to adenosine may be incomplete in some
patients as a result of the complex physiological medi-
ation of vascular tone, therefore precluding achieve-
ment of a true and predictable maximal hyperaemic
state in all patients [17]. Accordingly, hyperaemic mi-
crovascular resistance during vasodilatation induced
by adenosine is highly variable between patients, and
between adjacent perfusion territories within the
same patient, thus compromising the validity of the
FFR concept [17]. Finally, adenosine is associated with
significant adverse effects and patient discomfort such
as dyspnoea, chest pain and headache, and is contrain-
dicated in patients with documented allergy to adeno-
sine or severe asthma.

Hyperaemia-free pressure-derived indices

of coronary stenosis severity

Adenosine-free pressure-derived physiological indices
were recently introduced to further simplify physio-
logical coronary assessment. By negating the need for
administration of pharmacological agents such as
adenosine, saving time, and reducing costs and side ef-
fects, hyperaemia-free pressure-derived physiological
indices were developed to increase adoption of physiol-
ogy-guided coronary revascularisation into routine
clinical practice. Pioneering studies performed more
than 40 years ago demonstrated that, whereas hyper-
aemic CBF was affected only when the coronary lumen
was reduced by at least 50%, resting CBF remained un-
altered until the coronary lumen diameter was reduced
by at least 85%, owing to the counteractive effects of
coronary autoregulation [20]. With progressive nar-
rowing of the coronary lumen, coronary autoregula-
tion maintains a constant CBF through compensatory
vasodilatation of the distal coronary resistance vessels.
The stable baseline CBF conditions therefore provide
an ideal environment for the development of resting
pressure-based indices of coronary stenosis severity.

Instantaneous wave-free ratio

Fundamentals
iFR is a novel non-hyperaemic pressure-derived index
of coronary stenosis severity, which is measured at rest
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by using the unique properties of baseline coronary
physiology, and does not require administration of
potent pharmacological vasodilator agents, such as
adenosine. iFR is measured during a specific period of
diastole, called the wave-free period (WFP), when CBF is
intrinsically at its highest compared with the whole
cardiac cycle [15]. By means of measurement during a
higher flow velocity, the capacity to discriminate
between stenosis severities at rest is amplified and
greater than during any other phase of the cardiac cy-
cle.

The WFP was originally isolated by application of wave-
intensity analysis (WIA). Pioneering work using WIA
demonstrated that the forces propagating from the
proximal vessel (aorta and other systemic arteries)
conflict with those travelling from the distal end (mi-
crocirculation) [18]. During the WFP, a specific diastolic
period, no new waves are generated and competing
waves affecting CBF are quiescent [15] (fig. 1). During
this time window, coronary flow velocity is approxi-
mately 30% higher than whole-cycle resting flow ve-
locity, intracoronary pressure and flow decline linearly

and microcirculatory resistance is significantly more
stable and lower than over the rest of cardiac cycle [15].
Importantly, this period of the cardiac cycle was found
to have the lowest and most stable resistance attaina-
ble under resting conditions without the need for max-
imal pharmacological vasodilation [15]. Accordingly,
the iFR is calculated as the ratio of distal coronary pres-
sure to proximal aortic pressure during the WFP [15].
Notably, iFR can be calculated on a beat-by-beat basis
without requiring several beats to be averaged, includ-
ing during irregular heart rhythms, such as atrial fi-
brillation [15]. The IDEAL (Iberian-Dutch-English) study
provided the physiological framework for iFR by ana-
lysing pressure-flow relationship in a wide range of ste-
nosis severities under both resting and hyperaemic
conditions [22]. The study demonstrates that pressure
gradients across coronary stenosis at rest are predomi-
nantly determined by compensatory vasodilator
changes in microvascular resistance due to coronary
autoregulation [22]. These findings supported the
translation of early coronary physiological concepts
derived from animal models to CAD patients by
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Figure 1: Basic concepts of iFR. (A) Wave-intensity analysis demonstrates the proximal and distal (microcirculatory) originating waves generated during
the cardiac cycle. A wave-free period is identified in diastole when no new waves are generated (green) corresponding to a time period in which there is
minimal microcirculatory-originating pressure, minimal and constant resistance and a nearly constant rate of change in coronary flow velocity.

(B) Coronary flow velocity, proximal and distal pressure traces and instantaneous resistance demonstrate the beat-to-beat stability of the wave-free pe-
riod. Flow velocity over the wave-free period is higher than that over the whole cardiac cycle, allowing greater discrimination between stenosis severities
than over the whole cycle at rest. Reprinted with permission from Nijjer SS, Sen S, Petraco R, Davies JE. Advances in coronary physiology. Circ J.
2015;79(6):1172-84.
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suggesting that resting pressure-derived indices could
be used to determine haemodynamic significance of
coronary artery stenoses in clinical practice.

Early validation studies

The ADVISE (Adenosine Vasodilator Independent Ste-
nosis Evaluation) [15] and ADVISE registry [23] studies
assessed the diagnostic accuracy of iFR compared with
FFR. In the ADVISE validation study, iFR was found to
correlate closely with FFR with excellent diagnostic
accuracy (receiver-operating characteristic [ROC] area
under the curve 93%, at FFR cut-off threshold of 0.80),
specificity (91%), sensitivity (85%), negative (85%) and
positive (91%) predictive values [15]. In a large-scale core
laboratory-based analysis, the overall linear correla-
tion between iFR and FFR was moderate with an overall
diagnostic accuracy of =80% using the optimal ROC-
determined iFR cut-off of 0.90 to predict a FFR <0.80,
which can be improved to 290% in a subset of lesions
[24]. In the international ADVISE registry including 312
patients with angiographically intermediate stenoses,
aclose classification agreement was found between iFR
and FFR (area under ROC curve 86%). To match an FFR
value of 0.80, the ROC curve identified an optimal iFR
cut-off value of 0.89. Further validation studies showed
that iFR with a cut-point of 0.89 had diagnostic accu-
racy that was at least as good as, and in some cases su-
perior to, FFR when compared with hyperaemic steno-
sis resistance [25, 26], myocardial perfusion studies [27]
and positron emission tomography [28].

The iFR-FFR hybrid strategy

The high classification agreement between FFR and iFR
outside of the intermediate zone provided the ration-
ale for the use of a staged, hybrid iFR-FFR decision-
making strategy, in which only patients within a cer-
tain range of intermediate iFR values (0.86-0.93) would
require adenosine for FFR classification of lesions [29].
With an FFR cut-off value of 0.80, an iFR <0.86 was asso-
ciated with a high positive predictive value (92%) to
confirm treatment, whereas an iFR >0.93 was associ-
ated with a high negative predictive value (91%) to de-
fer treatment. Limiting the use of adenosine to cases
with iFR values between 0.86 to 0.93 obviated the need
for a vasodilator drug in 57% of patients (76% in the FFR
0.75-0.80 range), while maintaining 95% agreement
with an FFR-only strategy [29]. However, with the re-
cent publication of randomised patient outcome trials
comparing iFR using a single cut-off value with FFR to
guide coronary revascularisation, the routine use of an
iFR-FFR hybrid strategy is currently not recommended.

Patient outcome trials

Recently, two large-scale, randomised, controlled, pa-
tient outcome trials, DEFINE-FLAIR (Functional Lesion
Assessment of Intermediate Stenosis to Guide Revas-
cularisation) [30] and iFR-SWEDEHEART (Evaluation of
iFR versus FFR in Stable Angina or Acute Coronary Syn-
drome) [31], addressed the question as to whether iFR
was a safe and effective alternative to the established
gold standard FFR to guide to coronary revascularisa-
tion in patients with CAD. The DEFINE-FLAIR and iFR-
SWEDEHEART studies were designed similarly, with
prespecified single thresholds for treatment (iFR <0.89,
FFR £0.80) and deferral (iFR >0.89, FFR >0.80), and the
primary endpoint was standardised as the 1-year risk
of MACE, defined as a composite of all-cause death,
nonfatal MI or unplanned revascularisation. The DE-
FINE-FLAIR and iFR-SWEDEHEART trials were designed
to investigate the noninferiority of iFR to FFR with re-
spective noninferiority margins of 3.4 and 3.2% for the
difference in risk. Importantly, these noninferiority
margins were more conservative than margins com-
monly used in studies evaluating medical devices or
drugs [31, 32]. Overall, the main results of DEFINE-FLAIR
and iFR-SWEDEHEART trials were remarkably concord-
ant in demonstrating that coronary revascularisation
guided by iFR was noninferior to an FFR-guided strat-
egy with respect to 1-year clinical outcomes. The DE-
FINE-FLAIR and iFR-SWEDEHEART studies represent a
major step forward in the field of invasive coronary
physiology assessment by expanding significantly the
available randomised patient outcome data for physi-
ology-guided coronary revascularisation (table 3).
Moreover, DEFINE-FLAIR and iFR-SWEDEHEART trials
provide the first randomised evidence for iFR-guided
decision making for coronary revascularisation and
validated the use of a single iFR 0.89 cut-off value in
clinical practice, thereby eliminating the need of a di-
agnostic grey zone or a hybrid approach.
DEFINE-FLAIR is the largest randomised trial to date
assessing use of coronary physiology to guide myo-
cardial revascularisation. DEFINE-FLAIR was a prospec-
tive, multicentre, international, double-blinded, ran-
domised, noninferiority trial that randomly assigned
2492 patients with at least one intermediate coronary
artery stenosis of questionable physiological severity
inal:1ratioto undergo either iFR-guided or FFR-guided
coronary revascularisation [30]. Patients with stable
CAD or with acute coronary syndrome (ACS) with by-
stander intermediate CAD in non-culprit vessels were
included. Unlike the study populations included in the
landmark DEFER and FAME trials (mean FFR values 0.71
and 0.75, respectively), the mean FFR value of patients
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Table 3: Summary of pivotal iFR patient outcome trials.

Trial Study Patientsin Mean FFR Mean IFR Patients Patients de- MACE rate MACE Hazard ratio p-value for p-value for
popula- the coro- value value deferred ferred by IFR in the FFR rate in the (95% confi- superior-  noninferi-
tion nary physi- by FFR (n, % total arm (%) IFR arm dence inter- ity ority
(n) ology- (n, % total assessed) (%) val)

guided assessed)
group
(n)

DEFINE- 2492 2492 0.83+0.09 0.91+0.09 583 652 7.0 6.8 0.95 0.78 <0.001

FLAIR (n =1250) (n=1242) (46.6) (52.5) (0.68-1.33)

[29]

iFR-SWE- 2037 2037 0.82+0.10 0.91+0.10 438 476 6.1 6.7 1.12 0.53 0.007

DEHEART (n=1019) (n=1018) (43.5) (46.7) (0.79-1.58)

(30]

Total 4529 4529

FFR: fractional flow reserve; iFR: instantaneous wave-free ratio; MACE: major adverse cardiac events, defined as a composite of death from any cause, non-fatal myocardial in-
farction, or unplanned revascularisation, at 12 months.

included in DEFINE-FLAIR was 0.83 + 0.09 (table 3), em-  for noninferiority). There were no significant between-
phasising that the majority of patients presented with ~ group differences in the risk of each component of the
lesions that truly fell in the intermediate severity = composite endpoint. The study results were consistent
range, and therefore that conclusions from the study = within major subgroups, and the rates of ischaemic
are relevant for the patients whom iFR and FFR were  endpoints, including MI, target-lesion revascularisa-
originally designed to investigate. The primary end- tion, in-stent restenosis and stent thrombosis, did not
point was the 1-year risk of MACE, a composite of death  differ significantly between the two groups. Similarly
from any cause, nonfatal M, or unplanned revascular-  to DEFINE-FLAIR, a significantly higher proportion of
isation. At 1-year follow-up, coronary revascularisation  patients in the FFR group than in the iFR group re-
guided by iFR was noninferior to revascularisation ported chest discomfort during the procedure (68.3 vs
guided by FFR with respect to the risk of MACE (6.8 vs ~ 3.0%, respectively; p <0.001). Furthermore, the total
7.0%; difference in risk 0.2 percentage points; 95% CI = number of lesions assessed was significantly greater in
2.3-1.8; p <0.001 for noninferiority; HR 0.95; 95% CI  the iFR group than in the FFR group, which was possi-
0.68-1.33; p = 0.78). The incidence of individual compo-  bly related to the fact that operators using FFR are un-
nents of the composite endpoint did not differ signifi-  likely to persist with additional lesion assessment in
cantly between the two groups. Importantly, the num-  patients experiencing adenosine-related chest discom-
ber of patients who had adverse procedural symptoms  fort. These findings tend to support the central notion
and clinical signs was significantly lower (3.1 vs 30.8%,  that iFR is a much more tolerable procedure and there-
p <0.001) and the median procedural time was signifi-  fore permits an easier and a more complete assess-
cantly shorter (40.5 vs. 45.0 minutes, p = 0.001) in the  ment of coronary anatomy.

iFR group than in the FFR group.

iFR-SWEDEHEART was a multicentre, open-label, regis-  Pooled patient-level meta-analysis of DEFINE-FLAIR

try-based, randomised, controlled clinical trial that  and iFR-SWEDEHEART

used the Swedish Coronary Angiography and Angio- The pooled patient-level meta-analysis of DEFINE-
plasty Registry (SCAAR) for enrolment [31]. iFR-SWEDE-  FLAIR and iFR-SWEDEHEART studies yields the largest
HEART randomly assigned 2037 participants with  dataset of CAD patients managed with coronary physi-
stable CAD or ACS with an intermediate stenosis ina  ology assessment in contemporary clinical practice
non-culprit artery, and an indication for physiologi- and provides outcome data for a total of 4529 patients
cally guided assessment of coronary artery stenosisin  with intermediate coronary artery lesions undergoing
a 1:1 ratio to undergo revascularisation guided by  physiology-guided coronary revascularisation. Over-
either iFR or FFR. The primary endpoint was the rate of  all, the patient-level meta-analysis confirmed the non-
a composite of death from any cause, nonfatal MI in-  inferiority of iFR versus FFR to guide coronary revascu-
farction, or unplanned revascularisation at 12 months.  larisation (HR 1.03, 95% CI 0.81-1.31; p = 0.81) [33].
At 1l-year follow-up, the primary endpoint occurred Physiology-guided deferral of coronary revascularisa-
similarly in the iFR and FFR groups (6.7 vs 6.1%, respec-  tion occurred more frequently in the pooled iFR group
tively; difference in risk 0.7%; 95% CI-1.5-2.8; p=0.007  than in the pooled FFR group (50.0 vs 45.0%, respec-
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tively; p <0.01). Deferral of physiologically insignificant
lesions was found to be safe with similarly low rates of
MACE at 12 months, irrespective of iFR- or FFR-based
deferral (4.12 vs 4.05%, respectively; HR 1.05, 95% CI
0.69-1.60; p = 0.82). These results suggest similar pa-
tient outcomes with iFR- and FFR-guided deferral de-
spite coronary revascularisation being performed less
frequently in the iFR arm, and highlight the funda-
mental physiological differences between iFR and FFR
concepts. Particularly, iFR has been shown to be more
closely linked to CBF than FFR [34], and a previous
study demonstrated higher revascularisation rates as-
sociated with physiological assessment guided by FFR
than by coronary flow rate (CFR) [35].

Finally, the combined patient-level analysis of DEFINE-
FLAIR and iFR-SWEDEHEART trials provides unique
randomised evidence comparing iFR with FFR for the
physiological assessment of non-culprit coronary sten-
oses in a subgroup of 440 patients with ACS. FFR-
guided deferral of intervention in ACS patients was as-
sociated with a significantly increased risk of MACE
compared with FFR-guided deferral in patients with
stable CAD (HR 0.52, 95% CI 0.27-1.00; p <0.05), whereas
iFR-guided deferral was associated with similar rates of
MACE, irrespective of the clinical presentation (HR
0.74, 95% CI 0.38-1.43; p = 0.37) [33]. These data suggest
that FFR may be an inferior prognostic marker for
deferring treatment of non-culprit lesions in ACS pa-
tients compared with iFR, probably because of a
blunted response to hyperaemic agents in the stunned
myocardium following ACS [33].

Limitations of the iFR concept

Despite being supported by robust preclinical studies
and validated by randomised patient outcome trials,
iFR has experienced significant scrutiny and sparked
intense debate in the literature over recent years. By
making use of baseline coronary physiology proper-
ties, the iFR concept undoubtedly has limitations [34—
36] (table 1). Furthermore, longer-term outcome results
of the DEFINE-FLAIR trial are warranted, particularly
with respect to deferred-intervention patients, on the
assumption that the use of iFR may reduce referrals for
coronary revascularisation compared with FFR. Ran-
domised outcome data are also needed in higher-risk
patient subgroups with more complex coronary le-
sions (left main or proximal coronary artery disease)
and higher baseline cardiovascular risk (bystander cor-
onary lesions in patients with ACS, including ST-eleva-
tion MI), where coronary revascularisation may result
in survival benefit. Finally, randomised clinical studies
are warranted to determine clinical outcomes in pa-
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tients with discordant iFR and FFR values, particularly
for iFR negative and FFR positive patients.

Novel iFR-based physiological
applications

iFR pullback

Tandem lesions and diffusely diseased vessels repre-
sent a challenge to hyperaemic indices such as FFR,
owing to the haemodynamic interdependence (“cross-
communication”) between serial stenoses under hy-
peraemic conditions [38]. Hyperaemic flow across one
coronary stenosis is limited by presence of another ste-
nosis in the same coronary vessel and vice versa,
thereby precluding the simple and accurate determi-
nation of FFR for each individual coronary stenosis. As
aresult, removal of one coronary stenosis by means of
PCI increases hyperaemic flow, thereby changing the
pressure gradient across the residual stenosis. The
unique properties of baseline physiology assessment
may overcome the intrinsic limitations of hyperaemic
pressure-derived indices and offer a potential solution
for the assessment of tandem and/or diffuse lesions
[38]. Unlike hyperaemic flow, resting coronary flow is
preserved across nearly the entire range of coronary
stenosis severities until stenoses become critical or
subtotally occluded [20]. Resting pressure changes
along the vessel length as measured by iFR are there-
fore more consistent and predictable than hyperaemic
pressure gradients. Resting pressure tracings can be
generated on a beat-to-beat basis using iFR pullback,
thus permitting haemodynamic significance of each
individual coronary stenosis to be accurately mapped
and quantified. Importantly, resting coronary flow is
not altered by removing a coronary stenosis by the
means of PCI, and iFR pressure gradients across any re-
sidual coronary stenosis in the same vessel remain
therefore unchanged [38]. In a first-in-man pilot study,
automated iFR pullback recordings were made in 29 pa-
tients with tandem and/or diffuse CAD [39]. A post-hoc
iFR physiological map integrating pullback speed and
physiological data, co-registered with the patient coro-
nary angiogram, was generated using a dedicated soft-
ware to calculate physiological stenosis severity,
length, and pressure-drop intensity (AiFR/mm) across
individual coronary stenoses to predict post-PCI iFR,
which was ultimately compared with the observed
post-PCIiFR (fig. 2). With use of computer-assisted sim-
ulations to model the haemodynamic impact of re-
moving a coronary stenosis on the iFR pullback record-
ing, virtual PCI was performed to estimate post-PCIiFR
values (fig. 2). The iFR pullback was associated with a
high degree of accuracy for predicting post-PCI iFR val-
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A iFR Pullback recording: iFR throughout vessel
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Figure 2: iFR pullback. (A) iFR pullback recording throughout the coronary vessel. Post hoc co-registration of the iFR pullback
trace with the coronary angiogram identifies pressure loss along the length of the vessel and distinguishes focal from diffuse
disease. (B) Prediction of the post-PCl iFR result. Virtual PCI calculates the expected post-PCl iFR result for the area selected for
PCI. LAD: left anterior descending artery; PCl: percutaneous coronary intervention. Reprinted with premission from Elsevier
from Nijjer SS, Sen S, Petraco R, Escaned J, Echavarria-Pinto M, Broyd C, et al. Pre-angioplasty instantaneous wave-free ratio
pullback provides virtual intervention and predicts hemodynamic outcome for serial lesions and diffuse coronary artery dis-
ease. JACC Cardiovasc Interv. 2014;7(12):1386-96.

CARDIOVASCULAR MEDICINE - KARDIOVASKULARE MEDIZIN - MEDECINE CARDIOVASCULAIRE 2018;21(7-8):181-190

Published under the copyright license “Attribution — Non-Commercial — NoDerivatives 4.0”. No commercial reuse without permission.

ues, thereby offering a potential solution to facilitate
PCI planning strategy in clinical practice [39]. Despite
the promising results of this proof-of-concept study,
and motorised
pressure-wire pullback limited the subsequent clinical
application of the technology.

the need for offline analysis

iFR co-registration

Further developments of the iFR algorithm combined
with real-time computer to track the pressure-wire
movement progressively removed the remaining
technical barriers to facilitate complete integration of
the iFR pullback concept into clinical practice. The iFR
co-registration technology uses a dedicated proprie-

tary software to create a fully integrated real-time
physiological map of the coronary vessel under man-
ual pullback that is co-registered with the patient coro-
nary angiogram (fig. 3). The iFR co-registration technol-
ogy permits the instantaneous calculation of predicted
post-PCILiFR values, thereby determining the potential
physiological benefit of different treatment strategies.
Revascularisation strategies that maximise the physi-
ological benefit with a minimum of stents over more
extensive PCI approaches may be planned to poten-
tially improve patient outcomes. Contrariwise, the iFR
co-registration may identify patients for whom greater
numbers or longer stents are required in order to
achieve haemodynamic improvement. Finally, the iFR
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Figure 3: iFR co-registration. (A) Co-registration of iFR pullback traces with corresponding coronary angiograms demonstrates
three distinct patterns of pressure loss along the length of coronary vessels: focal stenosis, diffuse coronary disease, focal
stenosis and diffuse coronary disease. (B) iFR co-registration allows virtual percutaneous coronary interventional (PCI) plan-

ning with real-time calculation of expected post-PCl iFR results. Reprinted with premission from Elsevier from Goétberg M,
Cook CM, Sen S, Nijjer S, Escaned J, Davies JE. The evolving future of instantaneous wave-free ratio and fractional flow

reserve. J Am Coll Cardiol. 2017;70(11):1379-402.

co-registration technology enables accurate physiolog-
ical documentation of angiographically diffuse CAD,
thus contributing to the tailoring of treatment strate-
gies at a patient level and the choice appropriate alter-
native approaches to PCI (medical therapy or surgical
revascularisation) in selected patients.

Conclusions

iFRis a novel adenosine-independent pressure-derived
physiological index that recently emerged as a safe and
effective alternative to FFR for the invasive assessment
of coronary stenosis severity with the potential to in-
crease the widespread adoption of physiology-guided
coronary revascularisation into routine clinical prac-
tice. By harnessing the unique properties of resting
coronary physiology and addressing the drawbacks of
pharmacologically-induced maximal hyperaemia, iFR
challenges the paradigm of FFR as the reference stand-
ard for invasive assessment of coronary lesions. Emerg-

ing evidence suggests that iFR may be a superior prog-
nostic marker compared with FFR for deferring
intervention for non-culprit coronary lesions in pa-
tients with ACS. Finally, fully integrated virtual PCI
planning using the promising real-time iFR co-regis-
tration technology is unveiling a new era in the field of
coronary physiology by shifting the paradigm of coro-
nary revascularisation from simply physiological justi-
fication towards precise guidance of coronary inter-
vention at both vessel and lesion levels.
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