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ABSTRACT

Physiological assessment of coronary artery disease (CAD) has become one of the cornerstones of decision making for
myocardial revascularization, with a large body of evidence supporting the benefits of using fractional flow reserve and
other pressure-based indexes for functional assessment of coronary stenoses. Furthermore, physiology allows the
identification of specific vascular dysfunction mechanisms in patients without obstructive CAD. Currently, more than
10 modalities of functional coronary assessment are available, although the overall adoption of these physiological tools,
of either intracoronary or image-based nature, is still low. In this paper the authors review these modalities of functional
coronary assessment according to their timing of use: outside the catheterization laboratory, in the catheterization
laboratory prior to the percutaneous coronary intervention (PCl), and in the catheterization laboratory during or after PCI.
The authors discuss how the information obtained can be used in setting the indication for PCl, in planning and guiding
the procedure, and in documenting the final functional result of the intervention. The advantages and limitations of each
modality in each setting are discussed. Furthermore, the key value of intracoronary physiology in diagnosing mechanisms
of microcirculatory dysfunction, which account for the presence of ischemia in many patients without obstructive CAD, is
revisited. On the basis of the opportunities generated by the multiplicity of diagnostic tools described, the authors
propose an algorithmic approach to physiological coronary investigations in clinical practice, with the key aims of:

1) avoiding unneeded revascularization procedures; 2) improving procedural PCI and long-term outcomes in patients with
obstructive CAD; and 3) diagnosing vascular dysfunction mechanisms that can be effectively treated in patients with
NOCAD. The authors believe that such structured approach may also contribute to the wider adoption of available
technologies for functional assessment of patients with CAD. (J Am Coll Cardiol Intv 2020;13:1617-38)
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ABBREVIATIONS
AND ACRONYMS

3VD = 3-vessel disease

ACh = acetylcholine

ACS = acute coronary syndrome
AS = aortic stenosis

CAD = coronary artery disease

CCS = chronic coronary
syndrome

CTA = computed tomographic
angiography

CFR = coronary flow reserve

CMD = coronary microvascular
disease

CT = computed tomography
FFR = fractional flow reserve

FFRcr = fractional flow reserve
derived from computed
tomographic angiography

HMR = hyperemic microvascular
resistance

ICA = invasive coronary
angiography

iFR = instantaneous wave-free
ratio

IMR = index of microvascular
resistance

MVD = multivessel disease

NHPR = nonhyperemic pressure
ratio

NOCAD = nonobstructive
coronary artery disease

PCI = percutaneous coronary
intervention

Pd = distal coronary pressure

PET = positron emission
tomography
QFR = quantitative flow ratio

RCT = randomized controlled
trial

RFR = resting full-cycle ratio

SPECT = single-photon
emission computed tomography

STEMI = ST-segment elevation
myocardial infarction

TAVR = transcatheter aortic
valve replacement

hysiological assessment of coronary

artery disease (CAD) has become

one of the cornerstones of decision
making for myocardial revascularization.
To date, more than 10 modalities are avail-
able for coronary physiological assessment
(Central Illustration), although the adoption
of physiological assessment is still restricted
and limited, for multiple reasons. In this re-
view we classify these modalities according
to their timing of use: outside the catheteri-
zation laboratory prior to the treatment de-
cision, in the catheterization laboratory
prior to percutaneous coronary intervention
(PCI), and in the catheterization laboratory
during or after PCL. We elaborated on the ad-
vantages and limitations of each modality.
Of note, the majority of these modalities
used in daily practice focus only on epicar-
dial artery disease, but a substantial number
of patients have combined epicardial and
disease. Therefore, it is
essential to always take into consideration
the presence or absence of microvascular
dysfunction and perform appropriate tests
to identify the dominant endotype of coro-
nary microvascular disease (CMD).

microvascular

CLINICAL SCENARIO 1: PRE-
PROCEDURAL PHYSIOLOGICAL
ASSESSMENT OF CORONARY
STENOSES OUTSIDE THE
CATHETERIZATION LABORATORY

Interventional cardiologists are becoming
familiar with physiological assessment in
the catheterization laboratory, such as frac-
tional flow reserve (FFR) and instantaneous
wave-free ratio (iFR). Other noninvasive
functional tests are recommended in current
guidelines for patients with suspected CAD
(1). In the MR-INFORM (MR Perfusion Im-
aging to Guide Management of Patients With
Stable Coronary Artery Disease) trial, the
cardiac magnetic resonance-guided PCI
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HIGHLIGHTS

e Since the introduction of FFR, 10 more
novel modalities for the assessment of
coronary physiology have emerged.

Physiological modalities should be
appropriately selected according to their
timing of use: outside the catheterization
laboratory prior to the treatment deci-
sion and in the catheterization laboratory
before and after PCI.

The next challenge is to integrate the
evaluation of microvascular circulation as
part of daily practice.

In the near future, invasive and noninva-
sive modalities of assessing coronary
physiology may be integrated to stratify
patients with history of anginal
symptoms.

strategy demonstrated noninferiority to the FFR-
guided PCI strategy in terms of a composite clinical
outcome among patients with typical angina and
cardiovascular risk factors (2). However, several
studies have shown that noninvasive functional tests
can be falsely negative or can underestimate the
amount of ischemia, especially in patients with
multivessel disease (MVD) (3). In this regard,
computed tomography (CT)-derived FFR has been
introduced as a noninvasive physiological assessment
to identify ischemia-generating stenoses before the
procedure.

DEVELOPMENT OF CORONARY COMPUTED TOMO-
GRAPHIC ANGIOGRAPHY (CTA) AS A NONINVASIVE
ANATOMIC TEST. In SCOT-HEART (Scottish Com-
puted Tomography of the Heart Trial), among patients
with suspected CAD, additional coronary CTA on
top of standard care demonstrated a lower incidence
of a composite primary endpoint of death from coro-
nary heart disease or nonfatal myocardial infarction
(MI) at 5 years compared with standard care alone (4).
It is important to notice, however, that the difference
was driven by a significant reduction in nonfatal MI
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in the coronary CTA arm, but there was no difference
in death from coronary heart disease, cardiovascular
disease, and any cause. Furthermore, other clinically
important outcomes, such as hospitalization for heart
failure and atrial fibrillation or flutter, were not re-
ported in this trial. These issues may be partially
addressed in the ongoing randomized DISCHARGE
(Diagnostic Imaging Strategies for Patients With Stable
Chest Pain and Intermediate Risk of Coronary Artery
Disease; NCT02400229) trial, which is designed to
investigate the comparative effectiveness of coronary
CTA and invasive coronary angiography (ICA) in 3,546
patients with intermediate pre-test probability of
CAD (10% to 60%) (5).

In terms of recommendations from international
guidelines, the CE-MARC?2 trial randomized patients
with suspected angina to 3 arms: cardiac magnetic
resonance-guided, single-photon emission CT
(SPECT)-guided, or National Institute for Health and
Care Excellence (NICE) 2010 guidelines-based man-
agement. The NICE 2010 guidelines recommended
selecting the type of investigation according to CAD
pre-test likelihood (10% to 29%, coronary CTA; 30%
to 60%, SPECT; 61% to 90%, ICA). At 12 months,
cardiac magnetic resonance-guided management
resulted in a lower probability of unnecessary angi-
ography than NICE 2010 guidelines-based manage-
ment (6). Thereafter, the NICE guidelines were
updated in November 2016 (7). The updated NICE
guidelines were notable for the use of coronary CTA
as the first-line investigation in all patients with
atypical or typical angina symptoms or those who
were asymptomatic with suggested electrocardio-
graphic changes for ischemia. In current European
Society of Cardiology (ESC) guidelines for chronic
coronary syndrome (CCS), noninvasive functional
imaging for myocardial ischemia or coronary CTA is
also recommended as the initial test for diagnosing
CAD in symptomatic patients with a Class I (Level of
Evidence: B) recommendation (1). The same guide-
lines propose coronary CTA as preferentially
considered if the pre-test likelihood of CAD is low
and information on atherosclerosis desired. There-
fore, symptoms and quality of life are as important
as clinical outcomes on an individual patient basis.
In the substudy of SCOT-HEART, additional coronary
CTA did not alleviate symptoms and improve quality
of life at 6 months compared with standard care,
because of more detection of patients with undiag-
nosed nonobstructive CAD (NOCAD) in whom pre-
ventive therapies were initiated (8). Furthermore,
physiological information is required for decision
making in patients with undiagnosed NOCAD, as
coronary CTA is only an anatomic test.
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CT-DERIVED FFR. High sensitivity of coronary CTA is
accompanied by moderate specificity and may result
in an increase in unnecessary ICA (9). To address the
moderate specificity of coronary CTA, CT-derived FFR
was introduced in the field. FFR derived from CTA
(FFRcr) was developed using 3-dimensional recon-
struction of the coronary arteries and computational
fluid dynamics (10). Three major prospective trials
demonstrated the feasibility and diagnostic perfor-
mance of FFR¢r using invasive FFR =0.80 as a
reference (Table 1) (11-13). The NXT (HeartFlowNXT—
HeartFlow Analysis of Coronary Blood Flow Using
Coronary CT Angiography) trial, in which best-
practice guidelines for the acquisition of coronary
CTA and the updated HeartFlow FFRcr software
(version 1.3) were used, demonstrated the superiority
of FFRcr over coronary CTA, with a higher area under
the curve for FFR =0.80 (13). The specificity of FFRcr
for detecting invasive FFR =0.80 was acceptable and
higher than that of coronary CTA (79% vs. 34%). In
the PACIFIC (Comparison of Cardiac Imaging Tech-
niques for Diagnosing Coronary Artery Disease)
study, FFRcr demonstrated higher diagnostic per-
formance for invasive FFR =0.80 than coronary CTA,
SPECT, and positron emission tomography (PET) in a
per vessel analysis, whereas PET had favorable per-
formance in per-patient and intention-to-diagnose
analysis compared with coronary CTA, FFRcr, and
SPECT (14).

The PLATFORM (Prospective Longitudinal Trial of
FFR¢: Outcome and Resource Impacts) trial, which
randomized patients with new-onset chest pain to
either a coronary CTA/FFRcr arm or a usual testing
arm, demonstrated that coronary CTA/FFRct was a
feasible and safe alternative to ICA and was associ-
ated with a significantly lower rate of ICA showing
no obstructive CAD within 90 days (15). Further-
more, CTA/FFRcr-guided care was associated with
equivalent clinical outcomes and quality of life and
lower costs (33% reduction) compared with usual
care over 1-year follow-up (16). The ongoing FORE-
CAST (Fractional Flow Reserve Derived From
Computed Tomography Coronary Angiography in the
Assessment and Management of Stable Chest Pain;
NCT03187639) trial, which will randomize 1,400 pa-
tients with new-onset chest pain to either routine
FFRcr strategy or standard care according to upda-
ted NICE guidelines, is also investigating resource
utilization.

In terms of clinical outcome, the 1-year results of
the ADVANCE (Assessing Diagnostic Value of Non-
Invasive FFRcr in Coronary Care) registry, which
prospectively enrolled 5,083 patients with suspected
CAD, demonstrated that negative FFRcr values
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CENTRAL ILLUSTRATION Currently Available Physiological Assessment

A

In the Catheterization Laboratory

Hyperemic
Pressure
Ratio

Nonhyperemic Wire

CT-Derived FFR

Angiography-Derived FFR

Derived Pressure Ratios

Whole Cycle Diastolic/Subcycle

P mﬁﬂ

FFR

o [

Heart Siemens Canon Pulse All Abbott  Philips  Boston Opsens Medis  CathWorks Pie
Flow Medical Scientific and Pulse Medical
Medical
<0.80 < 0.800.91-0.93 <0.89 <0.80

Current cutoff criteria for revascularization

Kogame, N. et al. J Am Coll Cardiol Intv. 2020;13(14):1617-38.

Overview is shown in (A). Wire-based and imaging-derived physiological assessment with major trials are shown in (B) and (C), respectively. ADVANCE = Assessing
Diagnostic Value of Non-Invasive FFRct in Coronary Care; CT = computed tomography; DANAMI-3-PRIMULTI = Danish Study of Optimal Acute Treatment of Patients
With ST-Elevation Myocardial Infarction-Primary PCl in Patients With ST-Elevation Myocardial Infarction and Multivessel Disease: Treatment of Culprit Lesion Only or
Complete Revascularization; DEFACTO = Determination of Fractional Flow Reserve by Anatomic Computed Tomographic Angiography; DEFINE FLAIR = Functional
Lesion Assessment of Intermediate Stenosis to Guide Revascularisation; DFR = diastolic hyperemia-free ratio; DISCOVER-FLOW = Diagnosis of Ischemia-Causing
Stenoses Obtained via Noninvasive Fractional Flow Reserve; dPR = diastolic pressure ratio; FAME = Fractional Flow Reserve Versus Angiography for Multivessel
Evaluation; FAST = Fast Assessment of Stenosis Severity; FAST-FFR = FFRangio Accuracy vs. Standard FFR; FAVOR Il Europe-Japan = Diagnostic Accuracy of On-Line
Quantitative Flow Ratio; FAVOR Pilot = Functional Assessment by Various Flow Reconstructions Pilot; FFR = fractional flow reserve; FORECAST = Fractional Flow
Reserve Derived From Computed Tomography Coronary Angiography in the Assessment and Management of Stable Chest Pain; iFR = instantaneous wave-free ratio;
iFR-SWEDEHEART = Evaluation of iFR vs FFR in Stable Angina or Acute Coronary Syndrome; LIPSIASTRATEGY = Comparison of Pd/Pa Versus FFR in Intermediate
Coronary Stenoses; NXT = HeartFlowNXT—HeartFlow Analysis of Coronary Blood Flow Using Coronary CT Angiography; PACIFIC = Comparison of Cardiac Imaging
Techniques for Diagnosing Coronary Artery Disease; PLATFORM = Prospective Longitudinal Trial of FFR.: Outcome and Resource Impacts; PRECISE = Prospective
Randomized Trial of the Optimal Evaluation of Cardiac Symptoms and Revascularization; PROMISE = Prospective Multicenter Imaging Study for Evaluation of Chest
Pain; QFR = quantitative flow ratio; RCT = randomized controlled trial; Retro = retrospective; RFR = resting full-cycle ratio; SYNTAX = Synergy Between PCI With
Taxus and Cardiac Surgery; VFFR = vessel fractional flow reserve; WIFI Il = Wire-Free Functional Imaging II.
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(>0.80) were associated with favorable clinical out-
comes compared with abnormal FFR¢t values (=0.80)
(17). Median 4.7-year follow-up of the NXT trial also
showed an independent association of FFRcr with
major adverse cardiac event(s) (MACE) (18). However,
more outcome data are needed, especially from ran-
domized controlled trials (RCTs). The ongoing ran-
domized PRECISE (Prospective Randomized Trial of
the Optimal Evaluation of Cardiac Symptoms and
Revascularization; NCT03702244) trial will compare
1-year outcomes between usual care and coronary
CTA/FFRcr-guided therapy in 2,100 patients with
suspected CAD.

Recently the potential of coronary CTA/FFRcr to
help inform revascularization decision making was
investigated. In the SYNTAX (Synergy Between PCI

Continued on the next page

With Taxus and Cardiac Surgery) II trial, calculation
of the noninvasive functional SYNTAX score with
coronary CTA/FFRcr was feasible and yielded
similar results to those obtained with invasive
pressure-wire assessment in patients with 3-vessel
disease (3VD) (19). Building on these findings, the
hypothesis that combined noninvasive anatomy and
physiology derived from coronary CTA plus FFRcr
may allow heart teams to plan complex coronary
revascularization in patients with left main coronary
artery (LMCA) disease or 3VD was proved in the
SYNTAX III trial (20). FFRcr changed the treatment
decision in 7% of the patients. These findings sug-
gest that the SYNTAX score III has emerged as a
potentially useful tool combining information from

physical comorbidities, coronary anatomy, and
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CENTRAL ILLUSTRATION Continued

iFR-SWEDEHEART
(N =2,042) RCT

DEFINE FLAIR
(N =2,192) RCT

SYNTAX I
(N =454) Non-RCT
Lee et al.

(N=435)  Retro

Van't Veer et al.
(N=197)  Retro

Johnson et al.
(N=833)  Retro

Wire-based

physiological
assessment

DEFER
(N = 325) RCT

FAME
(N =1,005) RCT

FAME Il
(N =888) RCT

DANAMI-3-PRIMULTI
(N =627) RCT

COMPARE-ACUTE
(N =885) RCT

Kobayashi et al.
(N=763)  Retro

LIPSIASTRATEGY
(N =1,926)
Ongoing RCT
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physiology derived from a single scan for decision
making on the appropriate modality of revasculari-
zation (Figure 1).

A growing body of evidence suggests that the
FFRcr will be potentially a game changer in the
diagnosis of patients with CCS. NICE (February 13,
2017) issued guidance for the use of FFRcr, which
recommends FFR¢r as the most cost-effective option
when coronary CTA shows CAD with uncertain func-
tional significance or is nondiagnostic (21).

However, several limitations and pitfalls of FFRcr
should be noted before privileging it as initial test.
Suboptimal imaging quality of coronary CTA is among
the major limitations of FFRcr, which can be attrib-
uted to irregular heart rate, significant obesity, or
inability to cooperate with breath-hold commands (1).
The extra use of contrast media may also be a
consequence. Despite optimizing image quality, se-
vere and extensive coronary calcification remains
challenging for coronary CTA as well as FFRct; how-
ever, among patients with high Agatston scores,
FFRcr provided high and superior diagnostic perfor-
mance compared with coronary CTA alone using

Continued on the next page

invasive FFR =0.80 as a reference (22). The rejection
rate of FFRcr ranged from 2.9% to 13%, as determined
in prospective trials and a large clinical cohort
(Table 1) (12,13,23). The main reason for the inability
to perform FFRcr was the presence of motion artifacts
(23). Thinner CT slice thickness and lower patient
heart rate may increase the analyzability of FFRcr.
Furthermore, a history of MI or the presence of a
chronic total occlusion may be a limitation of FFRcr.
Indeed, a study comparing FFRcr versus ICA using
invasive FFR as reference for staged evaluation of
nonculprit lesions in patients with ST-segment
elevation MI (STEMI) showed similar but moderate
diagnostic accuracy of FFRcr compared with con-
ventional ICA (accuracy 0.72 in both groups) (24). Of
note, the use of FFR¢r is not validated in vessels
previously revascularized. At the present time, FFRcr
analysis is feasible only in a central core laboratory
(HeartFlow, Redwood City, California), limiting its
real-time clinical use and necessitating telemedicine.

Thereafter, 3 CT-derived FFR software packages
were developed to address longer computational time
and inconvenience of off-site analysis. These




1622 Kogame et al.
Coronary Physiology in 2020

JACC: CARDIOVASCULAR INTERVENTIONS VOL. 13, NO. 14, 2020
JULY 27, 2020:1617-38

CENTRAL ILLUSTRATION Continued
C
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physiological

Retro

Coenen et al.

(N=116)  Retro

Ko et al.
(N =30)

@ DISCOVER-FLOW (N =103)
DEFACTO (N = 252)
NXT (N = 254)
PLATFORM (N = 584) pc1

PROMISE FFRct substudy

(N =584)
RCT

ADVANCE (N =5,083)

RCT

modalities demonstrated acceptable diagnostic accu-
racy for FFR =0.80 with shorter computational time,
although none of them are commercially available
(Table 1) (25-27).

According to current guidelines, coronary CTA is
the first-line test in patients with suspected CAD,
especially with low clinical likelihood (1). Additional
CT-derived FFR will provide anatomic and lesion-
specific physiological information as a “one-stop
shop,” which may facilitate speed of diagnosis with a
substantial impact on quality of life and cost-
effectiveness, despite somewhat lower specificity
(about 80%) compared with physiological assessment
in the catheterization laboratory with pressure wire.

CLINICAL SCENARIO 2: PHYSIOLOGICAL
ASSESSMENT BEFORE THE PROCEDURE IN
THE CATHETERIZATION LABORATORY

The second opportunity to perform physiological
assessment is in the catheterization laboratory prior
to revascularization, when localized ischemia is not
documented and stenosis severity is between 50%
and 90% diameter stenosis by visual estimation or
MVD (1). Because fewer than one-half of all patients
with stable CAD have documented ischemia by
noninvasive testing within 90 days prior to elective
PCI (28), a large number of patients are candidates to
physiological assessment in the catheterization
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TABLE 1 Diagnostic Performance of CT-Derived FFR Using FFR =0.80 as Reference

No. of
Patients or Rejection Rate
Trial/First Author (Ref. #) Vessels of CT-Derived FFR AUC Accuracy, % Sensitivity, % Specificity, % PPV, % NPV, %
FFRcr
DISCOVER-FLOW (11) 103 patients NA 0.92 87 93 82 85 91
159 vessels 0.90 84 88 82 74 92
DeFACTO (12) 252 patients 13% 0.81 73 90 54 67 84
407 vessels NA NA 80 61 NA NA
NXT (13) 254 patients 1M% 0.90 81 86 79 65 93
484 vessels 0.93 86 84 86 61 95
cFFR
Coenen et al. (25) 116 patients 50, NA NA NA NA NA NA
203 lesions NA 75 88 65 66 87
CT-FFR
Ko et al. (26) 30 patients 3% 0.88 NA 78 87 74 89
58 vessels 0.77 84 79 74 60 88
CT-QFR
Li et al. 27) 134 patients 13% NA 87 90 85 83 91
156 vessels NA 87 88 87 83 91

ratio.

AUC = area under the curve; CT = computed tomography; DeFACTO = Determination of Fractional Flow Reserve by Anatomic Computed Tomographic Angiography; DISCOVER-
FLOW = Diagnosis of Ischemia-Causing Stenoses Obtained Via Noninvasive Fractional Flow Reserve; FFR = fractional flow reserve; NA = not available; NPV = negative
predictive value; NXT = HeartFlowNXT—HeartFlow Analysis of Coronary Blood Flow Using Coronary CT Angiography; PPV = positive predictive value; QFR = quantitative flow

laboratory. Furthermore, even when proof of
myocardial ischemia is available, intracoronary
interrogation may be required to identify which ste-
nosis accounts for ischemia.

FFR. FFR is the best known index for physiological
assessment in the catheterization laboratory. FFR is
the mean ratio of distal coronary pressure to aortic
pressure at maximum hyperemia. On the basis of the
linear coronary pressure-flow relationship during
maximal hyperemia, with a few assumptions incor-
porated into its theoretical framework, FFR expresses
the percentage contribution of a coronary stenosis to
myocardial flow impairment. The clinical significance
of FFR =0.75 was first validated against noninvasive
functional testing (29). The 2005 ESC guidelines rec-
ommended, for the first time, considering the exis-
tence of a gray zone of FFR values (between 0.75 and
0.80) in which the decision to perform revasculari-
zation should be left to the operator (30). Since then,
the cutoff threshold value of FFR =0.80 has been
used in most clinical studies.

In a meta-analysis of FFR-guided PCI versus med-
ical therapy using individual patient data, a 28% of
reduction in the composite endpoint of cardiac death
or MI was observed with FFR-guided PCI compared
with medical therapy (31). The difference between
groups was driven by MI. These findings justify the
recommendation of performing FFR to assess func-
tional coronary relevance, whenever prior evidence
of ischemia is not available, laid out in the 2018 ESC

guidelines (Class I, Level of Evidence: A) (32). The
first studies of FFR focused on setting the indication
for PCI, thus avoiding unneeded revascularization of
stenoses without functional relevance. The DEFER
study demonstrated the very long term (15 years)
safety and efficacy of deferral PCI in stenoses with
FFR <0.75 (Table 2) (33).

The next large trial on FFR focused on its value in
patients with MVD, a clinical scenario in which
noninvasive functional testing does not always pro-
vide accurate information to decide which stenoses
should be considered for revascularization (3). FAME
(Fractional Flow Reserve Versus Angiography for
Multivessel Evaluation) I demonstrated the superi-
ority of the FFR-guided PCI over angiography-guided
PCI among patients with MVD in terms of a composite
clinical endpoint at 1 year (34). Of note, the grounds
of the recommendations of the 2005 ESC guidelines
(30), the FAME study applied for the first time an FFR
cutoff of =0.80 for decision making. The favorable
results of the study were achieved with lower cost
and without prolongation of the procedure time (35).
Even after 5 years, differences persisted but lost sta-
tistical significance because of the smaller number of
patients at risk (Table 2) (36).

Thereafter, FAME II demonstrated that the FFR-
guided PCI with medical therapy is superior to med-
ical therapy alone in clinical outcome in patients with
at least 1 stenosis with FFR =0.80 (37). The 5-year
follow-up clearly confirmed the initial results and
extended these findings to a reduction in the
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FIGURE 1 SYNTAX Score Ill Calculation by Coronary CTA and FFRcy
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Male, 51 years old.
Creatinine Clearance: 135 ml/min, Left ventricular ejection fraction: 50%, Left main disease: no, Chronic obstructive
pulmonary disease: no, Peripheral vascular disease: no.

RCA ‘ Seg 1 ostial =3 pts ‘

[seg1,2>20mm =5pts || [LAD LcX

[ seg1zbi3cro=135pts |

Seg14=1pts
Seg 11 =3 pts

Seg 4,16 Bifur 0.1.1 = 6 pts

\
‘ Segment 7 =5 pts

RCA: 16 pts | ]

LAD: 10 pts | |

LCX: 17.5 pts

MSCT SYNTAX score: 43.5

PCl: SYNTAX Score Il 26.1 (4-year mortality: 4.9%)
CABG: SYNTAX Score Il 12.7 (4-year mortality: 1.6%)
Treatment recommendation by SYNTAX score Il: CABG

U U U

RCA LAD LCX

Seg 1 ostial =3 >0 pts
Seg 11 =3 pts

[seg1,2>20mm =50 pts |

Seg2=2->0pts

Seg7=5 pts Seg 12b,13 CTO = 13.5 pts

- 0pts
RCA: 0 pts | | LAD: 10 pts | | LCX: 17.5 pts

Functional SYNTAX score: 27.5

PCl: SYNTAX Score Ill 21.5 (4-year mortality: 3.4%)
CABG: SYNTAX Score Ill 13.3 (4-year mortality: 1.7%)
Treatment recommendation by SYNTAX score Ill: CABG or PCI

A representative case for SYNTAX (Synergy Between PCI With Taxus and Cardiac Surgery) score Il calculation using coronary computed tomographic angiography (CTA)
and computed tomography-derived fractional flow reserve (FFRct). After incorporation of FFRct, the treatment recommendation was changed from coronary artery

bypass grafting (CABG) to equipoise risk between CABG and percutaneous coronary intervention (PCI). CTO = chronic total occlusion; LCX = left circumflex coronary
artery; LAD = left anterior descending coronary artery; MSCT = multislice computed tomography; pts = points; RCA = right coronary artery; Seg = segment.

composite of death and MI, driven mainly by a long-term death and MI rates. The results of

reduction in spontaneous MI with PCI compared with
medical therapy (Table 2) (38).

Of note, the FAME II trial was launched in the
aftermath of the COURAGE (Clinical Outcomes Uti-
lizing Revascularization and Aggressive Drug Evalu-
ation) trial (39), which demonstrated a lack of benefit
of PCI over optimal medical therapy alone in terms of

COURAGE were criticized because of the inclusion of
patients with mild myocardial ischemia. Recently,
ISCHEMIA (International Study of Comparative
Health Effectiveness With Medical and Invasive Ap-
proaches) showed that in patients with moderate or
severe myocardial ischemia assessed by noninvasive
testing, an invasive strategy with optimal medical
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TABLE 2 Major Randomized Controlled Trials Using Wire-Based Physiological Assessment

revascularization

Study Name n Follow-Up Population Comparison Primary Endpoint Result p Value

DEFER 325 15 yrs Patients with de novo stenosis  Deferral with FFR =0.75 vs. MI 2.2% vs. 0.033

(DS >50%) performed PCl with 10.0%
FFR =0.75

FAME 1,005 5yrs Patients with multivessel FFR-guided vs. angiography- Composite of death, MI, or 28.0% vs. 0.31
disease guided PCI revascularization 31.0%

FAME Il 888 5yrs Patients with de novo stenosis ~ FFR-guided PCI plus OMT vs. Composite of death, M, or 13.9% vs. <0.001
with FFR =0.80 OMT alone urgent revascularization 27.0%

DANAMI-3-PRIMULTI 627 Tyr Patients with STEMI with FFR-guided complete Composite of death, nonfatal ~ 13.0% vs. 0.004
=1 clinically significant revascularization vs. no MI, or ischemia-driven 22.0%
stenosis in the non- further invasive treatment revascularization
infarct-related vessel (culprit only)

Compare-Acute 885 1yr Patients with STEMI with FFR-guided complete Composite of death, nonfatal 7.8% vs. <0.001
=1 clinically significant revascularization vs. no MI, revascularization, and 20.5%
stenosis in the non- further invasive treatment cerebrovascular events
infarct-related vessel (culprit only)

iFR SWEDEHEART 2037 2 yrs Patients with de novo stenosis ~ FFR-guided vs. iFR-guided PCI  Composite of death, nonfatal ~ 8.4% vs. 0.93
(DS 40%-70%) MlI, or unplanned 8.7%

revascularization

DEFINE-FLAIR 2492 2 yrs Patients with de novo stenosis ~ FFR-guided vs. iFR-guided PCI  Composite of death, nonfatal ~ 10.5% vs. 0.25

(DS 40%-80%) MI, or unplanned 11.8%

DANAMI-3-PRIMULTI = Danish Study of Optimal Acute Treatment of Patients With ST-Elevation Myocardial Infarction-Primary PCl in Patients With ST-Elevation Myocardial Infarction and Multivessel
Disease: Treatment of Culprit Lesion Only or Complete Revascularization; DEFINE-FLAIR = Functional Lesion Assessment of Intermediate Stenosis to Guide Revascularisation; DS = diameter stenosis;
FAME = Fractional Flow Reserve Versus Angiography for Multivessel Evaluation; FFR = fractional flow reserve; iFR = instantaneous wave-free ratio; iFR SWEDEHEART = Evaluation of iFR vs FFR in Stable
Angina or Acute Coronary Syndrome; MI = myocardial infarction; OMT = optimal medical therapy; PCl = percutaneous coronary intervention; STEMI = ST segment elevated myocardial infarction.

therapy offers no clinical benefit compared with
optimal medical therapy alone in terms of the com-
posite primary endpoint at a median of 3.2 years (40).
From the viewpoint of physiological assessment,
whether physiology-guided invasive management
might have led to different outcomes is unknown, as
decisions during invasive management were pre-
dominantly angiography guided. FFR was used in
only 20% of patients in the invasive arm, according to
the protocol.

Another important subset of patients who might
benefit from FFR interrogation are those presenting
with STEMI and MVD. Several studies in this subset of
patients have used FFR to ascertain the functional
relevance of nonculprit coronary stenoses (Table 2).
In the Compare-Acute and DANAMI-3-PRIMULTI
(Danish Study of Optimal Acute Treatment of
Patients With ST-Elevation Myocardial Infarction-
Primary PCI in Patients With ST-Elevation Myocar-
dial Infarction and Multivessel Disease: Treatment of
Culprit Lesion Only or Complete Revascularization)
trials, FFR-guided complete revascularization strat-
egy significantly reduced the incidence of the com-
posite clinical endpoint at 12 months compared with
the culprit-only revascularization strategy in patients
with STEMI and MVD (41,42). However, in the
COMPLETE (Complete vs Culprit-Only Revasculari-
zation to Treat Multi-Vessel Disease After Early PCI
for STEMI) trial, angiography-guided complete

revascularization of lesions with diameter stenosis
>70% clearly demonstrated superiority to a culprit-
only revascularization strategy among 4,041 patients
with STEMI and MVD in terms of the primary com-
posite endpoint at 3 years (43). Further study is
warranted to compare FFR-guided versus
angiography-guided complete revascularization in
patients with STEMI and MVD as far as outcomes and
cost-effectiveness are concerned.

The growth of evidence supporting the clinical
value of FFR was not mirrored by a substantial in-
crease in its adoption in clinical practice (44).
A number of potential causes for this (Table 3) include
the following: 1) prolongation of procedural time;
2) additional cost for pressure wire and adenosine or
other drugs; 3) discomfort or side effect from vaso-
dilator drugs; 4) submaximal hyperemia; 5) precise
acquisition of coronary pressure measurement for
avoiding pressure drift, aortic pressure ventriculari-
zation, and aortic waveform distortion; and 6) sub-
optimal mechanical quality of pressure wire, which
may result in difficult wire manipulation in complex
anatomy and procedural complication.

INTRODUCTION OF A NONHYPEREMIC PRESSURE
RATIO (NHPR): iFR. To avoid adenosine administra-
tion, NHPRs have been recently introduced, with iFR
being the first index (45). iFR is measured as the mean
ratio of instantaneous phasic distal coronary pressure
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Wire-B.

TABLE 3 Advantages and Limitations of Physiological Assessment in the Catheterization Laboratory

A Phvcinlaaical A

al
Fhy 9

Hyperemic Index

NHPR

FFR iFR

Novel NHPRs (DFR, dPR, RFR) Pd/Pa

Advantages

e Evidence for outcomes up to 15 yrs (vs. e

angiography-guided PCI, OMT alone) (vs. FFR-guided PCl)

e Available with all pressure wires e Hyperemia independe|
e Quicker than FFR
e Ability with potential
serial lesions

Limitations

e Hyperemia required (additional cost and e
hyperemic agent-related side effect)

e Pressure wire required (additional .
cost and wire-related complication)

e Precise acquisition of coronary pressure e
required

e Prolonged procedure

Precise acquisition of
pressure required

Evidence for outcomes up to 2 yrs

o Well validated with noninvasive e Validated with noninvasive functional
functional tests in various clinical settings tests in several clinical settings

e Cost-effectiveness was demonstrated e Well validated with FFR in various
against angiography-guided PCI clinical settings

nt

to assess

o Coregistration with angiography available

Pressure wire required (additional cost
and wire-related complication)

coronary

Proprietary and the software of
specific vendor required

Validated with FFR and iFR in e Validated with FFR and iFR in

limited limited clinical settings

clinical settings (retrospective) e Hyperemia independent

Hyperemia independent e Quicker than FFR

Quicker than FFR e Available with all pressure
wires

No evidence for outcomes e No evidence for outcomes

Validation data with noninva-
sive functional tests are limited
Pressure wire required (addi-
tional cost and wire-related
complication)

Validation data with noninvasive e
functional tests are limited
Pressure wire required .
(additional cost and wire-

related complication)

Precise acquisition of e Precise acquisition of coronary
coronary pressure required pressure required

Proprietary and the software e Susceptible to miscalculation
of specific vendor required from pressure-wire drift

No coregistration with .
angiography available

No coregistration with angiog-
raphy available

TABLE 3 Continued

B d Phvsioloaical A
d Phy g

Angiography Derived

VFFR

Validated with FFR in limited clinical settings e

QFR FFRangio
Advantages
e Validated with FFR in limited clinical settings o
e Hyperemia independent e Hyperemia independent
e Pressure wire free e Pressure wire free
e Flow information (TIMI frame count)
incorporated
e Quicker than FFR
Limitations
e No evidence for outcomes (FAVOR Il is ongoing) e No evidence for outcomes
e Precise acquisition of angiography required e No validation data with noninvasive
e Specific software required functional tests
e Manual correction required in some cases .

Precise acquisition of angiography required
e Specific software required
e Manual correction required in some cases

Validated with FFR in limited clinical settings (retrospective)
e Hyperemia independent

e Pressure information (Pa) incorporated

e Pressure wire free

No evidence for outcomes

No validation data with noninvasive functional tests
Precise acquisition of angiography required

Specific software required

Manual correction required in some cases

DFR = diastolic hyperemia-free ratio; dPR = diastolic pressure ratio; IVUS = intravascular ultrasound; NHPR = nonhyperemic pressure ratio; Pa = aortic pressure; Pd = distal coronary pressure;
QFR = quantitative flow ratio; RFR = resting full-cycle ratio; TIMI = Thrombolysis In Myocardial Infarction; vFFR = vessel fractional flow reserve; other abbreviations as in Table 2.

to aortic pressure during a diastolic window free of
newly generated wave activity called the “wave-free
period.” Interrogation of the coronary circulation
over the wave-free period has the advantage that
microcirculatory resistance is considered to be stable
and the lowest value over the whole cardiac cycle
(45). The wave-free period was calculated beginning
25% of the way into diastole (identified from the
dicrotic notch of pressure waveform) and ending 5 ms

before the end of diastole (Figure 2).

The iFR concept has been tested in a number of
validation studies with direct comparison with FFR
(45,46). An iFR value of 0.89 was determined to be
the best cutoff value to predict FFR of 0.80 (46) and
has been widely used for decision making.

Subsequent studies were performed focusing on
head-to-head comparisons of iFR and FFR against
other independent standards used for the detection
of ischemia. These studies found no difference be-
tween iFR and FFR in terms of the diagnostic
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performance using as a reference PET (47,48) and
SPECT (49).

Thereafter, 2 of the largest randomized trials in
coronary physiology compared iFR with FFR, with
clinical outcomes as an endpoint (2,042 patients in
iFR SWEDEHEART [Evaluation of iFR vs FFR in Stable
Angina or Acute Coronary Syndromel, 2,492 patients
in DEFINE-FLAIR [Functional Lesion Assessment of
Intermediate Stenosis to Guide Revascularisation])
and reached the same conclusion: iFR-guided PCI was
noninferior to FFR-guided PCI in the selection of the
vessels to be treated or deferred and in the resulting
rates of MACE at 12 months (50,51) (Table 2). The
incidence of MACE in both arms did not differ up to 2
years in both trials (52). Nevertheless, limitations of
iFR pertain to the lack of long-term prognostic data as
opposed to FFR (38). However, it should be noted that
the FFR long-term data are predominately in very
significant lesions, and the first data to support the
use of coronary physiology, whether FFR or iFR, in
intermediate lesions was generated in the iFR out-
comes studies.

Following iFR SWEDEHEART and DEFINE-FLAIR,
the ESC guidelines were revised and gave a Class I
(Level of Evidence: A) recommendation for guiding
PCI in both iFR and FFR (32). Of note, iFR coregis-
tration with angiography allows physicians to iden-
tify the lesion and the length of the narrowing that
must be treated (Figure 3) (44). Some advantages of
iFR over FFR include shorter procedure time, less
patient discomfort, and easy pull back, especially for
evaluation of serial lesions (Table 3). iFR, but not FFR,
can separately assess the severity of each individual
stenosis within the same tandem lesion. This is
because in nonhyperemic conditions coronary flow
remains relatively constant and stable regardless of
the severity of stenosis, because of the autoregulation
of microvascular circulation, whereas during hyper-
emia coronary flow becomes unpredictable if it passes
through stenosis with a dimeter stenosis =40%
(53,54). In the iFR GRADIENT registry, iFR pull back
predicted the physiological outcome of PCI with a
difference of 0.011 + 0.004 in tandem and diffuse
coronary disease (55). In contrast, Modi et al. (56)
reported that individual stenosis severity is signifi-
cantly underestimated in the presence of serial
disease, using both hyperemic and resting pressure-
based indexes. An important limitation of iFR is that
it cannot be measured without the software of a
specific vendor (Philips/Volcano, Amsterdam, the
Netherlands) (Table 3).

DISCORDANCE BETWEEN FFR AND iFR. Approximately
20% of cases show discrepancies between FFR with a
threshold of 0.80 and iFR with a threshold of
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0.89 (57). The cause of the discordance may be
attributable to different thresholds, effects of hyper-
emia (e.g., 2 to 3 times larger pressure gradient at
maximum hyperemia than at rest), and/or different
responses to microvascular dysfunction. Interest-
ingly, with regard to wire-based coronary flow reserve
(CFR), iFR was found to have better diagnostic per-
formance than FFR in 3 separate studies (58-60). This
observation provided important clues on one of the
main causes for discrepancy between FFR and iFR.
Yet it should to be clarified that both FFR and iFR
were unable to discriminate the impact of epicardial
and microvascular disease.

The discordance between FFR and iFR would
depend partially on lesion location and type.
Kobayashi et al. (61) reported that at the LMCA or the
proximal left anterior descending artery (LAD), iFR
was less correlated with the reference of FFR
compared with other lesion locations. In a substudy
of the DEFINE-FLAIR trial, iFR-guided deferral for
LAD lesions was associated with a lower rate of MACE
at 1 year compared with FFR-guided deferral for LAD
lesions (62). However, this result should be consid-
ered as a truly hypothesis generating because of the
post hoc character of the analysis, with insufficient
statistical power. Thus, a further confirmatory ran-
domized trial will be needed to conclude whether
FFR or iFR is better or if they are comparable for LAD
lesions.

Of note, the methodology of the available studies
investigating the discrepancy between FFR and iFR
cannot rule out other important causes of this
discrepancy. As an example, none of the reported
trials checked for patient intake of coffee over the
24 h prior to FFR interrogation, which has been
demonstrated to blunt the effect of adenosine-
induced hyperemia and FFR values (63).

In contrast, available evidence suggests that over-
all, discordant FFR versus iFR results lack clinical
relevance. Lee et al. (64) found that the presence of
discordance between FFR and NHPRs including iFR
was not an independent predictor of vessel-oriented
composite outcomes. This lack of clinical translation
of the discordance between indexes is most likely
related to its occurrence in borderline stenosis with a
low risk for hard clinical events. Although further
research might be needed to clarify clinical relevance
of discordance between indexes, it might be too
challenging from a statistical standpoint. On the basis
of some premises derived from iFR SWEDEHEART
and DEFINE-FLAIR, it is hypothesized that a study
would require a sample size of 290,000 patients to
clarify the difference of predictive value for MACE
between FFR and iFR (65). Therefore, it would be
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FIGURE 2 Commercially Available Nonhyperemic Pressure Ratios
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Instantaneous wave-free ratio (iFR) is defined as average Pd/Pa during the wave-free
period (WFP) (pink shaded area). The WFP was calculated beginning 25% of the way
into diastole and ending 5 ms before the end of diastole (A). Diastolic pressure ratio (dPR)
is defined as average Pd/Pa during entire diastole (B). Diastolic hyperemia-free ratio
(DFR) is defined as average Pd/Pa during Pa less than mean Pa with negative slope (B).
Resting full-cycle ratio (RFR) is defined as the lowest filtered mean Pd/Pa during the
entire cardiac cycle (B). Adapted with permission from Van't Veer et al. (85).

necessary to discuss the appropriate clinical and
lesion setting for the use of FFR or iFR rather than to
debate whether one is superior to the other.

DIFFERENCES BETWEEN FFR AND iFR IN SOME
SPECIFIC CLINICAL SETTINGS. LMCA disease.
The importance of physiological assessment has been
suggested even in the field of LMCA disease (66). The
only dedicated study to date is the DEFINE LM reg-
istry, which included patients in whom LMCA steno-
sis was deferred (51.9%) or revascularized (48.1%)
according to an iFR cutoff of 0.89 (67). The result
suggests that decision making in LMCA disease on the
basis of iFR is safe in terms of a composite clinical
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endpoint at 30 months. Ongoing research includes
the iLITRO (Concordance Between FFR and iFR for
the Assessment of Intermediate Lesions in the Left
Main Coronary Artery: A Prospective Validation of a
Default Value for iFR) study (NCT03767621), whose
aim is to demonstrate the actual feasibility and effi-
cacy of iFR compared with FFR in patients with in-
termediate LMCA disease.

Diffuse and focal lesions. The physiological
pattern of lesions, such as focal or diffuse, obtained
over iFR pull back curves has been reported as one of
the factors of discordance between FFR and iFR.
Warisawa et al. (68) demonstrated that a focal pattern
was associated with discordance of FFR =0.80 and
iFR >0.89, whereas a diffuse pattern was associated
with discordance of FFR >0.80 and iFR =0.89. These
discordances may stem from the higher turbulence-
generating potential of focal stenosis, which under
hyperemia may cause lower FFR, or from microvas-
cular dysfunction, as diffuse disease is associated
with the presence of microvascular dysfunction (69),
and response to microvascular dysfunction is
different between FFR and iFR, as previously
described (59). Physiological pattern, which can be
derived from FFR (e.g., pull back pressure gradient
index) (70), may have the potential to determine the
eligibility of revascularization for those lesions with
discordance. The pull back pressure gradient index is
a novel metric that is able to discriminate focal and
diffuse functional CAD; further validation of this
metric is still required. In the occasional cases in
which the discordance between iFR and FFR related
to the focal and diffuse pattern is deemed to be
clinically relevant, other noninvasive functional tests
may be considered.

MVD. The efficacy of FFR-guided PCI for patients
with MVD has been demonstrated, as previously
described. From a practical perspective, the ease of
performing multiple measurements and pressure pull
backs without inducing hyperemia makes iFR a very
attractive alternative to FFR in patients with MVD.
About 40% of patients included in the iFR SWEDE-
HEART and DEFINE-FLAIR trials had MVD (50,51),
and a substudy of iFR SWEDEHEART demonstrated
no significant difference between FFR- and iFR-
guided revascularization in terms of MACE at 1 year
in patients with MVD as well as single-vessel disease
(71).

Recently, SYNTAX II, which prospectively enrolled
patients with 3VD, demonstrated less repeat revas-
cularization in deferred lesions on the basis of iFR
value than in stented lesions between 1 and 2 years
(72,73). The results support the safety of iFR-guided
decision making for long-term results in patients
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with 3VD. iFR-guided PCI for MVD seems promising,
but more prospective data are required to reinforce
the evidence.

Non-infarct-related arteries in the early phase of
acute coronary syndrome (ACS). The interest in using
iFR in patients with ACS relates to circumventing the
problem of blunted hyperemia associated to ACS and
to the reluctance of many operators to use vasodila-
tors during primary PCI. Several studies have fostered
interest in iFR as a faster and potentially safer alter-
native to FFR for interrogation of nonculprit stenoses
in ACS. A pooled analysis of DEFINE-FLAIR and iFR
SWEDEHEART showed comparable clinical outcomes
between iFR- and FFR-guided PCI, with more deferral
in the iFR arm in patients presenting with ACS but not
including STEMI (74). In non-infarct-related lesions
in patients with STEMI, a substudy of the REDUCE-
MVI (Reducing Micro Vascular Dysfunction in
Revascularized STEMI Patients by Off-Target Proper-
ties of Ticagrelor) trial found lower iFR values in
nonculprit vessels at the time of primary PCI than in
the subacute STEMI phase, with 11% false-positive
classification of nonculprit stenosis (75). False-
positive measurements with iFR at the time of pri-
mary PCI might be a result of the documented in-
crease in resting flow in nonculprit stenoses in
patients with STEMI (76), potentially as a result of
enhanced adrenergic drive during the acute STEMI
phase.

In contrast, Choi et al. (77) reported that FFR and
iFR values were not significantly different between
non-infarct-related vessels in acute MI and target
vessels in stable CAD across all percentage diameter
stenosis groups, which contradicts the result of the
previous report. Clarification of this will be provided
by future research. Ongoing randomized trials such as
iMODERN (iFR Guided Multi-Vessel Revasculariza-
tion During Percutaneous Coronary Intervention for
Acute Myocardial Infarction; NCT03298659) and SAFE
STEMI for Seniors (Study of Access Site for Enhancing
PCI in STEMI for Seniors; NCT02939976) will provide
key information on then reliability of iFR-guided
intervention of nonculprit lesions during STEMI.
Severe aortic stenosis (AS). In patients with se-
vere AS, simultaneous revascularization of severe
coronary artery stenosis by visual estimation is rec-
ommended in the current guidelines (32). Some
studies showed the feasibility and safety of wire-
based physiological assessment, including adminis-
tration of adenosine, in patients with severe AS (78),
but it is unclear whether wire-based physiological
assessment has clinical implications with respect to
decision making in patients with severe AS. The
specific pathophysiological characteristic of severe
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FIGURE 3 iFR Coregistration
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The result of coregistering instantaneous wave-free ratio (iFR) pull back data with
angiography in the left anterior descending coronary artery with several irregularities.
Each yellow dot represents a modification of 0.01 iFR units. Plot location of pressure loss
on angiogram in its final interactive action allows the physician to identify the lesion and
the length of the narrowing that must be treated. Adapted with permission from
Gotberg et al. (44).

AS, including left ventricular hypertrophy, increased
afterload, and microvascular dysfunction, make the
interpretation of wire-based physiological measure-
ment difficult (79). Adjusted cutoff criteria of FFR and
iFR for patients with severe AS have been reported
but not yet been firmly established (80).

Ahmad et al. (81) reported changes in coronary
physiological status in intermediate lesions before
and after transcatheter aortic valve replacement
(TAVR). FFR was significantly reduced after TAVR
(from 0.86 to 0.83), whereas iFR was unchanged (0.87
both before and after TAVR). This finding can be
explained by the improvement in coronary micro-
vascular circulation assessed using CFR after TAVR
(from 1.56 to 1.74), suggesting that FFR may under-
estimate the severity of coronary stenosis in patients
with severe AS. However, Pesarini et al. (78) showed
that the FFR was unchanged before (0.89) and
immediately after (0.89) TAVR, although iFR was not
measured in that study. These inconsistent findings
indicate that the data remain uncertain, and the
robustness of previous analyses is debatable, mainly
because of small sample sizes. The ongoing FORTUNA
(Evaluation of Fractional Flow Reserve Calculated by
Computed Tomography Coronary Angiography in
Patients Undergoing TAVR; NCT03665389) and FAI-
TAVI trial (Functional Assessment in TAVI;
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QFR

TABLE 4 Commercially Available Software for Angiography-Derived FFR

FFRangio VFFR

Online computation Available

Required angiography 2 projections 25° apart
Process

Published clinical data

WIFI 11 (93)

Incidence of nonanalyzable cases in

each study respectively
Predictive performance for 0.92-0.96
predicting wire-derived
FFR =0.80 (AUC)
Time to computation 5 min

Integrated mathematical approach

FAVOR Pilot (90), FAVOR Il China (91)
and FAVOR Il Europe-Japan (92),

10%, 0.9%, 3.2%, and 5.9%,

Available Available

=2 projections 2 projections 30° apart
Rapid flow analysis

FAST-FFR (94)

Integrated mathematical approach

FAST (95)

3.7% 49% (retrospective)
0.94 0.93
NA* NA

(94).

*An average processing time was reported as 2.7 min, but this processing time did not include the manual correction of the coronary reconstruction and lesion identification

FAST = Fast Assessment of Stenosis Severity; FAST-FFR = FFRangio Accuracy vs. Standard FFR; FAVOR Pilot = Functional Assessment by Various Flow Reconstructions Pilot;
FAVOR Il Europe-Japan = Diagnostic Accuracy of On-Line Quantitative Flow Ratio; WIFI = Wire-Free Functional Imaging Il; other abbreviations as in Tables 1 to 3.

NCT03360591) will provide new insights and evaluate
coronary physiology in severe AS.

OTHER NHPRs. Since the success of iFR, other NHPRs
have become commercially available, such as the
diastolic hyperemia-free ratio (Boston Scientific,
Marlborough, Massachusetts), diastolic pressure ratio
(Opsens Medical, Quebec, Quebec, Canada), and
resting full-cycle ratio (RFR) (Abbott, Abbott Park,
Illinois) (Central Illustration, Figure 2). These novel
NHPRs are also proprietary and can be used only with
the software provided by the vendors. However, the
fact that most of companies have their own pressure
wires, wire-specific consoles, and NHPRs may ulti-
mately result in wider adoption of physiology-
guided PCI.

The ratio of distal coronary pressure (Pd) to aortic
pressure (Pa) is the oldest and most straightforward
NHPR. As early as 1985, the first clinical application of
Pd/Pa in humans was reported (82). High correlation
and excellent agreement between Pd/Pa and iFR were
reported (83). However, from a practical perspective,
the use of Pd/Pa is limited by a lower signal-to-noise
ratio and significantly lower data spread than iFR
and other NHPRs, contributing to higher influence of
pressure drift on measurements (47,84).

Other NHPRs use phasic and beat-by-beat Pd/Pa
during part of or the entire diastolic phase, except
for RFR, as RFR uses the lowest filtered Pd/Pa over
the entire cardiac cycle (Figure 2). Van’t Veer et al.
(85) evaluated 6 NHPRs and concluded that all
diastolic resting indexes tested were identical to
iFR, both numerically and with respect to their
agreement with FFR. Several studies also retro-
spectively demonstrated excellent correlation and

agreement of RFR, diastolic pressure ratio, and
diastolic hyperemia-free ratio with iFR (86,87).
However, the previous validation studies were
retrospective comparisons using a “cleaned” pres-
sure database in the core laboratory, and a pro-
spective in vivo validation study wusing a
commercially available system has not yet been
performed. Furthermore, we must emphasize the
fact that to date, no RCTs have evaluated the
impact of NHPR-guided PCI on clinical outcomes
compared with established PCI strategies. The
commonly shared opinion of experts in the field is
that if RCTs do take place, there is a great likeli-
hood that they would lead to similar outcomes.
Therefore, in addition to an in vivo validation
study, large-scale RCTs with clinical outcomes may
not necessarily be required, and single-arm pro-
spective trials with objective performance criteria
may be sufficient to demonstrate the noninferiority
of non-iFR NHPRs to FFR- or iFR-guided PCI, which
also may result in faster and wider adoption of
physiological assessment in daily practice. At this
point,
criteria for coronary revascularization in patients
with stable ischemic heart disease (88), it seems
reasonable to suggest that NHPR may be considered
a substitute for FFR in most clinical scenarios.

according to the latest appropriate use

ANGIOGRAPHY-DERIVED FFR. In the context of
growing interest in functional assessment of coronary
stenoses, advances in computational power and 3-
dimensional coronary angiography have made
possible the development of functional coronary
angiography. Currently, 3 technologies are commer-
cially available: quantitative flow ratio (QFR) (Medis
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Primary Endpoint

TABLE 5 Major Trials Investigating the Impact of Post-PCl Physiological Assessment on Clinical Outcomes

Cutoff Value of FFR (QFR) for Predicting Primary
Endpoint (AUC)

Comparison of Low vs. High
Post-PCI FFR (QFR) on Primary Endpoint

Pressure wire-derived FFR

FAME | and Il (107):
838 vessels

2-yr VOCE (vessel-related cardiac death,
vessel-related MI, ischemia-driven TVR)

DK CRUSH VII (102): 1-yr TVF (cardiac death, target vessel MI,

n = 1,476 clinically driven TVR)
Agarwal et al. (98): MACE (death, MI, TVR); mean follow-up
n =574 31 + 16 months

Angiography-derived FFR
HAWKEYE (104):
751 vessels

SYNTAX Il (105):
771 vessels

2-yr VOCE (vessel-related cardiac death,
vessel-related MI, ischemia-driven TVR)

2-yr VOCE (vessel-related cardiac death,
vessel-related MI, TVR)

FFR =0.92 (NA)

FFR =0.88 (0.83)

FFR =0.86 (NA)

QFR =0.89 (0.77)

QFR <0.91 (0.702)

9.2% vs. 3.8% (lower p = 0.037
[<0.88] vs.
upper [>0.92] tercile)

8.0% vs. 4.0% p = 0.001
23% vs. 17% p=0.02
25% vs. 3.5% p < 0.001
12% vs. 3.7% p < 0.001

HAWKEYE = Angio-Based Fractional Flow Reserve to Predict Adverse Events After Stent Implantation; MACE = major adverse cardiac events; SYNTAX = Synergy Between PCI With Taxus and Cardiac Surgery;
TVF = target vessel failure; TVR = target vessel revascularization; VOCE = vessel-oriented composite endpoint; other abbreviations as in Tables 1 and 2.

Medical Imaging System, Leiden, the Netherlands,
and Pulse Medical Imaging Technology, Shanghai,
China), FFRangio (CathWorks, Kefar Sava, Israel), and
vessel FFR (Pie Medical Imaging, Maastricht, the
Netherlands) (Central Illustration, Table 4). In general,
a mathematical formula related to the Lance Gould
equation has been used for the process of computa-
tion (89).

QFR has the most published data, including pro-
spective multicenter trials (90-93). FFRapgio was
validated in the prospective multicenter FAST-FFR
(FFRangio Accuracy vs. Standard FFR) study (94).
Recently, retrospective clinical validation data on
vessel FFR were reported (95). Overall, all 3 technol-
ogies show excellent areas under the curve for pre-
dicting FFR =0.80, with a low incidence of
nonanalyzable cases (0.9% to 10%) except for the
retrospective FAST (Fast Assessment of Stenosis
Severity) study (Table 4). A systematic review and
Bayesian meta-analysis demonstrated that there was
no difference in diagnostic performance of
angiography-derived FFR between methods for
computation and online or offline analysis (96).

Time to computation is a major argument in favor
of adopting this technology and is relevant for both
patients and physicians. Only QFR was prospectively
evaluated for “time to computation of the entire
procedure” compared with FFR. In the FAVOR II
Europe-Japan (Diagnostic Accuracy of On-Line
Quantitative Flow Ratio) study, the median time for
QFR computation was significantly shorter than for
FFR (5.0 min vs. 7.0 min) (Table 4) (92). Whether
these differences can be observed outside of a clinical
trial environment remains to be established.

There are advantages and limitations of
angiography-derived FFR compared with wire-based
FFR (Table 3). Regarding the advantages, there is no
requirement for wire and hyperemic agent, and this
results in shorter procedure time, less patient
discomfort, and elimination of erroneous coronary
pressure measurement by pressure wire, which can
occur in up to one-third of cases (97). Furthermore,
both online and offline analyses can be performed,
allowing review of available angiograms from a
functional standpoint. The major limitation is of
course the absence of a large RCT evaluating clinical
outcomes compared with established PCI strategies.
However, large RCTs to address this are ongoing:
FAVOR III China (The FAVOR III China Study;
NCT03656848) and FAVOR III EJ (Functional Assess-
ment by Virtual Online Reconstruction: The FAVOR
III Europe Japan Study; NCT03729739). Some specific
lesion types, such as LMCA, bifurcation, and ostial
lesions, are confounding because of differences in
interpretation, and results may not be reliable in
these lesion subsets for the time being. Furthermore,
it is understood that the result depends strongly on
the quality of acquisition in 2 or 3 angiographic views.

CLINICAL SCENARIO 3: PHYSIOLOGICAL
ASSESSMENT AFTER THE PROCEDURE IN THE
CATHETERIZATION LABORATORY

Post-PCI physiological assessment has 2 potential
purposes in clinical practice. First, post-PCI physio-
logical assessment can be used for the optimization of
PCIresult. Agarwal et al. (98) reported that in patients
with satisfactory angiographic results after stent
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FIGURE 4 Physiological Indexes and Interrogated Coronary Domain
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The normal structure and function of coronary macrocirculation and microcirculation and the corresponding action fields of physiological
techniques. Myocardial perfusion is governed by adequate orchestration of the epicardial arteries, microcirculation, and myocardial bed.
Different intracoronary physiological tools can approach each of these domains. While coronary flow reserve (CFR) encompasses the overall
coronary circulation, other indexes have been developed to evaluate specific domains of the heart circulation. Adapted with permission from
Taqueti et al. (69). Ach = acetylcholine; HMR = hyperemic microvascular resistance; IHDVPS = instantaneous hyperemic diastolic velocity
pressure slope; IMR = index of microvascular resistance; NHPR = nonhyperemic pressure ratio; Pzf = zero flow pressure; WIA = wave-

implantation, post-PCI FFR reclassified 20% as inad-
equate physiological results that required further
intervention for complete functional optimization at
the time of the index procedure. The DEFINE PCI
(Physiologic Assessment of Coronary Stenosis
Following PCI) trial demonstrated that significant
epicardial residual ischemia after angiographically
successful PCI, defined as iFR =0.89, occurred in 24%
of patients (99). Of note, 81.6% of patients with sub-
optimal post-PCI iFR had focal residual disease.
Interestingly, about 60% of residual focal stenoses
were located outside the stented segment, although
all target vessels were evaluated using iFR prior to
PCI (99). Therefore, post-PCI physiological assess-
ment may play a more important role for evaluation
and localization of residual disease outside the sten-
ted segment rather than for stent optimization, for

which intracoronary imaging is the established
method.

Second, post-PCI physiological assessment can be
used as a predictor of long-term clinical outcomes
(Table 5). Multiple large observational studies and
post hoc analyses of RCTs have established that post-
PCI FFR value is an independent predictor of long-
term clinical outcomes (100). Previous trials have
consistently demonstrated that “higher is better,”
although the best cutoff value of post-PCI FFR varied
from 0.86 to 0.96 for the prediction of clinical events
(98,101,102). Despite increasing evidence, a recent
study reported a low adoption rate (9%) of post-PCI
wire-based physiological assessment, even in pa-
tients who underwent wire-based physiological
assessment prior to PCI (103). The most likely de-
terrents are the need for pressure wire, hyperemic
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agents, and prolonged procedure time. Compared
with wire-derived FFR, angiography-derived FFR is a
more user friendly tool for interventional cardiolo-
gists for this purpose.

Regarding angiography-derived FFR, the HAWKEYE
(Angio-Based Fractional Flow Reserve to Predict
Adverse Events After Stent Implantation) trial
demonstrated that low post-PCI QFR (=0.89) was
associated with a higher 2-year vessel-oriented clinical
endpoint rate compared with high post-PCI QFR
(>0.89) (Table 4) (104). A subanalysis of SYNTAX Il also
demonstrated the same result with a slightly different
cutoff value (0.91) in state-of-the-art PCI practice for
3VD (105). We have no doubt about the “higher is bet-
ter” concept of post-PCI QFR, similar to post-PCI FFR,
but more confirmatory data are needed, as are im-
provements to the QFR software for daily use, as the
analyzability of post-PCI QFR is still far from perfect,
with feasibility of analysis of 85% and 80% in HAWK-
EYE and SYNTAX II, respectively (106).

Further studies are warranted to assess whether
further intervention for residual ischemia according
to post-PCI physiological assessment can improve
clinical outcomes. The issue will be addressed in the
ongoing randomized FFR-REACT (FFR Guided PCI
Optimization Directed by High-Definition IVUS
Versus Standard of Care) (107) and Target-FFR (An
Evaluation of a Physiology-Guided PCI Optimisation
Strategy; NCT03259815) trials.

CLINICAL SCENARIO 4: THE CORONARY
MICROVASCULAR CIRCULATION

In the previous sections we focused only on the
coronary physiology of the epicardial arteries. How-
ever, CMD is among the major causes of angina
and/or ischemia with NOCAD. In clinical practice, a
substantial number of patients with symptoms of
angina and/or documented ischemia by noninvasive
testing are diagnosed by ICA with NOCAD (108). The
2019 ESC guidelines on CCS (1) recommend consid-
ering NOCAD in patients with angina and/or docu-
mented ischemia who present either with coronary
arteries free of stenoses or with stenoses showing
nonischemic FFR or iFR values. NOCAD should also
be considered in patients with persistent angina af-
ter complete coronary revascularization (109). The
underlying cause of NOCAD should be assessed
systematically using noninvasive or invasive testing
for diagnosing CMD, as these patients frequently
undergo repeat coronary CTA or ICA, with increased
health care costs (110). Furthermore, angina and
NOCAD are associated with an increased risk for
adverse clinical events (111).
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Pressure-derived indexes interrogate a very nar-
row domain of the coronary circulation. They provide
an estimate of the relative contribution of stenosis to
the myocardial flow impairment, which explains why
FFR values become nonischemic when downstream
flow-limiting microcirculatory dysfunction is present
(112). Furthermore, FFR and other NHPRs are not
applicable to a dynamic scenario of vasomotor dis-
orders that involve the coronary arterioles, the
epicardial vessels, or both (113). Although future
research may contribute to establish the role of
NHPRs in the context of CMD (47,48,58-60), it should
be made clear that, like FFR, these new indexes
cannot be used to interrogate the microvascular
domain of the coronary circulation.

The coronary arterial system consists of 4
sequential conduits with different vessel sizes and
functions (Figure 4): epicardial arteries (>400 pum),
pre-arterioles (100to 400 um), arterioles (40 to
100 pum), and capillaries (<10 pm). The epicardial ar-
teries have a primary conductance and distribution
function, with minimal resistance to coronary flow
(5%) in the absence of stenosis, whereas pre-
arterioles and arterioles are responsible for regula-
tion and distribution of blood flow to match the
dynamic needs of local tissue metabolism via the
capillaries with maximal resistance to coronary flow
(69). The arteriolar tone enables maintenance of
constant coronary blood flow over a wide range of
coronary perfusion pressures, resulting in mitigation
of ischemia during the progression of obstructive
epicardial atherosclerosis. Coronary angiography is
basically not able to visualize the coronary microcir-
culation (pre-arterioles, arterioles, and capillaries)
with vascular conduits <300 pm (113).

In discussing how to interrogate this complex
functional and anatomic network, we should
acknowledge that the term “microcirculatory
dysfunction” is too vague to be used as a diagnostic
target; instead the use of distinct functional or path-
obiological mechanisms, generally called endotypes,
is recommended (113). Thus, in patients with CCS and
NOCAD, the dysfunction mechanisms can be grouped
into 2 dominant endotypes: 1) structural changes in
microvessels leading to reduced conductance and
limited vasodilation; and 2) vasomotor disorders
affecting the coronary arterioles and/or epicardial
vessels. This distinction clearly illustrates why a sin-
gle physiological tool cannot be used to explore
all potential microcirculatory dysfunction pathways
(Figure 4). The diagnosis of the first endotype (struc-
tural remodeling) rests largely on measuring CFR
and microcirculatory resistance with endothelium-
independent vasodilators, while vasomotor disorders
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are diagnosed using acetylcholine (ACh; an
endothelium-dependent vasodilator) challenge with
concomitant electrocardiographic monitoring (1).
Available methods and technical details on the
use of these diagnostic techniques in the catheteriza-
tion laboratory are discussed in the following
paragraphs.

Invasive CFR is the ratio of hyperemic to resting
blood flow by Doppler flow velocity, thermodilution-
derived mean transient time, or absolute flow mea-
surement on the basis of thermodilution. In general,
endothelium-independent vasodilators such as
adenosine are used to induce hyperemia. Studies
demonstrating prognostic value of thermodilution-
based CFR used a cutoff value of 2.0 (114), and
those using Doppler-based CFR used a cutoff of 2.5 or
lower (115,116). Endothelium-dependent microvas-
cular dysfunction can be assessed by the percentage
change in coronary blood flow with intracoronary
flow Doppler in response to ACh (an increase >50%
can be considered normal) (115). An additional
advantage of ACh challenge is that it allows the
diagnosis of epicardial vasospastic angina (1).

The measurement of microvascular resistance re-
quires simultaneous recording of intracoronary pres-
sure and flow with thermodilution-based data (index
of microvascular resistance [IMR]) (117) or Doppler
flow velocity (hyperemic microvascular resistance
[HMR]) (118).

IMR is calculated as the distal pressure divided by
the inverse of the mean transient time during
maximal hyperemia. In patients with coronary ste-
noses with FFR >0.80, IMR >23 units increased the
prognostic value of CFR (114). Furthermore, an
abnormal IMR value immediately after PCI was also
associated with adverse events in patients with stable
CAD (119). IMR =25 units is considered to indicate
abnormal microcirculatory function.

HMR is calculated as distal pressure divided by
distal Doppler average peak flow velocity during
maximal hyperemia. Currently available data suggest
that HMR provides a more accurate reflection of
pathological change in the microcirculation compared
with IMR (120). The optimal HMR cutoff to predict
abnormal microcirculatory function, as estimated
using PET, is =2.5 mm Hg/cm/s (120).

After objective documentation of abnormal micro-
vascular function, in patients with structural remod-
eling the aim of treatment is to decrease myocardial
oxygen consumption, typically using beta-blockers,
while addressing any cardiovascular risk factors ac-
counting for arteriolar thickening or capillary rare-
faction (such as hypertension or diabetes).
Conversely, in patients with vasomotor disorders (at
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either the epicardial or arteriolar level) calcium-
channel blockers, angiotensin-converting enzyme
inhibitors and statins are recommended to control
vasomotor tone and promote normal endothelial
function. This tailored approach was demonstrated in
the randomized CorMiCa (Coronary Microvascular
Angina) trial, which showed that treatment guided by
the result of CFR (<2.0), IMR (=25), and ACh chal-
lenge resulted in a significant reduction in angina
symptoms at 6 months compared with conventional
nonguided treatment in patients with symptoms of
angina and/or signs of ischemia and NOCAD (121).
This reduction of symptoms of angina was main-
tained up to 1 year without any difference in clinical
outcomes (122). Furthermore, this tailored approach
is recommended in the current ESC guidelines (1).

CLINICAL PERSPECTIVE

Currently, there are 3 temporal opportunities to
perform physiological assessment of a coronary artery
stenosis. Outside the catheterization laboratory, CT-
derived FFR may become not only a gatekeeper for
conventional angiography but also a guide for revas-
cularization when its cost-effectiveness is estab-
lished. However, this methodology cannot detect
microvascular dysfunction that may lead to myocar-
dial ischemia.

In the catheterization laboratory before the pro-
cedure, FFR is the best known index for coronary
physiological assessment because of a large and broad
evidence base. However, iFR should be considered
equivalent to FFR with reductions in procedure time,
cost, and patient discomfort, because discordance
between FFR and iFR did not translate to differences
in outcomes in the 2 largest randomized trials.

New NHPRs seem promising and may contribute to
further adoption of wire-based physiological assess-
ment, although more prospective data are needed. To
date, we recommend using new NHPRs for noncom-
plex lesions if iFR is not available.

Angiography-derived FFR shows comparable
diagnostic performance for the diagnosis of hemo-
dynamically significant stenosis defined by
FFR =0.80. If further data on outcomes and cost-
effectiveness from ongoing trials are positive, it will
be a game changer in the catheterization laboratory. It
is premature to discuss intracoronary imaging-
derived FFR.

In the catheterization laboratory after the proced-
ure, physiological assessment may predict
future outcomes, but the clinical impact of
physiology-guided PCI optimization remains to be
demonstrated.
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CMD is a very different field of investigation that
implies the use of flow and pressure, because resis-
tance is the issue at stake, but clinically important
because in a large number of patients, microvascular
obstruction contributes to myocardial ischemia and
cardiovascular events. Further improvements in the
noninvasive assessment of CMD may enable us to

diagnose it easier.
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For the time being, it is more important to adopt
physiological assessment for patients with this indi-
cation rather than which indexes to use.

ADDRESS FOR CORRESPONDENCE: Prof. Patrick W.
Serruys, National University of Ireland Galway, Uni-
versity Road, Galway H91 TK33, Ireland. E-mail:

patrick.w.j.c.serruys@gmail.com.
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