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Background: Fractional flow reserve (FFR) is useful for assessing the functional significance of coronary
artery stenosis, even in lesions with prior myocardial infarction (pMI). Instantaneous wave-free ratio
(iFR) is a vasodilator-free alternative for the physiological assessment of coronary artery stenosis. In addi-
tion, iFR shows good diagnostic agreement with FFR and an iFR-guided revascularization strategy was
non-inferior to an FFR-guided revascularization strategy. However, the clinical usefulness of iFR for the
evaluation of a coronary artery lesions with pMI has not been evaluated.
Methods and Results: A total of 200 lesions from 200 patients (44 pMI territories lesions and 156 non-pMI
coronary artery lesions) were analyzed retrospectively. Major adverse cardiac events (MACE) were
defined as cardiovascular death, non-fatal MI, unstable angina pectoris, fatal arrhythmia and heart failure
during 12 months follow-up after the physiological assessment of coronary artery stenosis. iFR was clo-
sely correlated with FFR in pMI and non-pMI lesions (r = 0.81 and 0.72; P < 0.001, respectively). In pMI
lesions, an iFR cut-off of 0.89 was optimal against a clinical FFR cut-off of 0.80 according to receiver oper-
ating characteristics (ROC) curve analysis, whereas in non-pMI lesions, the iFR cut-off value was 0.92
without statistical significance. In addition, the event rate of MACE was similar between pMI and non-
pMI patients during follow-up even in the presence or absence of an PCI procedure.
Conclusions: iFR may be a useful alternative method compared with FFR for clinical decision-making even
in pMI patients.

� 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fractional flow reserve (FFR) is an invasive physiological index
measured in the cardiac catheterization laboratory to assess the
functional significance of a coronary artery stenosis [1]. Previous
studies showed that FFR-guided percutaneous coronary interven-
tion (PCI) improves clinical outcomes compared with
angiography-guided treatment, which led to the guidelines recom-
mendations for FFR-guided PCI [2–5]. Furthermore, the usefulness
of FFR in assessing coronary artery stenosis with prior myocardial
infarction (pMI) territories has been evaluated by several studies
[6,7]. Despite the clinical benefit of FFR-guided PCI, the penetration
of FFR-guided PCI remains low in the clinical setting (6–8%)
because of the prolongation procedural time and the contraindica-
tion to vasodilator drugs administration in patients with asthma,
chronic obstructive pulmonary disease, or bradycardia [8,9].

Instantaneous wave-free ratio (iFR) was introduced as a
vasodilator-free alternative for the physiological assessment of
coronary artery stenosis [10]. Several studies demonstrated a close
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correlation between iFR and FFR, with a high accuracy in the diag-
nostic classification match of the two indices [10–12]. On the other
hand, iFR showed a stronger correlation with coronary flow reserve
(CFR) compared with FFR [13]. Additionally, the clinical usefulness
of iFR for coronary artery lesions with pMI territories has not been
well evaluated. In addition, an iFR-guided PCI strategy provided a
similar 1-year clinical prognosis to FFR-guided PCI strategy with
a reduced rate of adverse procedural signs and symptoms and
shorter procedural time [14,15]. The purpose of this study was to
investigate the diagnostic and clinical usefulness of iFR for coro-
nary artery lesions with pMI territories.
2. Methods

2.1. Study population

Two-hundred consecutive patients with stable coronary artery
disease (CAD) who underwent diagnostic coronary angiogram
and physiological assessment with iFR and FFR were retrospec-
tively enrolled from 4 hospitals in Japan from May 2014 and July
2016. The patients were divided into two groups according to the
presence or absence of pMI. Patients with pMI were defined as hav-
ing a documented clinical history of MI more than 6 months before
the physiological assessment and iFR and FFR were measured in
infarct-related artery of prior MI territories. Patients with any of
the following conditions were excluded: (1) previous coronary
bypass grafting, (2) hemodialysis, (3) pMI lesion without myocar-
dial viability assessed with echocardiography or cardiac magnetic
resonance imaging (MRI), (4) clinical history of MI with a non-
target legion for physiological assessment, (5) presence of a
chronic total occlusion lesion, (6) tandem lesion in a target artery;
a major native coronary artery with �2 stenoses separated by a
more normal segment, (7) atrial fibrillation, and (8) visible collat-
eral development to the perfusion territory of interest.

The protocol of this study was approved by the ethical commit-
tee of Mie University Hospital, and all patients gave their ‘‘opt-out”
informed consent.

2.2. Assessment of myocardial viability in pMI territories

Assessment of myocardial viability was performed by echocar-
diography or cardiac MRI. Absence of myocardial viability was
defined as pMI territories with a thin wall (<6 mm) and total aki-
netic wall motion by echocardiography, and transmural extent of
hyper-enhancement >50% on late gadolinium enhancement by car-
diac MRI [16,17].

2.3. Measurement and analysis of iFR and FFR

iFR and FFR were measured in a single intermediate coronary
artery lesion defined as a visually percent diameter stenosis >50%
[18].

The iFR and FFR measurements were obtained with the use of a
coronary-pressure guidewire. After the administration of a 1–2 mg
intracoronary bolus of nitroglycerine, a 0.014-in. pressure sensor-
tipped wire (Philips Volcano) was calibrated and introduced into
the catheter. At the tip of the catheter, the pressure was equalized
to aortic pressure. The wire was advanced through the target lesion
and iFR was measured using software embedded in the hemody-
namic console (s5x Imaging System; Philips Volcano) in real time.
Then, to introduce maximal hyperemia, adenosine triphosphate
(ATP) was administered at doses ranging from 160 lg/kg/min
through a peripheral vein if needed for a hybrid iFR-FFR strategy
[10–12]. After a stable minimum value of FFR was established, a
pullback recording was performed to exclude pressure drift.
2.4. Diagnostic strategies and definitions

We evaluated the diagnostic classification agreement with a
single iFR strategy and hybrid iFR-FFR strategy in pMI and non-
pMI lesions. A hybrid iFR-FFR strategy was proposed, using a defer-
ral iFR value >0.93 and a revascularization iFR value <0.86 and
when iFR would fall between 0.86 and 0.93, the value of FFR was
adopted [11].

2.5. Patient follow-up

The primary endpoint was major adverse cardiac events
(MACE), including cardiovascular death, non-fatal MI, unstable
angina pectoris (UAP) requiring revascularization, fatal arrhyth-
mia, and hospitalization for heart failure (HF). When a patient
experienced MACE several times, the first event was chosen for
analysis. Complete 1-year follow up rate was 99.5% in this study
population.

2.6. Statistical analysis

Continuous variables with normal distributions were expressed
as mean ± standard deviation (SD), and those without normal dis-
tributions were expressed as median and interquartile range. Cat-
egorical variables were expressed as percentages. Normality was
assessed using Shapiro–Wilk test. Student’s t-test or Mann–Whit-
ney rank sum test was used to assess statistical significance of con-
tinuous variables with and without normally distributed variables,
and categorical variables were compared using chi-square test. The
receiver-operating characteristic (ROC) curve was used to estimate
the diagnostic efficiency of iFR and to identify the most appropriate
cut-off value corresponding to FFR 0.80. The diagnostic perfor-
mance of iFR was assessed using sensitivity, specificity, and diag-
nostic classification match (the percentage of patients correctly
diagnosed by iFR). Comparison between the areas under two inde-
pendent ROC curves was performed using the method described by
Hanley and McNeil [19]. Spearman correlation coefficient was
employed to examine the relationship between FFR and iFR. A
time-to-event analysis was conducted using Kaplan–Meier analy-
sis. Statistical significance was defined as a P value < 0.05. All data
analysis was performed with SPSS version 22 (IBM Inc, Chicago,
Illinois, USA) and MedCalc version 17.6 (MedCalc Software, Ostend,
Belgium).
3. Results

3.1. Patient baseline characteristics

A total of 200 lesions from 200 patients were evaluated includ-
ing 44 coronary artery lesions with pMI territories (n = 44) and 156
de novo coronary artery lesions without pMI territories (n = 156).
Patient baseline characteristics are presented in Table 1. The preva-
lences of diabetes mellitus (DM), dyslipidemia, prior PCI, and med-
ical therapy including anti-platelet therapy, angiotensin-
converting enzyme inhibitors or angiotensin II receptor blockers,
b-blockers, and statins were significantly higher in pMI patients.
pMI patients showed a significantly decreased left ventricular ejec-
tion fraction (LVEF). The prevalence of right coronary artery lesions
was higher and left circumflex artery lesions was lower in pMI
patients compared with non-pMI patients.

3.2. Diagnostic characteristics of iFR against FFR

There was no statistically significant difference in the distribu-
tion of FFR values in pMI and non-pMI lesions (P = 0.77) (Fig. 1.). A



Table 1
Patient baseline characteristics.

pMI
(n = 44)

Non-pMI
(n = 156)

P value

Age, years 74 ± 8 73 ± 10 0.14
Male, n (%) 34 (77) 112 (72) 0.52
Body mass index, kg/m2 23.7 ± 2.7 23.3 ± 3.5 0.34
Current smoker, n (%) 6 (14) 28 (18) 0.19

Comorbidities
Hypertension, n (%) 35 (80) 123 (79) 0.92
Diabetes mellitus, n (%) 27 (61) 66 (42) 0.03
Dyslipidemia, n (%) 40 (91) 110 (71) 0.01
Prior percutaneous coronary
intervention, n (%)

44 (100) 59 (38) <0.001

Laboratory Dates
Triglyceride, mg/dl 139 ± 90 130 ± 78 0.35
LDL-cholesterol, mg/dl 79 ± 29 100 ± 33 <0.001
HDL-cholesterol, mg/dl 53 ± 14 53 ± 17 0.95
Serum-Creatinine, mg/dl 1.0 ± 0.3 0.9 ± 0.3 0.30
HbA1c, % 6.6 ± 1.0 6.2 ± 1.0 0.01
BNP, pg/ml 46 (23–93) 29 (14–56) <0.05

Coronary anatomy
Left ascending artery, n (%) 26 (59) 100 (64) 0.54
Left circumflex artery, n (%) 3 (7) 25 (16) 0.12
Right coronary artery, n (%) 15 (34) 26 (17) 0.01
Left main coronary artery, n (%) 0 (0) 5 (3) 0.29
Multi-vessel disease, n (%) 13 (30) 46 (29) 0.99

In-stent restenosis lesion 10 (23) 11 (7) 0.01
Left ventricular ejection fraction, % 53.9 ± 14.2 66.0 ± 7.8 <0.001

Medication
Anti-platelet therapy, n (%) 44 (100) 93 (60) <0.001
ACE-inhibitor or ARB, n (%) 37 (84) 93 (60) 0.01
Beta-blocker, n (%) 23 (52) 43 (28) <0.001
Statin, n (%) 37 (84) 80 (51) <0.001
Calcium channel blocker, n (%) 22 (50) 78 (50) 0.69
Nitrate, n (%) 15 (34) 30 (19) 0.09

Values are given as mean ± standard deviation, number with percentage or median
(interquartile range).
pMI, prior myocardial infarction; LDL, low density lipoprotein; HDL, high density
lipoprotein; BNP, brain natriuretic peptide; ACE-I, angiotensin converting enzyme
inhibitor; ARB, angiotensin II receptor blocker.

S. Fukuoka et al. / IJC Heart & Vasculature 26 (2020) 100431 3
FFR value below 0.80 was reported in 11 (25.0%) of 44 pMI lesions
and 46 (29.5%) of 156 non-pMI lesions. The median FFR value of
0.86 in pMI lesions was similar to the median FFR value of 0.85
in non-pMI lesions (P = 0.49). In addition, the median iFR value of
0.94 in pMI lesions was similar to the median iFR value of 0.94
in non-pMI lesions (P = 0.63) (Fig. 2.).
Fig. 1. Distribution of FFR in pMI lesion (A) and non-pMI lesion (B)
A scatter plot of the relationship between iFR and FFR is shown
in Fig. 3. iFR was closely correlated with the FFR in pMI and non-
pMI patients (r = 0.81 and 0.72, respectively; P < 0.001). Further-
more, there was no statistical difference in the two correlation
coefficients (P = 0.21).

Using an FFR cut-off value of 0.80 to assess significant coronary
artery stenosis, a ROC curve revealed that the optimal iFR cut-off
values were 0.89 and 0.92 (P < 0.001, respectively), and the area
under the ROC curve was 0.92 and 0.87 in pMI and non-pMI
lesions, respectively (Fig. 4.). The sensitivity and specificity of iFR
for the detection of a cut-off FFR value of less than 0.8 were 78%
and 100% in pMI lesions, and 84% and 77% in non-pMI lesions,
respectively. In addition, areas under the ROC curves obtained from
the pMI and non-pMI lesions showed no significant difference
between the two groups (P = 0.42) (see Fig. 4).

3.3. Outcome data

During 12 months of follow-up, 7 of the 200 patients (3.5%)
experienced MACE, including 1 fatal arrhythmia, 1 non-fatal MI,
3 UAP requiring revascularization, and 2 HF requiring hospitaliza-
tion. In patients whose PCI was deferred, 1 of 32 patient (3.1%) with
pMI and 4 of 115 patients (3.5%) without pMI experienced MACE
(P = 0.70) (Table 2). According to the Kaplan–Meier survival curve,
even in the patients with pMI, deferral of PCI using hybrid iFR-FFR
strategy provided a similar 1-year prognosis, compared with the
patients without pMI (HR 0.87, 95% CI; 0.10–7.76, P = 0.90). In
addition, the event rate of MACE was similar between patients
with pMI and without pMI even in the patients with a PCI proce-
dure (HR 3.29, 95% CI; 0.21–52.62, P = 0.37) (Fig. 5).

4. Discussion

In this study, we demonstrated that iFR may be a useful alterna-
tive method compared with FFR for clinical decision-making even
in pMI patients. The findings of the present study were that iFR
demonstrated an excellent correlation with FFR despite the pres-
ence of pMI, and the optimal iFR cut-off value was 0.89, which
was equivalent to the clinical FFR cut-off value of 0.80 in lesions
with pMI territories. In addition, we found the prognostic useful-
ness of hybrid iFR-FFR-guided coronary revascularization, even in
the pMI patients.

The iFR cut-off value for detecting FFR less 0.80 was around 0.90
according to several previous studies that included a few pMI
patients [10–12]. This is consistent with our result, which
. FFR, fractional flow reserve; pMI, prior myocardial infarction.



Fig. 2. Comparison of FFR (A) and iFR (B) in pMI lesion and non-pMI lesion. iFR, instantaneous wave free ratio; FFR, fractional flow reserve; pMI, prior myocardial infarction.

Fig. 3. Correlation between FFR and iFR in pMI lesion (A) and non-pMI lesion (B). iFR, instantaneous wave free ratio; FFR, fractional flow reserve; pMI, prior myocardial
infarction.
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demonstrated an iFR cut-off value for detecting FFR less than 0.8
was 0.91 in the entire study population. In addition, we reported
an excellent correlation coefficient between FFR and iFR, and the
iFR cut-off value for detecting FFR less than 0.80 was 0.89 even
in pMI patients in this study. These findings clearly demonstrated
the clinical usefulness of iFR for the detection of significant coro-
nary artery stenosis even in lesions with pMI territories.

To maintain constant coronary circulation, auto-regulation is
mediated by the resistive vessels [20]. Previous studies demon-
strated that pMI patients were significantly associated with high
microcirculatory resistance [21,22]. In addition, the index of
micro-circulatory resistance (IMR) is independent of epicardial
stenosis severity with no correlation with FFR [22,23]. iFR showed
stronger correlations with CFR compared with FFR in a previous
study, and this finding might suggest the possibility that iFR is
influenced by the IMR, which leads to the consideration that the
presence of pMI territories might influence the relationship
between the values of FFR and iFR [13]. In acute myocardial infarc-
tion (AMI) patients treated by primary PCI, coronary microcircula-
tion begins to recover within 24 h and recovery progresses further
by 6 months [24]. The value of IMR for patients without CAD was
less than 20 mm Hg/s, and with angina pectoris was around
20 mm Hg/s [25]. Cuculi et al. demonstrated that pMI patients at
6 months after the onset and with preserved myocardial viability
showed IMR values were around 20 mm Hg/s [24]. In pMI patients
with preserved myocardial viability, post-intervention CFR was
restored to values similar to those in patients with angina pectoris
[26,27]. According to these findings, the micro-circulation of pMI
territories was restored in pMI patients with preserved myocardial
viability at 6 months from the onset of AMI. All enrolled pMI
patients in this study were more than 6 months after the onset
of AMI and with preserved myocardial viability in the pMI territo-
ries. Some previous studies demonstrated that FFR was reliable for
assessing the functional severity of coronary artery lesions even in



Table 2
Major adverse cardiac events.

All patients (n = 200) Deferral of PCI group (n = 147) P-value PCI group (n = 53) P-value

pMI (n = 32) Non-pMI (n = 115) pMI (n = 12) Non-pMI (n = 41)

Major adverse cardiac event 7 (3.5) 1 (3.1) 4 (3.5) 0.70 1 (8.3) 1 (2.4) 0.41
Cardiovascular death 0 (0) 0 (0) 0 (0) – 0 (0) 0 (0) –
Non-fetal myocardial infarction 1 (0.5) 1 (3.1) 0 (0) 0.22 0 (0) 0 (0) –
Unstable AP requiring revascularization 3 (1.5) 0 (0) 2 (1.7) 0.61 1 (8.3) 0 (0) 0.23
Fatal arrhythmia 1 (0.5) 0 (0) 0 (0) – 0 (0) 1 (2.4) 0.77
Hospitalization for heart failure 2 (1.0) 0 (0) 2 (1.7) 0.61 0 (0) 0 (0) –

Data given as number and percentage.
pMI, prior myocardial infarction; AP, angina pectoris.

Fig. 5. Kaplan–Meier curves for the primary endpoint of deferral of PCI group (A) and PCI group (B). PCI, percutaneous coronary intervention; pMI, prior myocardial
infarction; MACE, major adverse cardiac event.

Fig. 4. ROC curves of iFR values for an FFR cut-off value of 0.80 in pMI lesions (A) and non-pMI lesions (B). ROC, receiver operating characteristic; iFR, instantaneous wave free
ratio; FFR, fractional flow reserve; pMI, prior myocardial infarction.
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pMI territories with preserved myocardial viability [6,7]. Further-
more, phasic analysis of coronary pressure, flow, and microvascu-
lar resistance demonstrated that microvascular resistance is
approximately 30–40% lower during the wave-free period com-
pared with whole-cycle microvascular resistance [12]. iFR is calcu-
lated by measuring the resting pressure gradient across a coronary
lesion during the portion of diastole when microvascular resis-
tance is low and stable [10]. The present study showed that the
optimal iFR cut-off was 0.89 for a clinical FFR cut-off of 0.80, which
was almost consistent of the optimal cut-off value of 0.91 for
lesions without pMI [10–12].

Cardiovascular events risk was strongly associated with age and
medical history (e.g. DM, pMI, stroke, UAP, or HF) [28]. As men-
tioned above, pMI patients are considered as higher-risk patients
for the recurrence of CAD and late complications, such as
neoatherosclerosis, restenosis, and stent thrombosis [28,29]. How-
ever, there was no 1-year prognostic difference between pMI and
non-pMI patients in this study. This may have been due to the
short observational duration and the fact that the pMI patients
had relatively low cardiovascular event risks because of their pre-
served myocardial viability.

Recent clinical trials including around 30% pMI patients showed
that an iFR-guided PCI provided non-inferior prognosis to FFR-
guided PCI at 1 year [14,15]. This might be consistent with our
results that iFR-guided PCI is a useful procedure for pMI patients.
4.1. Limitations

Several limitations of this study should be acknowledged. First,
this study was performed retrospectively using previous records
from a routine clinical setting. Second, a reference examination
of myocardial ischemia (i.e., stress perfusion images of O-15 water
positron emission tomography, myocardial scintigraphy or cardiac
MRI) was not performed as a confirmatory test. Third, two modal-
ities including echocardiography and cardiac MRI were used for the
quantification of myocardial viability. Fourth, unrecognized small
pMI might be present in non-pMI patients [30]. Fifth, the effect
of mediation for myocardial microcirculation and differences in
medication between the two groups were not considered. Sixth,
this study used a hybrid iFR-FFR-guided strategy for decision-
making for deferral of PCI or not, because this study analyzed the
data before publication of the DEFINE-FLAIR and iFR-
SWEDEHEART trial [14,15]. Seventh, location of a stenosis may
affect iFR and FFR values, but we could not conduct a study
matched these conditions because of few pMI patients. Eighth, this
study was conducted with a small patients population and short
follow up period.
5. Conclusion

iFR may be a useful alternative method compared with FFR for
clinical decision-making even in pMI patients.
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