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Background—Quantitative flow ratio (QFR) has a high diagnostic accuracy in assessing functional stenoses relevance, as judged
by fractional flow reserve (FFR). However, its diagnostic performance has not been thoroughly evaluated using instantaneous wave-
free ratio (iFR) or coronary flow reserve as the reference standard. This study sought to evaluate the diagnostic performance of
QFR using other reference standards beyond FFR.

Methods and Results—We analyzed 182 patients (253 vessels) with stable ischemic heart disease and 82 patients (105 nonculprit
vessels) with acute myocardial infarction in whom coronary stenoses were assessed with FFR, iFR, and coronary flow reserve. Contrast
QFR analysis of interrogated vessels was performed in blinded fashion by a core laboratory, and its diagnostic performance was
evaluated with respect to the other invasive physiological indices. Mean percentage diameter stenosis, FFR, iFR, coronary flow reserve,
and QFRwere 53.14-19.0%,0.80+£0.13,0.88+0.12,3.144-1.30,and 0.8 1+0. 14, respectively. QFR showed higher correlation (~=0.863
with FFR versus 0.740 with iFR, P<0.00 1), diagnostic accuracy (90.8% versus 8 1.3%, P<0.00 1), and discriminant function (area under the
curve=0.953 versus 0.880, P<0.001) when FFR was used as a reference standard than when iFR was used as the reference standard.
However, when coronary flow reserve was used as an independent reference standard, FFR, iFR, and QFR showed modest discriminant
function (area under the curve=0.682, 0.765, and 0.677, respectively) and there were no significant differences in diagnostic accuracy
among FFR, iFR, and QFR (65.4%, 70.6%, and 64.9%; all P values in pairwise comparisons >0.05, overall comparison P=0.061).

Conclusions—QFR has a high correlation and agreement with respect to both FFR and iFR, although it is better when FFR is used
as the comparator. As a pressure-derived index not depending on wire or adenosine, QFR might be a promising tool for improving
the adoption rate of physiology-based revascularization in clinical practice. (/ Am Heart Assoc. 2019;8:e011605. DOI: 10.1161/
JAHA.118.011605.)
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he presence of inducible myocardial ischemia is the fractional flow reserve (FFR), has been the standard invasive
prerequisite indication for percutaneous coronary inter- method to evaluate the functional significance of epicardial
vention. In this regard, a pressure-derived physiologic index, coronary artery stenosis. " Recently, instantaneous wave-free
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Clinical Perspective

What Is New?

* Quantitative flow ratio (QFR) showed higher correlation and
diagnostic performance for the prediction of fractional flow
reserve than instantaneous wave-free ratio; however, the
absolute efficacy of QFR to predict instantaneous wave-free
ratio was also excellent. In addition, diagnostic performance
of fractional flow reserve, instantaneous wave-free ratio, and
QFR was comparable when coronary flow reserve was used
as a reference method.

What Are the Clinical Implications?

* As QFR does not require additional interrogation with a
pressure wire or administration of hyperemic agents, and
shows significantly shorter measurement time than invasive
physiologic assessment, this might represent a more simple,
safe, and cost-effective method to guide revascularization.
With excellent diagnostic agreement of QFR with both
fractional flow reserve and instantaneous wave-free ratio,
QFR-guided strategy might be a promising tool for improving
the adoption rate of physiology-based revascularization.

ratio (iFR), which does not require hyperemia, was developed
as an alternative for FFR,® and 2 randomized controlled trials
demonstrated comparable clinical outcomes between iFR- and
FFR-guided strategies with less use of revascularization after
iFR-guided treatment.*® On this ground, recent guidelines
recommend the measurement of FFR or iFR in defining the
functional significance of intermediate epicardial coronary
stenoses as a class IA recommendation.’

However, the adoption rates of FFR- or iFR-guided percu-
taneous coronary intervention are still low in real-world
practice.® As alternative methods to evaluate functional
significance of epicardial coronary stenosis, functional coro-
nary imaging has recently emerged, allowing wire-free func-
tional assessment of stenosis severity based on a
computational fluid dynamics model or mathematical assump-
tions of coronary flow. Quantitative flow ratio (QFR) is a 3-
dimensional quantitative coronary angiography (QCA)-based
computation of FFR, and previous studies have demonstrated
excellent correlations and diagnostic agreements with FFR.”'?
However, as QFR is calculated using simulated hyperemic
status of coronary circulation,””® this might show discrepancies
with iFR-based treatment decision-making, as this latter index
is measured during resting status.'®'* Nevertheless, data for
diagnostic performance of QFR compared with iFR as a
reference standard are still limited.'® In addition, as FFR and
iFR are pressure-derived surrogates of coronary flow, and QFR
uses simulated coronary flow, the comparison of diagnostic
performance of these indices using other independent

reference tests, such as coronary flow reserve (CFR), would
be more reasonable.'®'®

For these reasons, we sought to evaluate the diagnostic
performance and agreement of QFR using FFR or iFR as
reference standards, and also evaluated these 3 physiologic
indices using CFR as an independent reference standard.

Methods

Anonymized patient-level data will be made available by the
corresponding author upon reasonable request.

Study Population

The study population was derived from previously published
studies.'” Briefly, between April 2016 and June 2018, a total
of 118 consecutive patients with acute myocardial infarction
(AMI) who underwent clinically indicated physiologic assess-
ment for nonculprit stenosis with visual stenosis of 40% to
80% were included from the prospective Institutional Registry
of Samsung Medical Center.'”” AMI was defined as the third
universal definition of MI.'® Data from 203 patients with
stable ischemic heart disease (SIHD) were selected from the
prospective multicenter registry of comprehensive physiologic
assessment, which enrolled consecutive patients who under-
went clinically indicated invasive coronary angiography and
physiologic assessment from 5 university hospitals in Korea
(Samsung Medical Center, Seoul National University Hospital,
Inje University llsan Paik Hospital, Keimyung University
Dongsan Medical Center, and Ulsan University Hospital)
(clinicaltrials.gov: NCT02186093)."

Among these populations, 82 patients with AMI (105
nonculprit vessels) and 182 patients with SIHD (253 vessels)
were included in the current analysis after excluding vessels
without available QFR because of anatomical or angiographic
limitations in QFR analysis (Figure 1). The excluded patients
(57 patients, 17.8%) had limited coronary angiographic image
quality for QFR analysis (calibration failure, ostial disease,
insufficient projections, tortuous vessels, overlapping of
vessels, or poor contrast filling). The study protocol was
approved by the institutional review board of each participat-
ing center and was conducted according to the principals of
the Declaration of Helsinki. All patients provided written
informed consent before enrollment.

Invasive Angiography and Measurement of
Physiologic Indices

Coronary angiography was performed with standard tech-
niques. After administration of intracoronary nitrate (100 or
200 pg), angiographic views were obtained. QCA was
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Prospective Multicenter Registry of Comprehensive Physiologic Assessment (NCT02186093)
Samsung Medical Center Institutional Registry

288 Vessels from 118 AMI Patients
with Physiologic Assessment

329 Vessels from 203 SIHD Patients
with Physiologic Assessment

134 Culprit Vessels

Inadequate for QFR (n=49)
Calibration Failure (n=186)
Disease in Ostium (n=13)
Insufficient Projection (n=13)
Tortuous Vessel (n=3)
Overlapped Vessel (n=3)
Inadequate Contrast Filling (n=1)

y

1 Vessel without available iFR

Inadequate for QFR (n=75)
Calibration failure (n=33)
Disease in Ostium (n=22)

*| Insufficient Projection (n=12)
Tortuous Vessel (n=4)
Overlapped Vessel (n=4)
Inadequate Contrast Filling (n=2)

105 Non-Culprit Vessel from 82 AMI Patients

253 Vessels from 182 SIHD Patients

Figure 1. Study flow. Among these populations, 82 patients with acute myocardial infarction (AMI) (105
nonculprit vessels) and 182 patients with stable ischemic heart disease (SIHD) (253 vessels) were included
in the current analysis after excluding vessels without available quantitative flow ratio (QFR) caused by
anatomical or angiographic limitations in QFR analysis. iFR indicates instantaneous wave-free ratio.

performed with optimal projections using validated software
(CAAS 1, Pie Medical System). From QCA, minimal lumen
diameter, reference vessel size, and lesion length were
measured and percentage diameter stenosis was calculated.

After diagnostic angiography, coronary physiologic indices
were obtained as previously described.'® After engagement of
a 5-7F guide catheter without side holes in the coronary
artery, the pressure-temperature sensor guide wire (Abbott
Vascular) was calibrated and equalized to aortic pressure.
Then, it was placed at the distal segment of a target vessel.
Before each physiologic measurement, intracoronary nitrate
(100 or 200 pg) was administered. Intravenous infusion of
adenosine (140 pg/kg per min through a peripheral vein) or
intracoronary bolus injection of nicorandil (2 mg) was used to
induce hyperemia.?®?"

Resting distal to aortic coronary pressure (Pd/Pa) was
calculated as the ratio of mean aortic pressure (Pa) to mean
distal coronary arterial pressure (Pd). iFR was calculated as
the mean Pd divided by the mean Pa during the diastolic
wave-free period. The resting tracing data were extracted and
the iFR was calculated using automated algorithms acting
over the wave-free period during a minimum of 5 beats, as
previously described.'* FFR was acquired during maximal
hyperemia and was defined as the lowest value of mean
hyperemic Pd/Pa. CFR was calculated as resting mean transit
time divided by hyperemic resting mean transit time. To derive
resting mean transit time, a thermodilution curve was
obtained by using 3 injections (4 mL each) of room-
temperature saline in both resting and hyperemic states.

After every measurement, the pressure wire was pulled back
to the guide catheter and the presence of pressure drift was
checked. All coronary physiologic measurements were per-
formed after diagnostic angiography in patients with SIHD or
after percutaneous coronary intervention for the culprit vessel
in the nonculprit vessel of patients with AMI. Coronary
physiologic data were collected and validated at a core
laboratory in a blinded fashion. The cutoff values of FFR
<0.80, iFR <0.89, resting Pd/Pa <0.92, and CFR <2.0 were
used in the current study.'®'

Computation of QFR

Three-dimensional QCA and analysis of QFR were performed
by an independent core laboratory with dedicated software
(QAngio-XA 3D, version 1.2, Medis) in a blinded fashion for
clinical data or invasive FFR, iFR, resting Pd/Pa, or CFR
values, as previously described.2? Briefly, end-diastolic
frames of 2 optimal angiography projections, which were
separated with angles of at least 25°, were selected and used
for 3-dimensional model reconstruction. The 3-dimensional
contour model of the segment of interest and its reference
vessel were constructed in an automated manner and manual
correction of contour was performed, if necessary. After
acquisition of fixed QFR, estimated contrast coronary flow
was calculated using thrombolysis in myocardial infarction
(TIMI) frame-count adjustment, which indicated the frames
where contrast entered and exited the segmented part of the
vessel.® With application of TIMI frame-count adjustment in
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Table 1. Baseline Patient and Lesion Characteristics

Patient Characteristics (N=264)
Demographics
Age, y 60.6+13.3
Men 203 (76.9)
Body mass index, kg/m? 24.143.2
Hypertension 133 (50.4)
Diabetes mellitus 87 (33.0)
Hypercholesterolemia 156 (59.1)
Current smoker 47 (17.8)
Family history of coronary 20 (17.4)
artery disease
Prior myocardial infarction 16 (6.1)
Left ventricular ejection fraction, % 60.9+10.1
Clinical presentations
SHD 182 (68.9)
non-ST-segment—elevation myocardial infarction 55 (20.8)
ST-segment—elevation myocardial infarction 27 (10.2)
Lesion Characteristics (N=358)
Lesion location
LAD 223 (62.3)
LCX 68 (19.0)
RCA 67 (18.7)
Quantitative coronary angiography
Reference vessel diameter, mm 3.14+0.61
Minimum lumen diameter, mm 1.5040.72
Diameter stenosis, % 53.1+19.0
Lesion length, mm 15.64+10.0
Invasive physiologic indices
Fractional flow reserve 0.80+0.13
Instantaneous wave-free ratio 0.88+£0.12
Resting Pd/Pa 0.92+0.09
Quantitative flow ratio 0.81+£0.14
Coronary flow reserve 3.14+1.30

Values are expressed as mean=+SD or number (percentage). LAD indicates left anterior
descending artery; LCX, left circumflex artery; RCA, right coronary artery; Pd/Pa, distal to
aortic coronary pressure; SIHD, stable ischemic heart disease.

the calculation method, the software automatically calculated
the contrast QFR value. The cutoff value of contrast QFR
<0.80 was used in the current study.®’

Statistical Analysis

Categorical variables are presented as numbers and relative
frequencies. Continuous variables are presented as mean

and SD or median with interquartile range according to their
distributions, which were checked by the Kolmogorov-
Smirnov test. ANOVA was used for comparison of contin-
uous variables among the groups. Repeated measure
correlation coefficients (r) using linear mixed model were
calculated to assess the correlations among FFR, iFR, CFR,
and QFR for adjustment of multivessel measurements within
a patient. The differences of correlation coefficients were
tested by the Fisher r-to-z transformation. The agreement
between QFR and FFR or between QFR and iFR was tested
by Bland-Altman plots.

Diagnostic performances of QFR were presented with
sensitivity, specificity, positive predictive value (PPV),
negative predictive value, and diagnostic accuracy. Diag-
nostic performances were compared using McNemar test
or weighted generalized score statistic. Discriminant
function was evaluated using area under the curve (AUC)
and 95% Cls in receiver operating curve analysis, and AUC
was compared with the Delong method. To evaluate
interindividual variability in QFR assessment, 2 indepen-
dent researchers analyzed 30 randomly selected cases.
The paired measurements were compared using paired
sample t test.

All probability values were 2-sided, and P<0.05 was
considered statistically significant. The statistical package R,
version 3.4.3 (R Foundation for Statistical Computing) was
used for statistical analysis.

Results

Baseline Patient and Lesion Characteristics

Baseline patient and lesion characteristics are presented in
Table 1. The mean age was 60.6+£13.3 years and 203
patients (76.9%) were men. Mean percentage diameter
stenosis, FFR, iFR, CFR, and QFR were 53.14+19.0%,
0.80+0.13, 0.88+0.12, 3.14+£1.30, and 0.81£0.14, respec-
tively. The proportions of FFR <0.80, iFR <0.89, and CFR <2.0
were 39.9%, 40.5%, and 23.4%, respectively. The distributions
of FFR, iFR, and QFR according to clinical presentation are
shown in Figure S1. Regarding interindividual variability in
QFR assessment, the QFR values from 2 independent
researchers were nearly the same without significant differ-
ences (0.792+0.107 versus 0.794+0.109, P=0.919).

Diagnostic Performance of QFR to Predict FFR or
iFR

QFR was significantly correlated with FFR and iFR; nevertheless,
QFR showed a significantly higher correlation coefficient with
FFR than iFR (=0.863 versus 0.740, P<0.001) (Figure S2 and
Table 2). The higher correlation of QFR with FFR than with iFR
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Table 2. Comparison of Diagnostic Performance of QFR to Predict FFR or iFR

FFR as Reference

iFR as Reference P Value

Total population

accuracy, %

Sample size 264 Patients with 358 vessels 264 Patients with 358 vessels

Correlation coefficient 0.863 (0.800-0.907) 0.740 (0.631-0.820) <0.001
Sensitivity, % 92.3 (87.9-96.7) 80.0 (73.5-86.5) <0.001
Specificity, % 89.8 (85.7-93.8) 82.2 (77.0-87.3) <0.001
PPV, % 85.7 (80.2-91.2) 75.3 (68.5-82.1) 0.002
NPV, % 94.6 (91.5-97.7) 85.8 (81.0-90.6) 0.004
Diagnostic accuracy, % 90.8 (90.7-90.8) 81.3 (81.2-81.4) <0.001

SIHD
Sample size 182 Patients with 253 vessels 182 Patients with 253 vessels
Correlation 0.857 (0.779-0.909) 0.741 (0.612-0.831) <0.001
coefficient

Sensitivity, % 90.1 (84.0-96.2) 78.4 (69.8-87.0) 0.012
Specificity, % 89.5 (84.8-94.2) 81.8 (75.9-87.7) <0.001
PPV, % 82.8 (75.4-90.3) 69.7 (60.6-78.7) 0.006
NPV, % 94.2 (90.5-97.9) 87.7 (82.5-92.9) 0.066
Diagnostic 89.7 (89.7-89.8) 80.6 (80.5-80.8) <0.001

AMI (nonculprit)

Sample size 182 Patients with 105 vessels 182 Patients with 105 vessels

Correlation coefficient 0.884 (0.737-0.951) 0.739 (0.461-0.885) 0.002
Sensitivity, % 96.2 (90.9-101.4) 82.5 (72.6-92.3) 0.008
Specificity, % 90.6 (82.7-98.4) 83.3 (72.8-93.9) 0.067
PPV, % 90.9 (83.3-98.5) 85.5 (76.1-94.8) 0.371
NPV, % 96.0 (90.6-101.4) 80.0 (68.9-91.1) 0.027
Diagnostic accuracy, % 93.3 (93.2-93.4) 82.9 (82.6-83.1) 0.009

Values are expressed as estimates with 95% Cls. Correlation coefficient was calculated based on per-vessel analysis using mixed linear model for adjustment of multivessel measurements
within a patient. The differences of correlation coefficients were tested by the Fisher r-to-z transformation. Sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), and diagnostic accuracy were calculated based on per-vessel analysis and compared using McNemar test or weighted generalized score statistic. AMI indicates acute myocardial
infarction; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; QFR, quantitative flow ratio; SIHD, stable ischemic heart disease.

was similar in both AMI nonculprit and SIHD vessels (~=0.857
versus 0.741 in patients with SIHD, P<0.001; 0.884 versus
0.739 in patients with AMI, P=0.002) (Figure S2 and Table 2).
The agreement between QFR and FFR was also higher than that
between QFR and iFR in the total population (bias%SD:
0.0024-0.140 versus —0.070+0.188, P<0.001), and the higher
agreement of QFR with FFR than with iFR was also similarly
observed in both AMI nonculprit and SIHD vessels (Figure S3).

Diagnostic performances of QFR to predict FFR <0.80 or
iFR <0.89 are shown in Table 2. With FFR as a reference
standard, the sensitivity, specificity, positive PPV, negative
predictive value, and diagnostic accuracy of QFR were
92.3%, 89.8%, 85.7%, 94.6%, and 90.8%, respectively. With
iFR as a reference, the sensitivity, specificity, PPV, negative
predictive value, and diagnostic accuracy of QFR were

80.0%, 82.2%, 75.3%, 85.8%, and 81.3%. All indices of
diagnostic performance of QFR were higher when FFR was
used as a reference than iFR, regardless of clinical
presentation (all P<0.05) (Table 2). The distributions of
target vessels were not significantly different according to
the concordance or discordance of QFR, compared with FFR
or iFR (P=0.692 for QFR with FFR; 0.659 for QFR with iFR)
(Table S1).

The discriminant functions of QFR to predict FFR <0.80 or
iFR <0.89 are shown in Figure 2 and Table 3. The AUC values
of QFR for FFR <0.80 or iFR <0.89 were 0.953 (95% ClI,
0.932-0.974) and 0.880 (95% Cl, 0.844—0.917), respectively
(P for comparison<0.001). In both patients with SIHD and
those with AMI, the AUC values of QFR for FFR <0.80 was
significantly higher than those for iFR <0.89. However, there
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A Total Population

B Stable Ischemic Heart Disease C Acute Myocardial Infarction
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1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
Specificity Specificity Specificity
AUC p value AUC p value AUC p value
= For FFR 0.953 <0.001 = For FFR 0.946 <0.001 = For FFR 0.967 <0.001
= For iFR 0.880 <0.001 = For iFR 0.876 <0.001 = ForiFR 0.882 <0.001
For Resting Pd/Pa 0.846 <0.001 For Resting Pd/Pa 0.832 <0.001 For Resting Pd/Pa 0.866 <0.001
p value for comparison p value for comparison p value for comparison
For FFR vs. iFR <0.001 For FFR vs. iFR 0.012 For FFR vs. iFR 0.021
For Resting Pd/Pa vs. iFR 0.241 For Resting Pd/Pa vs. iFR 0.245 For Resting Pd/Pa vs. iFR 0.742
For Resting Pd/Pa vs. FFR <0.001 For Resting Pd/Pa vs. FFR <0.001 For Resting Pd/Pa vs. FFR 0.013

Figure 2. Discriminant function of quantitative flow ratio (QFR) to predict fractional flow reserve (FFR), instantaneous wave-free ratio (iFR), and
resting distal to aortic coronary pressure (Pd/Pa). Discriminant functions of QFR to predict FFR <0.80, iFR <0.89, or resting Pd/Pa <0.92 are
presented in (A) total population, (B) vessels of stable ischemic heart disease, or (C) nonculprit vessels of acute myocardial infarction. AUC

indicates area under the curve.

was no significant difference in AUC of QFR between the
nonculprit vessel of patients with AMI and those with SIHD,
regardless of the reference methods used (Table 3).

The discriminant function of QFR to predict resting Pd/Pa
<0.92 was also evaluated and the AUC values of QFR for iFR
<0.89 or resting Pd/Pa <0.92 were not significantly different
(Figure 2). In comparison of discriminant functions among
QFR, iFR, and resting Pd/Pa to predict FFR<0.80 as
a reference, QFR showed significantly higher AUC than
iFR (0.953 versus 0.918, P=0.023) or resting Pd/Pa
(0.953 versus 0.909, P=0.023); however, there was no
significant difference between iFR and resting Pd/Pa
(P=0.682) (Figure S4).

Comparison of FFR, iFR, and QFR Using CFR as an
Independent Reference Standard
The discriminant functions of FFR, iFR, and QFR were modest

with CFR as a reference standard, although iFR showed a
significantly higher discriminant function than FFR or QFR

(Figure 3 and Table 4). However, when CFR <2.0 was used as
a reference standard, the overall diagnostic accuracies of FFR,
iFR, and QFR were not significantly different (65.4%, 70.6%,
and 64.9%, respectively; all P values in pairwise comparisons
>0.05, overall comparison P=0.061) as with sensitivity,
specificity, PPV, and negative predictive value (Table 4).

Among the total population, QFR showed discordance
mainly with iFR rather than FFR. QFR disagreed with iFR in
18.7% (67/358 vessels), including 38 vessels with QFR
<0.80 and iFR >0.89 (10.6%), and 29 vessels with QFR >0.80
and iFR <0.89 (8.1%) (Figure 4 and Table 5). CFR was
significantly higher in vessels with iFR >0.89 than with iFR
<0.89, regardless of QFR values (QFR >0.80 group: CFR
3.48+1.19 for iFR >0.89 versus CFR 2.59+1.13 for iFR
<0.89, P=0.016; QFR <0.80 group: CFR 3.66+1.46 for iFR
>0.89 versus CFR 2.5241.18 for iFR <0.89, P<0.001).
However, CFR was comparable between the vessels with
QFR >0.80 and QFR <0.80, in both the iFR >0.89 group
(P=0.896) and the iFR <0.89 group (P=0.997) (Figure 4 and
Table 5).
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Table 3. Comparison of Discriminant Function of QFR to Ischemic Reference Standard

Hwang et al

FFR as Reference 264 Patients With 358 iFR as Reference 264 Patients With 358
Vessels Vessels
AUC (95% Cl) P Value AUC (95% Cl) P Value P for Comparison*
Total population 0.953 (0.932-0.974) <0.001 0.880 (0.844-0.917) <0.001 <0.001
SIHD 0.946 (0.919-0.974) <0.001 0.876 (0.828-0.923) <0.001 0.011
AMI 0.967 (0.936-0.998) <0.001 0.882 (0.817-0.947) <0.001 0.021
P for comparison® 0.320 NA 0.876 NA NA

Area under the curve (AUC) values were calculated based on per-vessel analysis and compared with the DeLong method. QFR indicates quantitative flow ratio.
*P value for comparison according to the reference tests (fractional flow reserve [FFR] or instantaneous wave-free ratio [iFR]).
P value for comparison according to the clinical presentations (nonculprit of acute myocardial infarction [AMI] or stable ischemic heart disease [SIHD] vessels).

Discussion

The current study evaluated the diagnostic performance of
QFR to define functionally significant epicardial coronary
stenoses using FFR or iFR as reference standard methods. In
addition, these physiologic indices were also evaluated using
CFR as an independent reference standard. The main findings
were as follows. First, QFR showed excellent correlation and
diagnostic performance for both invasive pressure—derived
physiologic indices (FFR and iFR), regardless of clinical
presentation. Second, the correlation, diagnostic perfor-
mance, and discriminant function of QFR were better for
FFR than for iFR. Third, when CFR was used as a reference
standard, iFR showed the highest discriminant function in
comparison with FFR or QFR, and the discordance between

QFR and iFR was mainly driven by differences in the coronary
flow (CFR). However, the diagnostic accuracies of FFR, iFR,
and QFR were not statistically different using CFR as a
reference standard.

Invasive Physiologic Indices in Contemporary
Practice

As coronary revascularization is only beneficial when reversible
myocardial ischemia is present, there have been numerous
efforts to detect the presence of myocardial ischemia.
Although many noninvasive tests to assess myocardial
ischemia are available, a previous study reported a low
diagnostic yield and limited PPV of these tests.?? Currently,
FFR, a pressure-derived physiologic index, has been validated

1.0

Sensitivity
0.6 0.8
1

04

0.2

AUC p value

— FFR 0.682 <0.001
= iFR 0.769 <0.001

Resting Pd/Pa 0.764 <0.001
- QFR 0.677 <0.001

p value for comparison

FFR vs. iFR 0.002
FFR vs. Resting Pd/Pa 0.005
FFR vs. QFR 0.794
iFR vs. Resting Pd/Pa 0.979
iFR vs. QFR 0.004
Resting Pd/Pavs. QFR 0.009

T T T T T
1.0 0.8 0.6 0.4 0.2
Specificity

0.0

Figure 3. Discriminant functions of fractional flow reserve (FFR), instantaneous wave-free ratio (iFR),
resting distal to aortic coronary pressure (Pd/Pa), and quantitative flow ratio (QFR) with coronary flow
reserve (CFR) as a reference standard. Discriminant functions of FFR, iFR, resting Pd/Pa, and QFR with CFR
<2.0 as a reference standard are presented. AUC indicates area under the curve.
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Table 4. Comparison of Diagnostic Performance and Discriminant Function of FFR, iFR, and QFR With CFR as a Reference

Standard
FFR iFR QFR
AUC 0.682 (0.600-0.764)* 0.765 (0.691-0.838)"* 0.677 (0.596-0.758)*
Sensitivity, % 61.1 (48.1-74.1) 68.5 (56.1-80.9) 64.8 (52.1-77.6)
Specificity, % 66.7 (59.7-73.6) 71.2 (64.5-77.9) 65.0 (57.9-72.0)
PPV, % 35.9 (26.1-45.7) 42.0 (31.7-52.4) 36.1 (26.5-45.6)
NPV, % 84.9 (78.9-90.8) 88.1 (82.8-93.4) 85.8 (79.9-91.7)
Diagnostic accuracy, % 65.4 (65.2-65.6) 70.6 (70.4-70.7) 64.9 (64.7-65.1)

Values are expressed as estimates (95% Cls). Area under the curve (AUC) values were calculated based on per-vessel analysis and compared with the DeLong method. Sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), and diagnostic accuracy were calculated based on per-vessel analysis and compared using McNemar test or

weighted generalized score statistic. CFR indicates coronary flow reserve.
*P<0.05 compared with instantaneous wave-free ratio (iFR).

7P<0.05 compared with fractional flow reserve (FFR).

£p<0.05 compared with quantitative flow ratio (QFR).

in several large-scale randomized controlled trials and is
considered a standard invasive method to define the functional
significance of an epicardial coronary stenosis.> Recently,
another invasive physiologic method, iFR, which can be
measured in the resting state without induction of hyperemia,
was introduced.*® Previous studies reported about 10% to 30%
disagreement between FFR and iFR in the classification of
functional significance of coronary lesions?; however, recent
large-scale randomized controlled trials reported comparable
clinical outcomes between FFR- and iFR-guided revasculariza-
tion strategies with less revascularization after the iFR-guided
strategy.*® Consequently, both FFR- and iFR-guided revascu-
larization strategies are included in the recent guidelines with a
class 1A recommendation.’ Nevertheless, the adoption rate of
FFR or iFR in real-world practice is still limited.®?3

Emerging Role of QFR as an Alternative to
Invasive Physiologic Assessment

The low adoption rates of FFR- or iFR-guided revascularization
strategies might be associated with additional coronary
instrumentation and cost of drugs and devices, prolonged
procedural time, possible patient discomfort with adenosine
administration for FFR measurement, limited confidence with
the results, experience, or personal beliefs.?* To overcome
these limitations, there have been several efforts to develop
new techniques for assessing functional significance of
coronary lesions from noninvasive tests®® or without addi-
tional pressure wire interrogation. QFR is an angiography-
derived method that provides functional assessment of
coronary stenoses from computation of 3-dimensional QCA

A Distribution of QFR, iFR and CFR B CFR according to QFR and iFR
QOverall Comparison p<0.001
1.00 . I
o
0.75| 00
o5 4 l
o]
o
& 0.50] LI g &
o)
o ]
025 © CFR>2.0 2 2 l
o CFRs2.0 J_ l
0.00
0.00 0.25 0.50 0.75 1.00 QFR>0.80 QFR<0.80 QFR>0.80 QFR<0.80
QFR iFR>0.89  iFR>0.89 iFR<0.89 iFR<0.89

Figure 4. Distribution of coronary flow reserve (CFR) according to quantitative flow ratio (QFR) and
instantaneous wave-free ratio (iFR). Scatter plot according to QFR and iFR values is shown (A). Black lines
represent the cutoff values of 0.80 for fractional flow reserve (FFR) and 0.89 for iFR. Vessels with CFR <2.0
are in red, whereas vessels with CFR >2.0 are in blue. Box plot shows the CFR values according to the QFR

and iFR agreement groups (B).
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Table 5. Physiologic and Angiographic Differences in Vessels Among 4 QFR and iFR Agreement Groups

QFR >0.80 and QFR <0.80 and QFR >0.80 and QFR <0.80 and
iFR >0.89 (n=175) iFR >0.89 (n=38) iFR <0.89 (n=29) iFR <0.89 (n=116) P Value
Quantitative coronary angiography
Reference vessel diameter, mm 3.20+0.62* 3.26+0.59* 2.77+0.56"+8 3.124+0.59* 0.003
Minimal lumen diameter, mm 1.8240.70¢ 1.3040.54* 1.7140.63+" 1.03+0.52"* <0.001
Diameter stenosis, % 44.6+17.2%8 61.24+12.77* 401417548 66.6413.8"* <0.001
Lesion length, mm 12.3+7.248 17.948.8 12.147.28 20.5412.27* <0.001
Invasive physiologic indices
FFR 0.89+0.05+*¢ 0.8140.06"* 0.84+0.04"% 0.6740.117++ <0.001
QFR 0.91-£0.06** 0.7440.057*% 0.8740.05%* 0.6640.117++ <0.001
iFR 0.95--0.03** 0.93--0.03** 0.86--0.03"+* 0.75-£0.131++ <0.001
CFR 3.48+1.19%% 3.66+1.46** 2.59+1.13" 2.5241.18"* <0.001
Resting mean transit time 0.9440.48* 0.97+0.40* 0.60-£0.25"* 0.82+0.36 <0.001
Hyperemic mean transit time 0.29+0.18" 0.284-0.12 0.254-0.11 0.3640.16" 0.007
IMR, U 2154133 17.148.5 17.6+8.9 14.046.6" <0.001
IMR >25U 23.7% 13.8% 10.0% 9.0% 0.055

CFR indicates coronary flow reserve; FFR, fractional flow reserve; IMR, index of microvascular resistance.
*P<0.05 compared with quantitative flow ratio (QFR) >0.80 and instantaneous wave-free ratio (iFR) <0.89.

P<0.05 compared with QFR >0.80 and iFR >0.89.
p<0.05 compared with OFR <0.80 and iFR >0.89.
$pP<0.05 compared with QFR <0.80 and iFR <0.89.

and TIMI frame count without additional pressure wire or
induction of hyperemia. Previous studies reported excellent
correlation and diagnostic agreement of QFR compared with
FFR.”"'? Furthermore, QFR analysis showed significantly
lower measurement time than FFR.'’

Nevertheless, QFR has not been thoroughly evaluated
using other reference standards beyond FFR. As the current
guideline also recommends the use of iFR-guided decision as
class IA recommendation,’ it is important to evaluate the
diagnostic ability of QFR in defining functionally significant
stenosis using iFR as a reference standard. In a previous study
by Emori et al,” QFR showed good correlation with iFR as
well as with FFR. Although diagnostic accuracy of QFR was
numerically higher with FFR than with iFR (94% versus 74%),
that difference was not statistically significant, probably
because of insufficient sample size. The current study
demonstrates the excellent correlation and diagnostic agree-
ment of QFR not only with FFR but also with iFR. However,
QFR was more strongly correlated with FFR than iFR, and
diagnostic performance and discriminant function of QFR
were better with FFR than with iFR. These results were
consistently found in both SIHD and AMI nonculprit vessels.
Considering that QFR is derived from the mathematical
assumptions for hyperemic status of coronary circulation, the
better correlation and diagnostic agreement of QFR with FFR
than with iFR seems to be natural. As QFR was originally

designed to predict FFR, the current results show the features
of QFR rather than which one is correct or which one is better.
Furthermore, diagnostic accuracy (81.3%) and discriminant
function (AUC=0.725) of QFR for iFR in the current study were
also good. Therefore, the findings of this study support the
clinical value of QFR in determining the functional significance
of coronary stenoses from the iFR point of view.

It should be noted that QFR showed wider variance in
lesions with a lower range of FFR and iFR (Figure S3). This
might be related to the intrinsic limitation of any simulated
indices including computed tomography—derived FFR, as
these simulated indices cannot inherently reflect the collat-
eral flow or combined microvascular dysfunction.?°2”

Discrepancies Between QFR and Invasive
Pressure—Derived Indices on the Basis of CFR

The current study also evaluated FFR, iFR, and QFR using CFR
as an independent reference standard. As with previous
studies, iFR showed better discriminant function for CFR
compared with FFR or QFR. In addition, the discordance
between QFR and iFR was mainly caused by differences in
patient-specific CFR. In the algorithm of contrast-QFR model,
the fixed-QFR value, which assumes an empiric coronary flow,
is adjusted to the patient’s specific coronary flow using TIMI
frame count.” Although contrast QFR provided more accurate
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prediction of invasive FFR than fixed QFR,”® the correlation
between TIMI frame-count—based volumetric flow rate reserve
in the algorithm of contrast QFR’ and actual Doppler-derived
CFR was modest (=0.62).?% Current results imply that
contrast QFR would have limited ability to reflect the actual
patient-specific CFR, and the discordance between QFR and
iFR might originate from the fundamental difference between
the 2 indices. Furthermore, in the case of significant
microvascular dysfunction, any types of computational or
simulated methods including QFR might have limited diag-
nostic accuracy.?’ Nevertheless, the diagnostic accuracy of
QFR was not significantly different from those of FFR or iFR
with CFR as a reference standard. These results imply that
FFR, iFR, and QFR might share similar limitations as a
surrogate marker of coronary flow. In addition, it also implies
that the fundamental difference of FFR, iFR, and QFR with CFR
would not have substantial influence to a binary decision using
those surrogate indices of coronary flow in routine clinical
practice. However, considering the difference in revascular-
ization rates between FFR- and iFR-guided treatment in the
DEFINE-FLAIR (Functional Lesion Assessment of Intermediate
Stenosis to Guide Revascularisation) or iFR-SWEDEHEART
(Instantaneous Wave-free Ratio versus Fractional Flow
Reserve in Patients with Stable Angina Pectoris or Acute
Coronary Syndrome) trials, where iFR guidance resulted in 5%
fewer revascularizations than FFR guidance, it should be noted
that QFR-guided decision-making might result in slightly higher
revascularization rates than iFR-guided decision-making.

Clinical Implications

The current study evaluated the diagnostic performance of
QFR using other reference standards beyond FFR. Although
QFR showed higher correlation and diagnostic performance for
prediction of FFR than iFR, the absolute efficacy of QFR to
predict iFR was also good. In addition, the diagnostic
accuracies of FFR, iFR, and QFR were not significantly different
when CFR was used for a reference standard. As OFR does not
require additional interrogation with a pressure wire or
administration of hyperemic agents, and shows significantly
shorter measurement time than invasive physiologic assess-
ment,'" this may represent a more simple, safe, and cost-
effective method to guide revascularization. With excellent
diagnostic agreement of QFR with both FFR and iFR, which are
the current standard methods to define functional significance
of epicardial coronary stenosis, a QFR-guided strategy might
be a promising tool to improve the adoption rate of physiology-
based revascularization. Ongoing randomized controlled trials
evaluating superiority in clinical outcomes following a QFR-
guided strategy compared with an angiography only—guided
strategy (FAVOR IlI China, NCT03656848) would clarify the
value of QFR in daily clinical practice.

Limitations

There are several limitations in this study. First, clinical
outcome data were not evaluated; therefore, we could not
evaluate the prognostic implications of QFR-guided treatment.
Second, as QFR is an angiography-based method, its accuracy
depends on the quality of images and optimal projection.
Indeed, about 17% of patients and 26% of vessels were
excluded from the QFR analysis based on improper quality of
angiographic images. Although these rates were high in the
current study, they might be lower with the use of
recommended angiographic projections and simultaneous
on-site real-time QFR analysis. Third, because the contrast
QFR model computes TIMI frame count to adjust the
simulation of coronary flow, the quality of contrast injection
would have a potential influence on the accuracy of the
contrast QFR model. However, there has been no standard-
ization method of contrast injection technique and there was
no direct evidence that evaluated the influence of contrast
injection technique and the accuracy of contrast QFR. Fourth,
various agents (intravenous adenosine or intracoronary nico-
randil) were used for hyperemia induction in this study.
However, it is reported that all of these agents have similar
hyperemic efficacy without systemic bias in FFR measure-
ment.?>?! Fifth, CFR can be affected by microvascular
function and does not essentially represent epicardial coro-
nary stenosis alone. However, considering the relatively small
proportion of vessels with high index of microvascular
resistance as well as low CFR (5.7% of total vessels), the
influence from the significant microvascular dysfunction might
be minimal in the current analysis. Last, contrast FFR, which is
another nonhyperemic pressure ratio, was not available in the
current study.

Conclusions

QFR has a high correlation and agreement with respect to
both invasive pressure—derived indices, FFR and iFR, although
better when FFR is used as the comparator. The differences
observed between QFR and iFR may be explained by CFR. As a
pressure-derived index not depending on wire or adenosine,
QFR might be a promising tool for improving the adoption rate
of physiology-based revascularization.
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