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ABSTRACT
ISS
BACKGROUND Coronary physiology measured by fractional flow reserve (FFR) is superior to angiography for assessing

the efficacy of percutaneous coronary intervention (PCI). Yet, the clinical adoption of post-PCI FFR is limited. Murray law-

based quantitative flow ratio (mQFR) may represent a promising alternative, as it can quickly compute FFR from a single

angiographic view.

OBJECTIVES The authors aimed to investigate the potential role of post-PCI mQFR in predicting clinical outcomes.

METHODS This was a post hoc blinded analysis of the FLAVOUR trial. Patients with angiographically intermediate le-

sions randomized 1:1 to receive FFR or intravascular ultrasound-guided PCI were included. Post-PCI mQFR was assessed in

successfully stented vessels, blinded to clinical outcomes. Suboptimal physiological outcome post-PCI was defined a

priori as post-PCI mQFR <0.90. The primary endpoint was 2-year target vessel failure, including cardiac death, target

vessel myocardial infarction, and target vessel revascularization. Secondary endpoints included the diagnostic concor-

dance of pre-PCI mQFR with FFR in the FFR-guidance arm.

RESULTS Post-PCI mQFRwas successfully analyzed in 806 vessels from 777 participants (feasibility 97.0% [806 of 831]).

Suboptimal physiological outcome post-PCI was identified in 24.7% (199 of 806) of vessels and post-PCI mQFR <0.90

was associated with higher risk of 2-year target vessel failure (6.1% [12 of 199] vs 2.7% [16 of 607]; HR: 2.45 [95% CI:

1.14-5.26]; P ¼ 0.022). Pre-PCI mQFR was obtained in 877 of 919 vessels (feasibility 95.4%), showing 90%

accuracy, 82% sensitivity, and 94% specificity for identifying physiologically significant stenosis defined by

pre-PCI FFR #0.80.

CONCLUSIONS In patients with intermediate lesions who underwent PCI with contemporary imaging or physiology

guidance, lower post-PCI mQFR values predict subsequent adverse events. (Fractional FLow Reserve And IVUS for Clinical

OUtcomes in Patients With InteRmediate Stenosis [FLAVOUR]; NCT02673424) (JACC Asia. 2025;5:59–70)
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ABBR EV I A T I ON S

AND ACRONYMS

FFR = fractional flow reserve

IVUS = intravascular

ultrasound

PCI = percutaneous coronary

intervention

QFR = quantitative flow ratio

TVF = target vessel failure

TVR = target vessel

revascularization

mQFR = Murray law-based

quantitative flow ratio
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D espite angiographically successful
percutaneous coronary interven-
tion (PCI), 20% to 40% of patients

continue to experience recurrent angina
within 1 year1-5 and up to 50% at 5 years6

following the index procedure. Physiological
guidance using wire-based fractional flow
reserve (FFR) was superior to angiography-
based guidance for identifying hemodynami-
cally significant lesions,2 but adverse cardiac
events still occur in up to 13.8%2 at 1 year and
39%4 at 5 years for successfully treated ves-
sels by angiographic inspection.
Evidence has suggested that approximately one-
third to two-thirds of patients have a suboptimal
physiological outcome post-PCI, even when angio-
graphic results appear satisfactory,7-11 portending
worse clinical outcomes.7-20 This indicates that
physiological assessment after PCI may represent a
valuable tool for evaluating PCI efficacy and predict-
ing future events. However, the clinical adoption of
wire-based FFR or nonhyperemic pressure ratios re-
mains very low worldwide.21 It remains common
practice to estimate resting flow and the absence of
residual epicardial obstacles to maximal flow from
visual inspection of the coronary angiogram, calling
for PCI success entirely on a subjective basis.

Quantitative flow ratio (QFR) is an extensively
validated image-based method for fast computation
of FFR based on 3-dimensional angiographic recon-
struction and fluid dynamic algorithms.22 A QFR-
guided strategy of lesion selection improved 1-year
clinical outcomes compared with standard
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Several pilot studies also indicated the prognostic
value of QFR immediately after PCI.19,20,24-27

Recently, the QFR method was upgraded to incorpo-
rate Murray bifurcation fractal law, which allows FFR
computation from a single angiographic view.28 This
Murray law-based quantitative flow ratio (mQFR) has
shown improved feasibility and comparable diag-
nostic accuracy to traditional 3D-QFR,29,30 being a
promising tool for comprehensive physiological as-
sessments both before and immediately after PCI.
Yet, the prognostic value of post-PCI mQFR remains
unknown.

In this study, we aimed to investigate whether
blinded analysis of poststenting mQFR is associated
with clinical outcomes in patients undergoing suc-
cessful PCI with implantation of second-generation
drug-eluting stents (DES) in the randomized
FLAVOUR (Fractional FLow Reserve And IVUS for
Clinical OUtcomes in Patients With InteRmediate
Stenosis; NCT02673424) trial.

METHODS

STUDY DESIGN AND PATIENT POPULATION. This is a
post hoc blinded analysis based on the FLAVOUR trial
population.31,32 FLAVOUR is an investigator-initiated,
prospective, randomized, open-label trial designed to
compare wire-based FFR-guided and intravascular
ultrasound (IVUS)-guided PCI strategy conducted at
18 sites in Korea and China. From July 2016 to August
2019, a total of 1,682 patients evaluated for PCI for the
treatment of angiographically intermediate stenosis
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(40%-70% diameter stenosis by visual estimation)
were enrolled and randomized 1:1 to FFR guidance
(n ¼ 838) or IVUS guidance (n ¼ 844).31,32 In the
FFR group, PCI was performed with an FFR #0.80;
in the IVUS group, PCI was performed with either
minimal lumen area #3 mm2 or 3 to 4 mm2 with a
plaque burden of >70%. If necessary, the same tool
(FFR or IVUS) according to randomization was
used for post-PCI optimization, with the goal
of achieving successful PCI according to the
criteria specified in FLAVOUR trial (Supplemental
Methodology).

Data from 2 arms were pooled for the present
analysis. The present study performed blinded post
hoc analysis of the data from the FLAVOUR trial. The
FLAVOUR trial was approved by the Institutional
Review Board of each hospital where patients were
enrolled and was conducted in accordance with the
principles of the Declaration of Helsinki. All patients
provided written informed consent.

All anonymized angiographic data from 1,682 pa-
tients with 1820 vessels in FLAVOUR trial were
screened and analyzed in an independent academic
core laboratory (CardHemo, Med-X Research Insti-
tute, Shanghai Jiao Tong University). Post-PCI mQFR
analysis was retrospectively performed in vessels
with at least 1 PCI treated lesion (Supplemental
Figure 1). A final single angiographic view after PCI
was used for post-PCI mQFR assessment. Vessels
would be excluded if post-PCI angiogram was not
available, was not final, or had insufficient image
quality with much overlap, foreshortening, incom-
plete contrast filling, or blurry lumen contours. Image
screening and post-PCI mQFR analyses were per-
formed blinded to clinical outcomes and/or FFR data.
Only after mQFR analyses were completed and the
database was locked were clinical outcomes and/or
FFR data disclosed to the core laboratory. The asso-
ciation between post-PCI mQFR and clinical outcomes
was investigated subsequently.

In FFR-guidance group, pre-PCI mQFR was also
performed in both deferred and stented vessels blin-
ded to FFR results and clinical outcomes. The diag-
nostic concordance of pre-PCI mQFR and wire-based
FFR was evaluated to verify the accuracy of single-
view mQFR analysis.

ACQUISITION OF CORONARY ANGIOGRAPHY, IVUS

IMAGES, AND FFR MEASUREMENT. Details regarding
the acquisition of angiography, IVUS images, and FFR
measurements were specified in the Supplemental
Methodology.

OUTCOMES AND DEFINITIONS. The primary outcome
of the present study was target vessel failure (TVF) at
2 years after randomization, defined as a composite of
cardiac death, target vessel myocardial infarction
(MI), and target vessel revascularization (TVR). In the
FLAVOUR trial, all clinical outcomes were adjudi-
cated by an independent clinical-events committee in
a blinded fashion in accordance with the Academic
Research Consortium consensus.33 Detailed defini-
tions for each separate endpoint were described in
the main study.32 All anonymized analyses were
performed without prior knowledge of events during
follow-up.

COMPUTATION OF mQFR. mQFR analyses were per-
formed using the AngioPlus Core software (version
V3, Pulse Medical) by experienced analysts who were
certified for mQFR analysis. Post-PCI mQFR analyses
were conducted by 2 analysts (D.D., H.S.) blinded to
clinical outcome data and, when available, FFR
values (Supplemental Figure 1). Pre-PCI mQFR ana-
lyses were performed in the FFR-guidance group by a
third analyst (Z.W.) who was blinded to revasculari-
zation decision, clinical outcome data, FFR values,
and post-PCI mQFR results.

The methodology for mQFR has been previously
described28 and is summarized as follows: 1) selection
of a single angiographic projection with optimal
lesion exposure; 2) delineation of the lumen contours
of both the interrogated vessel and major side
branches; 3) reconstruction of the reference vessel
diameter considering the step-down phenomenon
across bifurcations based on the Murray bifurcation
fractal law; 4) automatic derivation of TIMI frame
count-based contrast flow velocity, which was then
converted into hyperemic flow velocity; and 5)
calculation of pressure drop based on fluid dynamic
equations using the previously mentioned hyperemic
flow velocity as a boundary condition. Ultimately, the
mQFR pull back along the interrogated vessel was
computed, and the mQFR value at the distal end of
each side branch was obtained.

Physiologically significant stenosis was identified
by pre-PCI mQFR #0.80. Based on previous publica-
tions reporting the prognostic value of post-PCI wire-
based FFR16 or image-based computational FFR,19,34 a
cutoff of <0.90 was selected a priori for post-PCI
mQFR to identify suboptimal physiological outcome
post-PCI.

REPRODUCIBILITY OF POST-PCI mQFR. The inter-
observer and intraobserver variability of post-PCI
mQFR was evaluated in 30 patients randomly
selected from the overall population. These patients
were reanalyzed by the same analyst 12 months later
and by another analyst, following the same standard
operation procedure. The analyses were blinded to

https://doi.org/10.1016/j.jacasi.2024.10.019
https://doi.org/10.1016/j.jacasi.2024.10.019
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FIGURE 1 Study Flowchart

The study flow is presented. A total of 305 vessels randomized to the fractional flow reserve (FFR) arm and 526 vessels randomized to the

intravascular ultrasound (IVUS) imaging arm that were managed with percutaneous coronary intervention (PCI) were included from the

prospective FLAVOUR trial. Twenty-five vessels were excluded from post-PCI Murray law-based quantitative flow ratio (mQFR) analysis mainly

because of lack of final post-PCI angiogram or suboptimal post-PCI image quality. Thus, post-PCI mQFR was successfully analyzed in 806

vessels from 777 patients. The primary endpoint was 2-year target vessel failure defined as a composite of cardiac death, target vessel

myocardial infarction, and target vessel revascularization.
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clinical outcomes, previous post-PCI mQFR values,
post-PCI FFR values (if available), and to each
other’s results.
STATISTICAL ANALYSIS. Continuous variables were
tested for normal distribution by Kolmogorov-
Smirnov test, and are reported as mean � SD if
normally distributed or as median (quartiles) if non-
normally distributed. Comparisons of continuous
variables were performed by Student’s t-test for
normally distributed data, and by Mann-Whitney U
test for non-normally distributed data. Categorical
variables were reported as counts (percentage) and
compared using the chi-square or Fisher exact test, as
appropriate.

Analyses were performed on a per-vessel level in
the intention-to-treat population. Harrel’s c-statistic
was used to assess the predictive performance of
post-PCI mQFR in differentiating 2-year TVF. Kaplan-
Meier curves were used to compare 2-year event
rates between groups with high and low post-PCI
mQFR. The association among demographic, angio-
graphic, procedural variables, and post-PCI mQFR
(both as a continuous and dichotomous variable) with
2-year TVF was assessed using HRs with 95% CIs in
Cox proportional hazards model, with adjustment for
potentially relevant clinical confounders and proce-
dural parameters. Specifically, the multilevel mixed-
effects Cox regression model was used to account
for center- and patient-level clustering and hetero-
geneity. The predictive value of post-PCI mQFR <0.90
was further tested in the following predefined inter-
action (subgroups) analysis: 1) age <65 years vs $65
years; 2) women vs men; 3) body mass
index <25 kg/m2 vs $25 kg/m2; 4) left ventricular
ejection fraction #55% vs >55%; 5) with vs without
diabetes mellitus; 6) with vs without hypertension; 7)
with vs without hyperlipidemia; 8) with vs without
smoking habit; 9) with vs without chronic kidney
disease; 10) presence vs absence of acute coronary
syndrome; 11) with vs without prior MI; 12) with vs
without prior PCI; 13) reference vessel diameter <2.5
mm vs $2.5 mm; 14) stent length <30 mm vs $30 mm;
15) post-PCI SYNTAX score as 0 vs $1; 16) with vs
without PCI optimization; and 17) under IVUS vs FFR
guidance. In sensitivity analyses, association of post-
PCI mQFR and clinical outcomes were further tested in



TABLE 1 Baseline Patient Characteristics

Overall
(N ¼ 777)

FFR Group
(n ¼ 283)

IVUS Group
(n ¼ 494) P Valuea

Demographics

Age, y 65 (58, 72) 64 (58, 71) 65 (58, 73) 0.333

Female 202 (26.0) 64 (22.6) 138 (27.9) 0.104

LVEF, % 64 (59, 69) (n ¼ 674) 64 (58, 69) (n ¼ 236) 64 (60, 69) (n ¼ 438) 0.208

Medical history

Diabetes mellitus 268 (34.5) 98 (34.6) 170 (34.4) 0.951

Hypertension 541 (69.6) 194 (68.6) 347 (70.2) 0.622

Hypercholesterolemia 632 (81.3) 239 (84.5) 393 (79.6) 0.092

Current smoking 146 (18.8) 56 (19.8) 90 (18.2) 0.590

Chronic kidney disease 148 (19.0) 50 (17.7) 98 (19.8) 0.458

Previous MI 47 (6.0) 22 (7.8) 25 (5.1) 0.127

Clinical presentation

Chronic coronary syndrome 472 (60.7) 148 (52.3) 324 (65.6) 0.002

Acute coronary syndrome 305 (39.3) 135 (47.7) 170 (34.4)

Baseline SYNTAX score 9 (7, 13) 9 (7, 14) 8 (6, 13) 0.081

Post-PCI SYNTAX score 2 (0, 5) 2 (0, 5) 2 (0, 5) 0.984

Discharge medications

Aspirin 760 (97.8) 275 (97.2) 485 (98.2) 0.357

P2Y12 inhibitor 773 (99.5) 281 (99.3) 492 (99.6) 0.572

DAPT 757 (97.4) 273 (96.5) 484 (98.0) 0.201

Statin 753 (96.9) 278 (98.2) 475 (96.2) 0.107

Values are median (Q1, Q3) or n (%). aTest for difference between fractional flow reserve (FFR) and intravascular ultrasound (IVUS) groups has not been adjusted for multiplicity and cannot be
used to infer treatment effects.

DAPT¼ dual antiplatelet therapy; LVEF¼ left ventricular ejection fraction; MI¼myocardial infarction; PCI¼ percutaneous coronary intervention; SYNTAX¼ SYNergy between percutaneous
coronary intervention with TAXus and cardiac surgery.
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the per-protocol population and by using the cutoff
derived by maximally selected log-rank statistics.
Tests for proportional hazards of each covariate were
based on scaled Schoenfeld residuals. In all Cox
regression models, the proportional hazards
assumption was satisfied.

In FFR-guidance arm, the correlation between pre-
PCI mQFR and pre-PCI FFR was evaluated by Spear-
man’s correlation coefficient, while their agreement
was tested by Bland-Altman analysis. The non–time
dependent area under the receiver-operating charac-
teristic curve was used to evaluate the diagnostic
performance of pre-PCI mQFR in predicting pre-PCI
FFR #0.80. Similar tests were performed for post-
PCI mQFR and post-PCI FFR, using <0.90 at cutoff
value.

Intraobserver and interobserver agreement
for assessing post-PCI mQFR was assessed by
Bland-Altman analysis and by means of kappa
coefficient.

Statistical significance was defined as a 2-tailed
P value <0.05. The multilevel mixed-effects Cox
regression was performed using the coxme package in
R 4.4.1 (R Foundation for Statistical Computing).
Other statistical analyses were performed with SPSS
version 25 (SPSS, Inc) and Stata version 16.0
(StataCorp).
RESULTS

BASELINE CLINICAL AND LESION CHARACTERISTICS.

In the FLAVOUR trial population, 901 vessels were
randomized to IVUS imaging arm and 919 vessels to
FFR arm. More vessels were managed with PCI in
IVUS group (58.4%, 526 of 901) compared with the
FFR group (33.2%, 305 of 919; P < 0.0001) (Figure 1).
A total of 25 vessels were excluded from post-PCI
mQFR analysis mainly because of lack of final post-
PCI angiogram or suboptimal post-PCI image qual-
ity. Therefore, post-PCI mQFR was successfully
analyzed in 806 vessels from 777 patients, resulting in
an overall vessel-level feasibility of 97.0% (806 of
831). In the FFR guidance group, pre-PCI mQFR was
successfully analyzed in 877 of 919 vessels (feasibility
95.4%).

Median age was 65 years (Q1-Q3: 58-72 years),
26.0% (202 of 777) were women, and 34.5% (268 of
777) had diabetes mellitus (Table 1). At a vessel level,
63.6% (513 of 806) were left anterior descending ar-
tery (Supplemental Table 1). Vessels undergoing
IVUS-guided stenting had milder percent diameter
stenosis (DS%), shorter lesions, and higher pre-PCI
mQFR at baseline (Supplemental Table 1). Median
post-PCI mQFR was 0.93 (Q1-Q3: 0.90-0.96). Post-PCI
mQFR was <0.90 in 24.7% (199 of 806) of the

https://doi.org/10.1016/j.jacasi.2024.10.019
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FIGURE 2 Cumulative Occurrence of 2-Year TVF Stratified by Post-PCI mQFR <0.90

Kaplan-Meier curve is presented for cumulative occurrence of target vessel failure (TVF)

at 2 years between the post-PCI mQFR <0.90 group and the post-PCI mQFR $0.90

group in the overall population. Multilevel mixed-effects Cox proportional hazards

regression was used to calculate the crude HRs and 95% CIs. It shows that vessels with

post-PCI mQFR values <0.90 had significantly higher 2-year TVF rate compared with

those with values $0.90 (6.1% [12 of 199] vs 2.7% [16 of 607]; HR: 2.45 [95% CI: 1.14-

5.26]; P ¼ 0.022). Please note that the curves are starting to diverge after 1 year.

Abbreviations as in Figure 1.

TABLE 2 Events at 2

TVF

Cardiac death

TVMI

TVR

Cardiac death or
TVMI

Values are n (%) unless oth
the vessels.

mQFR ¼ Murray law-bas
vessel myocardial infarctio
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vessels, and #0.80 in 2.7% (22 of 806) (Supplemental
Figure 2).

DIAGNOSTIC ACCURACY OF mQFR IN THE

FFR-GUIDANCE GROUP. Median was 0.88 (Q1-Q3:
0.79-0.93) for pre-PCI mQFR and 0.85 (Q1-Q3:
0.78-0.90) for pre-PCI FFR. Pre-PCI mQFR #0.80 and
pre-PCI FFR #0.80 was identified in 30.6% (268 of
877) and 32.5% (285 of 877) vessels, respectively. Pre-
PCI mQFR showed good correlation (r ¼ 0.73 [95% CI:
0.69-0.76]; P < 0.0001) with pre-PCI FFR
-Year Stratified by Post-PCI mQFR <0.90 in Overall Populationa

Post-PCI
mQFR <0.90
(n [ 199)

Post-PCI
mQFR ‡0.90
(n [ 607) HR (95% CI) P Value

12 (6.1) 16 (2.7) 2.45 (1.14-5.26) 0.022

4 (2.0) 2 (0.3) 6.14 (1.12-33.52) 0.036

0 (0.0) 3 (0.5) — —

8 (4.1) 13 (2.2) 2.10 (0.85-5.17) 0.110

4 (2.0) 5 (0.8) 2.16 (0.56-8.28) 0.260

erwise indicated. aComplete 2-year follow-up was available in 99.3% (800 of 806) of

ed quantitative flow ratio; PCI ¼ percutaneous coronary intervention; TVMI ¼ target
n; TVF ¼ target vessel failure; TVR ¼ target vessel revascularization.
(Supplemental Figure 3). Using an FFR #0.80 for
identifying physiologically significant stenosis, the
vessel-level accuracy of pre-PCI mQFR #0.80 was 90%
(95% CI: 88%-92%), with a sensitivity of 82% (95% CI:
77%-86%) and a specificity of 94% (95% CI: 92%-96%)
(Supplemental Table 2). The AUC for pre-PCI mQFR in
predicting FFR #0.80 was 0.95 (95% CI: 0.93-0.96);
P < 0.0001 (Supplemental Figure 4).

Paired post-PCI FFR and mQFR was available in 262
vessels. Post-PCI mQFR showed moderate correlation
(r ¼ 0.44 [95% CI: 0.33-0.53]; P < 0.0001) and diag-
nostic concordance with post-PCI FFR (AUC: 0.73
[95% CI: 0.67-0.78], accuracy 61% [95% CI: 56%-67%],
both using <0.90 as cutoff) (Supplemental Figures 5
and 6, Supplemental Tables 3 and 4).

PROGNOSTIC VALUE OF POST-PCI mQFR IN THE

OVERALL POPULATION. Complete 2-year follow-up
data were available for 99.3% (800 of 806) of the
treated vessels and a total of 28 (3.5%) TVF were
detected. The rate of TVF decreased with increasing
ranges of post-PCI mQFR (Supplemental Figure 7).
Vessels with 2-year TVF had lower post-PCI mQFR
values (0.90 � 0.05) compared with those without
(0.92 � 0.05; P ¼ 0.042). Vessels with post-PCI mQFR
values<0.90 had a significantly higher 2-year TVF rate
compared with those with values $0.90 (6.1% [12 of
199] vs 2.7% [16 of 607]; HR: 2.45 [95% CI: 1.14-5.26];
P ¼ 0.022) (Figure 2, Table 2). The trend was similar in
per-protocol population (Supplemental Table 5).
Other variables, including multivessel disease (HR:
2.91 [95% CI: 1.10-7.66]; P ¼ 0.031) and baseline DS%
by quantitative coronary angiography (HR: 1.06
[95% CI: 1.01-1.10]; P ¼ 0.014) were also independent
predictors of 2-year TVF (Supplemental Table 6). The
predictive value of post-PCI mQFR <0.90 remained
after multivariable adjustment (Supplemental
Table 7) and was consistent across subgroups, except
for the randomization arms, with post-PCI
mQFR <0.90 being more predictive in the IVUS-
guided group than in the FFR-guided group (Figure 3).

The Harrel’s c-statistic was 0.54 (95% CI: 0.46-0.61)
for post-PCI mQFR in differentiating 2-year TVF. By
using the maximally selected log-rank test, a cutoff
of #0.93 was identified for post-PCI mQFR as having
the best predictive accuracy for 2-year TVF. Post-PCI
mQFR #0.93 showed similar prognostic value for
predicting 2-year TVF (4.9% [22 of 449] vs 1.7% [6 of
357]; HR: 3.24 [95% CI: 1.30-8.09]; P ¼ 0.012)
(Supplemental Table 8).

In the FFR-guidance group, neither post-PCI FFR
(per 0.10 increase: HR: 0.75 [95% CI: 0.26-2.13];
P ¼ 0.585) nor post-PCI FFR <0.90 (3.7% [6 of 163] vs
4.0% [4 of 99], HR: 0.90 [95% CI: 0.26-3.21];
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FIGURE 3 Subgroup Analyses for Post-PCI mQFR in Predicting 2-Year TVF

Subgroup analyses are presented for post-PCI mQFR in predicting 2-year TVF. The incidences of 2-year TVF (%) were listed and compared

between the post-PCI mQFR <0.90 and $0.90 groups. Cox proportional hazards regression was used to calculate the crude HRs and

95% CIs. P for interaction <0.05 indicated statistical significance. It showed that the prognostic value of post-PCI mQFR <0.90 in predicting

2-year TVF rate was consistent across subgroups except for the randomization arms, with post-PCI mQFR <0.90 more predictive in IVUS than

in FFR group. BMI ¼ body mass index; LVEF ¼ left ventricular ejection fraction; MI ¼ myocardial infarction; SYNTAX ¼ SYNergy between

percutaneous coronary intervention with TAXus and cardiac surgery; other abbreviations as in Figure 1.
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P ¼ 0.877) was associated with 2-year TVF. Post-PCI
FFR showed a similar Harrel’s c-statistic compared
with post-PCI mQFR for predicting 2-year TVF (0.51
[95% CI: 0.36-0.67] vs 0.51 [95% CI: 0.37-0.66];
P ¼ 0.99).

REPRODUCIBILITY OF POST-PCI mQFR. Repeated post-
PCI mQFR analysis was performed in 30 vessels from
30 patients. The interobserver and intraobserver
variability in post-PCI mQFR was 0.00 � 0.04 and 0.00
� 0.03, respectively. The kappa coefficient was 0.66
(95% CI: 0.55-0.76) within the same observer and 0.61
(95% CI: 0.44-0.78) between 2 independent
observers.

DISCUSSION

To our knowledge, this is the first study to evaluate
the potential role of mQFR, a novel method for fast
computation of FFR from a single angiographic pro-
jection, in predicting clinical outcomes when assessed
immediately after successful PCI under systematic
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FFR or IVUS guidance (Central Illustration). The key
findings of our study can be summarized as follows:

1. The assessment of mQFR from a single angio-
graphic view was highly feasible, both before PCI
(95.4%, 877 of 919 vessels) and immediately after
successful PCI (97.0%, 806 of 831 vessels).

2. Pre-PCI mQFR demonstrated high diagnostic
concordance with wire-based FFR, whereas post-
PCI mQFR correlated to a lesser extent with post-
PCI FFR.

3. Despite undergoing FFR- or IVUS-guided success-
ful PCI, approximately one-fourth of the vessels
presented with suboptimal physiological outcome
post-PCI as evaluated by post-PCI mQFR <0.90.

4. Post-PCI mQFR was an independent predictor of
2-year TVF, the predictive value was significant in
IVUS-guided group but not in FFR-guided group.

The association of post-PCI mQFR with clinical
outcomes aligns with existing evidence showing the
prognostic value of post-PCI wire-based physiological
assessments.7-20,35-42 Currently, the clinical adoption
of wire-based physiology remains limited, especially
after PCI, because of the inherent limitations of
pressure wire-based measurements and operators’
confidence in relying on visual assessment alone.21

Computational FFR techniques have recently
emerged as alternatives that eliminate the need for
costly pressure wires or hyperemia-inducing medi-
cations.43 Several commercially available techniques
of angiography-based computational FFR, including
QFR, vFFR, and FFRangio, showed good diagnostic
concordance with invasive wire-based FFR.44 Among
these techniques, QFR19,20,24-27 and vFFR45 have
demonstrated association with clinical outcomes in
post-PCI settings in several pilot studies. The pro-
spective HAWKEYE study showed that post-PCI
QFR #0.89 was associated with a 3-fold increase in
risk of vessel-oriented composite endpoint at 2
years.19 Similar results were found in patients with 3-
vessel disease20 or ST-segment elevation MI24 un-
dergoing DES implantation. The FAST Outcome study
consistently showed that lower post-PCI vFFR were
associated with increased risk of 5-year TVF and
TVR.45 In these studies, the analyzability of tradi-
tional angiography-based FFR techniques ranged
from 42% to 85% post-PCI,19,20,24-27,45 mostly because
of insufficient angle separation for reliable 3D recon-
struction, excessive vessel overlap or tortuosity at the
stenotic segments, or with only one angiographic
projection available post-PCI.

Recently, a pilot study investigating single-view
mQFR after PCI proved that residual ischemia identi-
fied by mQFR after left main bifurcation stenting was
associated with higher risk of 3-year cardiovascular
death.46 In our study, the prognostic value of post-
PCI mQFR extended to intermediate angiographic
lesions, treated under systematic guidance of physi-
ology or intravascular imaging. Of note, unlike
traditional angiography-based FFR that relies on 2 or
more angiographic views, the feasibility of post-PCI
mQFR from a single angiographic view was 94% in a
previous study46 and 97% in current analysis. The
fact that physiological evaluation can be timely ob-
tained through a single conventional angiography is
fascinating. It may facilitate physiology-guided PCI
procedures in accordance with guideline recommen-
dations,47 especially in emerging countries where
systematic physiological assessments are not readily
affordable or available.48

Our data additionally provided validation of pre-
PCI mQFR against wire-based FFR using a large-scale
prospective RCT data set, corroborating previous pi-
lot validation studies.29,30 In comparison, the post-
PCI mQFR correlated to a lesser extent with post-PCI
FFR, possibly secondary to the following reasons. In
post-PCI data sets, mQFR and FFR show high median
values and relatively narrow distribution, which can
make a strong correlation difficult to achieve.
Because angiography is insensitive to detecting
intrastent abnormalities including stent malap-
position and underexpansion, in-stent pressure loss,
if present, might have been underestimated by
angiography-based mQFR,49 thus resulting in higher
post-PCI mQFR values compared with FFR. Of note,
our results showed that the prognostic relevance of
post-PCI mQFR could not be excluded despite the lack
of adequate correlation with invasive post-PCI FFR.

Interestingly, the predictive value of post-PCI
mQFR was more significant in vessels undergoing
PCI and optimization guided by IVUS (HR: 4.49
[95% CI: 1.73-11.64]) compared with FFR-guided cases
(HR: 0.79 [95% CI: 0.21-2.99]). We also found that
final post-PCI FFR was not predictive of 2-year TVF in
patients randomized to receive stenting and PCI
optimization as needed, under systematic FFR guid-
ance. This lack of statistical significance is possibly
caused by small number of events (10 TVFs) observed
in the FFR-guidance PCI arm. In addition, unlike
previous observational studies, in which systematic
physiological guidance was rarely used,16 suboptimal
stenting results in FLAVOUR patients from the FFR-
guidance arm were corrected; thus, post-PCI physi-
ology might not be the predominant factor in causing
future adverse events. In this case, residual risk might
predominantly result from stent-related abnormal-
ities or vulnerable plaque, none of which can be
detected by the angiogram. By comparison, in the
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Patients enrolled in the FLAVOUR (Fractional FLow Reserve And IVUS for Clinical OUtcomes in Patients With InteRmediate Stenosis) trial

(NCT02673424) randomized to receive either fractional flow reserve (FFR) or intravascular ultrasound (IVUS)-guided stenting by second-

generation drug-eluting stents were included. Postpercutaneous coronary intervention (PCI) Murray-law based quantitative flow ratio (mQFR)

was successfully analyzed from a single angiographic view acquired immediately after PCI in 806 of 831 treated vessels, with a feasibility of

97.0%. Physiological outcome post-PCI was suboptimal (post-PCI mQFR <0.90) in 24.7% (199 of 806) of vessels, despite FFR- or IVUS-

guided PCI. Vessels with post-PCI mQFR values <0.90 had a significantly higher rate of 2-year target vessel failure defined as a composite of

cardiac death, target-vessel myocardial infarction (MI), and target vessel revascularization (TVR), compared with those with values $0.90

(6.1% [12 of 199] vs 2.7% [16 of 607]; HR: 2.45 [95% CI: 1.14-5.26]; P ¼ 0.022).
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IVUS-guidance arm, post-PCI mQFR independently
provides prognostic value. These findings prompt the
hypothesis that the combined use of intracoronary
imaging and image-based physiology could reveal
how and why suboptimal stenting may adversely
affect patient outcomes but warrant further
investigation.

The high prevalence (24.7%, 199 of 806 vessels) of
suboptimal post-PCI mQFR, despite FFR- or IVUS-
guided PCI, aligns with recent clinical trials or regis-
tries.34 Specifically, the rate of post-PCI mQFR <0.90
was higher in the FFR group compared with the IVUS
group (32.1% [94 of 293 vessels] vs 20.5% [105 of 513
vessels]), partially because of the fact that severer
lesions had been included in the FFR vs IVUS
group. The TARGET-FFR (Trial of Angiography vs.
pressure-Ratio-Guided Enhancement Techniques
–Fractional Flow Reserve) trial showed the difficulty
in achieving post-PCI FFR >0.90, even with system-
atic FFR-guided PCI optimization.10 In the FFR-
REACT (FFR-Guided PCI Optimization Directed by
High-Definition IVUS Versus Standard of Care) trial,
systematic IVUS-guided PCI optimization resulted in
significant but small improvement in post-PCI phys-
iology, with final post-PCI FFR <0.90 still present in
80% of the vessels.50 Correcting a suboptimal post-
PCI result to achieve higher post-PCI physiology
might have limited efficacy, and whether this
improvement translates into clinical benefit is still
under investigation. Consequently, there is growing
interest in preventing suboptimal PCI results before
stent implantation. In this regard, image-based
computational FFR from pre-PCI images with virtual
stenting has been developed and validated, showing
good correlation and agreement with actual post-PCI
physiology.26,49,51-53 The recent randomized AQVA
(Angio-based Quantitative Flow Ratio Virtual PCI
Versus Conventional Angio-guided PCI in the
Achievement of an Optimal Post-PCI QFR) trial
demonstrated the superiority of QFR-based virtual
PCI over angiography-based PCI in achieving optimal
post-PCI physiological results.54 The randomized
AQVA II (Angio- or Microcatheter-Quantified FFR
Virtual PCI Versus Angio-Guided PCI in the Achieve-
ment of an Optimal Post-PCI FFR) trial focusing on
complex and high-risk procedures further showed
that procedural planning and guidance based on
single-view mQFR was noninferior to FFR guidance.55

Given the high feasibility and availability, mQFR
based on a single angiographic view might be a
promising tool for PCI planning, which needs to be
tested in future randomized studies.
STUDY LIMITATIONS. All analyses were performed
post hoc and off-line in an independent academic
core laboratory. We have made sure that all the mQFR
analyses were performed strictly blinded to any
clinical outcomes and/or FFR data. In addition, the
observed high overall feasibility of mQFR might have
been facilitated by the fact that all coronary angiog-
raphies, collected within the framework of a study,
were conducted in the setting of a prospective trial. It
is important to investigate the reproducibility of our
findings in a real-life scenario, where online assess-
ment is performed.

The association of post-PCI mQFR and clinical out-
comes was evaluated at a vessel level instead of a
patient level. Because patient-level outcomes are
driven by both target and nontarget lesions/vessels,
total physiologic atherosclerotic burden assessed by
sum of mQFR in 3 major epicardial vessels (ie,
3V-mQFR) would be needed for such analysis.56-59

However, because our study is a post hoc analysis
based on the prospective FLAVOUR trial, angiograms
acquired in optimal projections were not always
available for nontarget vessels, and thus, a reliable
3V-mQFR analysis was not enabled.

The location of the FFR pressure wire was not al-
ways recorded for comparison with mQFR, neither
pre- nor post-PCI. This may introduce variability in
the location for FFR-mQFR comparison and could
potentially impact the numerical agreement of mQFR
and FFR, especially in the presence of residual or
diffuse disease.

The role of post-PCI mQFR directly compared with
post-PCI FFR in predicting patient outcomes warrants
further investigation in larger populations with
higher incidence of adverse events. Because post-PCI
mQFR and post-PCI FFR values may not always align,
the impact of concordant or discordant post-PCI
mQFR/FFR groups on clinical prognosis is worth
investigating.

Finally, the generalizability of our findings to
populations without systematic physiology or intra-
coronary imaging-guidance remains unknown. The
study population was limited to patients enrolled in
the current trial, and therefore, caution should be
exercised when extrapolating the results to broader
patient cohorts without similar guidance strategies.

CONCLUSIONS

In patients with intermediate lesions who underwent
PCI with contemporary imaging or physiology guid-
ance, lower post-PCI mQFR values predict subsequent
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adverse events. The high feasibility, accuracy, and
independent prognostic value of mQFR make it a
promising tool for optimizing PCI outcomes.
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