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IMPORTANCE Fractional flow reserve (FFR) is an invasive measurement used to assess the
potential of a coronary stenosis to induce myocardial ischemia and guide decisions for
percutaneous coronary intervention (PCI). It is not known whether established FFR
thresholds for PCI are adhered to in routine interventional practice and whether
adherence to these thresholds is associated with better clinical outcomes.

OBJECTIVE To assess the adherence to evidence-based FFR thresholds for PCI and its
association with clinical outcomes.

DESIGN, SETTING, AND PARTICIPANTS A retrospective, multicenter, population-based cohort
study of adults with coronary artery disease undergoing single-vessel FFR assessment
(excluding ST-segment elevation myocardial infarction) from April 1, 2013, to March 31, 2018,
in Ontario, Canada, and followed up until March 31, 2019, was conducted. Two separate
cohorts were created based on FFR thresholds (�0.80 as ischemic and >0.80 as
nonischemic). Inverse probability of treatment weighting was used to account for
treatment selection bias.

EXPOSURES PCI vs no PCI.

MAIN OUTCOMES AND MEASURES The primary outcome was major adverse cardiac events
(MACE) defined by death, myocardial infarction, unstable angina, or urgent coronary
revascularization.

RESULTS There were 9106 patients (mean [SD] age, 65 [10.6] years; 35.3% female) who
underwent single-vessel FFR measurement. Among 2693 patients with an ischemic FFR,
75.3% received PCI and 24.7% were treated only with medical therapy. In the ischemic FFR
cohort, PCI was associated with a significantly lower rate and hazard of MACE at 5 years
compared with no PCI (31.5% vs 39.1%; hazard ratio, 0.77 [95% CI, 0.63-0.94]). Among 6413
patients with a nonischemic FFR, 12.6% received PCI and 87.4% were treated with medical
therapy only. PCI was associated with a significantly higher rate and hazard of MACE at 5
years compared with no PCI (33.3% vs 24.4%; HR, 1.37 [95% CI, 1.14-1.65]) in this cohort.

CONCLUSIONS AND RELEVANCE Among patients with coronary artery disease who underwent
single-vessel FFR measurement in routine clinical practice, performing PCI, compared with
not performing PCI, was significantly associated with a lower rate of MACE for ischemic
lesions and a higher rate of MACE for nonischemic lesions. These findings support the
performance of PCI procedures according to evidence-based FFR thresholds.
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F ractional flow reserve (FFR) is an invasive measure-
ment used during coronary angiography to assess the
potential of a coronary stenosis to induce myocardial

ischemia.1 Clinical trials have shown improved clinical out-
comes when ischemic lesions (FFR ≤0.80) are treated by per-
cutaneous coronary intervention (PCI) compared with medi-
cal therapy alone.2-4 Based on these data, PCI is generally
recommended for lesions with ischemic FFR values. In con-
trast, PCI is not recommended for nonischemic FFR lesions
(FFR >0.80) because it has not been demonstrated to be ben-
eficial and may even be harmful.5-8

While studies have shown that FFR use is increasing rap-
idly in interventional practice,9-11 few have evaluated whether
clinicians are adhering to recommended FFR thresholds. Data
from selected registries suggest that up to 30% of patients with
an ischemic FFR did not receive PCI and approximately 5% of
patients received PCI even with a nonischemic FFR.12,13

Whether these observations could be extended to routine clini-
cal practice is uncertain. Equally unknown is whether adher-
ence to FFR thresholds is associated with improved clinical out-
comes in routine clinical practice. Accordingly, the objective
of this study was to use a population-based sample to con-
struct a cohort of patients with ischemic FFR values as well
as a separate cohort with nonischemic FFR values. In each co-
hort, utilization of PCI and its relationship with subsequent ad-
verse cardiovascular outcomes was examined.

Methods
Data Sources
ICES (formerly known as the Institute for Clinical Evaluative
Sciences) is an independent, nonprofit research institute
whose legal status under Ontario’s health information pri-
vacy law allows it to collect and analyze health care and
demographic data, without consent, for health system evalu-
ation and improvement. The use of data in this project was
authorized under section 45 of Ontario’s Personal Health
Information Protection Act, which does not require review by
a research ethics board. The CorHealth Ontario Cardiac Regis-
try is a prospective, provincial database that collects clinical,
laboratory, and procedural characteristics on all adult
patients undergoing cardiac catheterization and PCI in the
province.14 The CorHealth database was linked to the follow-
ing databases using unique encoded identifiers and analyzed
at ICES: (1) Registered Persons Database, which contains
sociodemographic and vital statistics data, and (2) the
Canadian Institute for Health Information (CIHI) Discharge
Abstract Database, which contains complete provincialwide
capture of hospitalization events.

Study Population
Adult patients (aged >18 years) undergoing coronary angiog-
raphy in Ontario, Canada, between April 1, 2013, and March
31, 2018, were identified. Exclusions included patients who
received cardiac catheterization for aortic stenosis, congeni-
tal heart disease, or cardiac transplants or who underwent
cardiac biopsy and donor transplant, given that FFR mea-

surements have not been validated in these populations.
Patients with ST-elevation myocardial infarction (MI), mul-
tivessel FFR, or PCI that was performed in a non-FFR artery
were also excluded because of the inability to distinguish
clinical outcomes related to the vessel that was assessed by
FFR. Prior coronary artery bypass grafting (CABG) was also
excluded because FFR measurements may be confounded
by native artery patency.15 Implausible FFR values (<0.30
and ≥1.00) were also excluded.16 FFR measurements per-
formed for left main lesions were excluded because of the
lack of data on intracoronary imaging. Because elective
CABG could not be ascertained after FFR assessments,
patients who received CABG within 6 months after the pro-
cedure were excluded. Subsequently, 2 separate cohorts of
patients, one with ischemic FFR values (FFR ≤0.80) and
another with nonischemic FFR values (FFR >0.80), were
created for analysis.

Exposures
The main exposure variable was PCI vs no PCI at the time the
coronary vessel was assessed by FFR.

Outcomes
The primary outcome was a major adverse cardiac event
(MACE), ascertained from the date of FFR measurement. MACE
was defined using a similar definition as the Fractional Flow
Reserve vs Angiography for Multivessel Evaluation 2 (FAME-2)
trial.2 This was the first occurrence of (1) all-cause death,
(2) hospitalization for MI, (3) hospitalization for unstable an-
gina, or (4) urgent coronary revascularization with PCI or CABG.
Death was ascertained from the Registered Persons Data-
base, and nonfatal outcomes were from the CIHI Discharge Ab-
stract Database.17 Urgent coronary revascularization was de-
fined as unplanned hospitalization with PCI or CABG occurring
during the same hospitalization. In secondary analyses, the as-
sociation between PCI with each component of the primary
outcome was determined. All outcomes were ascertained up
to March 31, 2019.

Key Points
Question In patients with coronary artery disease, is adherence to
recommended fractional flow reserve (FFR) thresholds for
percutaneous coronary intervention (PCI) associated with better
outcomes in clinical practice?

Findings In this retrospective cohort study that used inverse
probability of treatment weighting and included 9106 patients,
PCI, as compared with no PCI, was significantly associated with
a lower rate of major adverse cardiac events at 5 years among
patients with ischemic FFR measurements (31.5% vs 39.1%; hazard
ratio [HR], 0.77) and a higher rate of major adverse cardiac events
at 5 years among patients with nonischemic FFR measurements
(33.3% vs 24.4%; HR, 1.37).

Meaning Performing PCI procedures in accordance to
evidenced-based FFR thresholds was associated with better
outcomes.
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Statistical Analysis
The ischemic and nonischemic cohorts were analyzed sepa-
rately. In patients with an ischemic FFR, baseline character-
istics were compared between patients receiving and not re-
ceiving PCI using standardized differences. A propensity score
for receiving PCI was estimated using a logistic regression
model. Covariates included in the model were demographics
(age and sex), preexisting comorbidities (MI, prior PCI, heart
failure, diabetes, cerebrovascular disease, peripheral vascu-
lar disease, hypertension, hyperlipidemia, kidney disease, di-
alysis, chronic obstructive pulmonary disease, smoking sta-
tus, and the Charlson Comorbidity Index score), investigations
(serum creatinine and left ventricular ejection fraction), symp-
tom status (Canadian Cardiovascular Society Angina Classifi-
cation at referral), and procedure-related characteristics (the
number of major diseased vessels with visual stenosis ≥70%
and the artery undergoing FFR assessment). Variables with
missing data were assigned a category in order to be incorpo-
rated into the propensity score. Inverse probability of treat-
ment weighting (IPTW) was used to balance differences in base-
line characteristics between patients receiving and not
receiving PCI.18 The PCI and no PCI groups were weighted by
the stabilized inverse probability of receiving and not receiv-
ing PCI, respectively. Weighted standardized differences were
used to assess the balance of baseline covariates between the
PCI and no PCI groups in the weighted cohort. A standard-
ized difference of less than 0.10 indicated good balance.19

The incidences of MACE and all-cause mortality were es-
timated using weighted Kaplan-Meier curves.20 The associa-
tion between PCI and the hazards of MACE and all-cause mor-
tality was estimated using weighted Cox proportional hazards
models.21 For MI, unstable angina, and urgent revasculariza-
tion outcomes, death served as a competing risk. Therefore,
the incidence of each outcome was estimated using weighted
cumulative incidence curves. Furthermore, the association be-
tween PCI with the hazards and cumulative incidence of these
outcomes was modeled using cause-specific proportional haz-
ards models as well as Fine-Gray proportional subdistribu-
tions hazards model.22,23 The proportionality assumption was
verified by testing for an interaction between the exposure vari-
able and time. The stabilized IPTWs were incorporated into the
regression models without trimming.24 A robust variance es-
timator was used to estimate the standard error for all weighted
regression models.25 Effect estimates from Cox models were
reported as hazard ratios (HRs) while those from Fine-Gray
models were reported as subdistribution HRs (sHRs) along with
95% CIs. Furthermore, risk differences (RDs) were estimated
from the weighted cumulative incidences curves with 95% CIs
derived from 2000 bootstrap resamples. The same analyses
were repeated in patients with nonischemic FFR values.

A series of sensitivity analyses were undertaken to test the
robustness of the results. First, because clinical guidelines pro-
vide no recommendations for FFR in patients with MI, the same
steps were repeated for each cohort after excluding patients
presenting with acute MI. Second, the propensity score was
modified to incorporate hospital-specific random effects to ac-
count for potential variation in the propensity to receive PCI
at each center and the analysis was repeated using overlap

weighting rather than conventional IPTW.26 Third, multiple im-
putation was used to impute missing values for serum creati-
nine and left ventricular ejection fraction in 30 data sets. The
IPTW analysis was repeated in each data set and the results
were pooled using Rubin rules.27 Fourth, the analysis was re-
peated after excluding patients who underwent CABG within
1 month and within 3 months after FFR assessment, rather than
6 months. Fifth, due to the imbalances of the number of dis-
eased vessels prior to propensity weighting, a post hoc analy-
sis was performed to examine outcome difference in PCI and
non-PCI patients stratified by number of diseased vessels with
stenosis of 70% or greater.

Statistical analyses were conducted using SAS version 9.4
(SAS Institute). A 2-sided P < .05 was considered statistically
significant. Because of the potential for type I error due to mul-
tiple comparisons, findings for analyses of secondary end
points should be interpreted as exploratory.

Results
Study Cohorts
There were 9106 unique patients (29.6% with ischemic FFR and
70.4% with nonischemic FFR values) undergoing single-vessel

Figure 1. Cohort Creation

483 101 Coronary angiograms performed from
April 1, 2013, to March 31, 2018

17 004 Coronary angiograms with
FFR measurement

9106 Individuals with single-vessel FFR
6413 With FFR >0.80
2693 With FFR ≤0.80

466 097 Excluded
342 866 FFR not done or not recorded

13 574 History of aortic stenosis

46 138 STEMI on presentation
45 340 Prior CABG

11 577 Missing demographics or
nonlinkable

1978 Cardiac transplant recipient

2250 History of congenital heart disease
2202 Undergoing cardiac biopsy or

transplant donor assessment

172 Age <18 y

2111 CABG within 6 mo after FFR

5787 Excluded
2661 PCI performed in non-FFR artery

283 FFR ≥1.00 or <0.30

2178 FFR performed in multiple arteries
406 FFR of the left main

259 Repeat FFR procedures during
study period

Selection of patients undergoing single-vessel fractional flow reserve (FFR) of
non–left main lesions between April 1, 2013, and March 31, 2018, is presented.
The final cohort contained 9106 unique individuals. CABG indicates coronary
artery bypass grafting; PCI, percutaneous coronary intervention; and STEMI,
ST-elevation myocardial infarction.
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Table 1. Baseline Characteristics After Propensity Score Weightinga

Baseline characteristics

Ischemic fractional flow reserve (≤0.80) Nonischemic fractional flow reserve (>0.80)

No PCI, %
(n = 674)

PCI, %
(n = 2022)

Standardized
difference

No PCI, %
(n = 5604)

PCI, %
(n = 817)

Standardized
difference

Demographics

Age, mean (SD), y 65.7 (10.4) 64.9 (10.7) 0.072 65.9 (10.7) 66.4 (10.0) 0.046

Sex

Male 74.0 73.2 0.019 61.2 65.2 0.084

Female 26.0 26.8 0.019 38.8 34.8 0.084

Index presentation

Stable coronary artery
disease

62.1 63.3 0.025 63.6 65.3 0.035

Unstable angina 23.7 21.8 0.045 22.2 22.0 0.005

Non-ST elevation
myocardial infarction

13.1 13.8 0.023 13.4 11.5 0.059

Preexisting comorbidities

Hypertension 79.4 79.8 0.009 78.9 80.1 0.030

Hyperlipidemia 75.5 76.0 0.011 74.9 76.3 0.033

Myocardial infarction 39.3 40.3 0.020 35.8 37.7 0.040

Diabetes 38.2 38.6 0.008 35.7 36.3 0.013

Percutaneous coronary
intervention

34.7 34.7 0.001 34.4 37.0 0.054

Smoking

Former 31.1 30.1 0.023 31.2 32.4 0.026

Current 19.2 20.5 0.032 16.0 15.8 0.004

Heart failure 13.7 13.2 0.013 11.4 12.2 0.025

Chronic obstructive
pulmonary disease

11.6 11.5 0.003 11.0 10.1 0.030

Cerebrovascular
disease

8.1 8.4 0.011 7.4 7.0 0.014

Peripheral vascular
disease

6.2 6.0 0.007 5.5 5.3 0.007

Kidney disease 2.8 2.7 0.007 3.0 4.7 0.090

Dialysis 2.1 2.0 0.009 2.0 2.1 0.006

Charlson Comorbidity
Index score,
mean (SD)

1.6 (1.7) 1.6 (1.7) 0.001 1.4 (1.6) 1.5 (1.5) 0.043

Investigations

Serum creatinine,
mg/dLb

≤1.36 82.3 82.7 0.012 84.3 82.6 0.046

1.37 to 2.04 7.3 7.0 0.011 5.7 7.2 0.062

>2.04 2.4 2.4 0.005 2.2 2.3 0.006

Left ventricular
ejection fractionc

≥50% 49.9 50.5 0.011 55.6 55.2 0.007

35%-49% 11.2 10.9 0.009 9.6 11.1 0.050

20%-34% 4.0 4.2 0.009 3.7 4.9 0.060

<20% 1.1 0.9 0.027 0.7 1.0 0.030

Symptom status

Canadian Cardiovascular
Society Classd

0 (least impaired) 15.5 15.6 0.004 15.8 15.6 0.007

1 13.8 14.0 0.005 13.0 12.8 0.006

2 26.6 26.2 0.009 26.9 25.7 0.027

3 18.6 17.2 0.035 15.6 17.8 0.060

4 (most impaired) 25.6 27.0 0.031 28.7 28.2 0.032

(continued)
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non–left main FFR during the study period. Details of the cohort
creation are shown in Figure 1. The median FFR value in these
patients was 0.86 (interquartile range [IQR], 0.79-0.91), and
the distribution of all FFR values is depicted in eFigure 1 in the
Supplement.

Ischemic FFR
Baseline Characteristics of Patients With Ischemic FFR
There were 2693 patients with ischemic FFR measurements.
Before weighting, the mean age was 65 years and 27.0% were

female (eTable 1 in the Supplement). The median FFR was 0.76
(IQR, 0.72-0.79). There were 2029 patients (75.3%) with is-
chemic FFRs who received PCI. A greater proportion of pa-
tients who received PCI had prior PCI procedures (36.6% vs
27.4%) or 1-vessel disease (51.3% vs 28.3%) compared with pa-
tients who did not receive PCI. In contrast, a lower propor-
tion of patients who received PCI presented with acute MI
(13.1% vs 16.4%), 2-vessel disease (18.8% vs 28.2%), and 3-ves-
sel disease (4.6% vs 18.7%). After IPTW, all characteristics of
patients who received PCI and did not receive PCI were well

Table 1. Baseline Characteristics After Propensity Score Weightinga (continued)

Baseline characteristics

Ischemic fractional flow reserve (≤0.80) Nonischemic fractional flow reserve (>0.80)

No PCI, %
(n = 674)

PCI, %
(n = 2022)

Standardized
difference

No PCI, %
(n = 5604)

PCI, %
(n = 817)

Standardized
difference

Interventional characteristics

Fractional flow reserve

Mean (SD)e 0.76 (0.05) 0.74 (0.06) 0.237 0.89 (0.05) 0.87 (0.05) 0.418

Median (IQR) 0.77 (0.74-0.80) 0.76 (0.72-0.78) 0.89 (0.85-0.93) 0.86 (0.83-0.90)

Vessels with stenosis ≥70%

0 25.6 25.4 0.005 65.6 65.7 0.002

1 46.0 45.7 0.004 23.0 22.9 0.002

2 20.7 21.1 0.010 8.5 8.7 0.004

3 7.8 7.8 0.001 2.8 2.7 0.009

Fractional flow reserve artery

Left anterior descending 80.0 81.4 0.037 61.5 60.8 0.014

Right coronary 12.5 11.9 0.020 21.0 21.2 0.006

Left circumflex 7.5 6.7 0.030 17.5 18.0 0.012

Abbreviations: IQR, interquartile range; PCI, percutaneous coronary
intervention.

SI conversion factor: To convert creatinine to μmol/L, multiply by 88.4.
a Sample sizes in each group are estimated after inverse probability of

treatment weighting.
b Serum creatinine missing in 7.9% and 7.8% of patients with ischemic and

nonischemic fractional flow reserve, respectively.

c Left ventricular ejection fraction missing in 33.4% and 29.0% of patients with
ischemic and nonischemic fractional flow reserve, respectively.

d The Canadian Cardiovascular Society classification is a score used to grade the
severity of angina, with 0 indicating least impaired (no angina) and 4
indicating most impaired (angina at rest).

e The distribution of fractional flow reserve measurements in patients who
received and did not receive PCI are depicted in eFigure 1 in the Supplement.

Table 2. Outcomes of Patients With Ischemic Fractional Flow Reserve (≤0.80) After Propensity Score Weighting

Outcome
Follow-up
time

No PCI, %
[Reference] PCI, %

Risk difference
(95% CI)a

Hazard ratio
(95% CI)b

Primary outcome

MACEc 30 d 6.0 2.8 −3.2 (−5.5 to −1.2) 0.47 (0.30 to 0.75)

1 y 15.2 11.9 −3.3 (−6.6 to 0.0) 0.76 (0.58 to 0.99)

5 y 39.1 31.5 −7.6 (−15.0 to 0.0) 0.77 (0.63 to 0.94)

Secondary outcomes

Death 30 d 1.2 0.6 −0.6 (−1.6 to 0.2) 0.45 (0.18 to 1.13)

1 y 4.7 4.1 −0.6 (−2.4 to 1.2) 0.87 (0.57 to 1.33)

5 y 20.6 16.8 −3.8 (−9.9 to 1.9) 0.77 (0.57 to 1.04)

Myocardial infarction 30 d 1.6 1.4 −0.2 (−1.3 to 0.7) 0.87 (0.44 to 1.72)

1 y 3.1 3.7 0.6 (−0.9 to 2.0) 1.17 (0.73 to 1.86)

5 y 10.8 8.7 −2.1 (−7.8 to 2.4) 0.92 (0.64 to 1.31)

Unstable angina 30 d 2.6 1.0 −1.6 (−3.2 to −0.3) 0.36 (0.18 to 0.74)

1 y 6.6 4.5 −2.1 (−4.5 to 0.2) 0.67 (0.44 to 1.02)

5 y 11.2 9.9 −1.3 (−4.8 to 2.1) 0.81 (0.58 to 1.13)

Urgent coronary
revascularizationd

30 d 1.8 0.2 −1.6 (−3.1 to −0.5) 0.13 (0.04 to 0.45)

1 y 4.2 2.5 −1.7 (−3.9 to 0.0) 0.57 (0.33 to 0.97)

5 y 9.5 6.2 −3.3 (−9.1 to 1.2) 0.71 (0.46 to 1.08)

Abbreviations: MACE, major adverse
cardiac events; PCI, percutaneous
coronary intervention.
a Risk differences were estimated

from weighted cumulative
incidence curves along with 95% CIs
generated in 2000 bootstrap
resamples.

b Hazard ratios and 95% CIs were
estimated from weighted
cause-specific proportional hazards
models.

c MACE was defined by death,
myocardial infarction, unstable
angina, or urgent coronary
revascularization.

d Urgent coronary revascularization
was defined as unplanned
hospitalization with percutaneous
coronary intervention or coronary
artery bypass grafting occurring
during the same hospitalization.
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balanced with standardized differences less than 0.10 (Table 1;
eFigure 2 in the Supplement).

Outcomes After PCI of Patients With Ischemic FFR
The incidence and association between PCI and outcomes are
presented in Table 2. At 5 years, the incidence of MACE was
31.5% in the PCI group and 39.1% in the no PCI group (RD, −7.6%
[95% CI, −15.0% to 0%]). PCI was associated with a signifi-
cantly lower hazard of MACE at 5 years (HR, 0.77 [95% CI, 0.63-
0.94]; Figure 2). When analyzed separately, the incidence and
hazard of death (16.8% vs 20.6%; HR, 0.77 [95% CI, 0.57-
1.04]), MI (8.7% vs 10.8%; HR, 0.92 [95% CI, 0.64-1.31]), un-
stable angina (9.9% vs 11.2%; HR, 0.81 [95% CI, 0.58-1.13]), and
urgent coronary revascularization (6.2% vs 9.5%; HR, 0.71 [95%
CI, 0.46-1.08]) were not statistically significantly different, al-
though the point estimates generally favored the PCI group.
PCI was also associated with a significantly lower hazard of
MACE in the initial 30 days (2.8% vs 6.0%; HR, 0.47 [95% CI,
0.30-0.75]) and at 1 year (11.9% vs 15.2%; HR, 0.76 [95% CI,
0.58-0.99]) when compared with no PCI. Using the Fine-
Gray model to assess the association of PCI with the inci-
dence of nonfatal outcomes yielded similar results (eTable 2
in the Supplement).

Nonischemic FFR
Baseline Characteristics of Patients With Nonischemic FFR
There were 6413 patients with nonischemic FFR measure-
ments. Before weighting, the mean age was 66 years and 38.9%
were female (eTable 1 in the Supplement). The median FFR was

0.89 (IQR, 0.85-0.92). There were 810 patients (12.6%) who re-
ceived PCI with nonischemic FFR measurements. A higher pro-
portion of patients who received PCI presented with acute MI
(18.6% vs 12.7%), as well as 1-vessel (43.6% vs 20.0%), 2-ves-
sel (14.2% vs 7.7%), and 3-vessel (4.3% vs 2.6%) disease com-
pared with patients who did not receive PCI. After IPTW, stan-
dardized differences between characteristics in patients who
did and did not receive PCI were less than 0.10 (Table 1; eFig-
ure 3 in the Supplement).

Outcomes After PCI of Patients With Nonischemic FFR
The incidence and association between PCI and outcomes for
the nonischemic cohort are presented in Table 3. The 5-year
incidence of MACE was 33.3% in patients who received PCI
and 24.4% in patients who did not (RD, 8.9% [95% CI, 3.1%-
14.7%]). PCI of a nonischemic lesion was associated with a
significantly higher hazard of MACE at 5 years (HR, 1.37 [95%
CI, 1.14-1.65]; Figure 2). When analyzed separately, there was
no statistically significant association between PCI and death
at 5 years (15.0% vs 13.9%; HR, 0.94 [95% CI, 0.68-1.29]).
However, PCI was associated with a significantly higher inci-
dence and hazard of MI (8.5% vs 5.0%; HR, 1.69 [95% CI,
1.20-2.37]), unstable angina (13.4% vs 7.8%; HR, 1.78 [95% CI,
1.35-2.35]), and urgent coronary revascularization (7.3% vs
3.9%; HR, 1.76 [95% CI, 1.21-2.57]). Similarly, PCI was associ-
ated with a significantly higher hazard of MACE at 30 days
(3.1% vs 1.5%; HR, 2.11 [95% CI, 1.26-3.54]) and 1 year (10.6%
vs 6.5%; HR, 1.67 [95% CI, 1.27-2.21]) when compared with
no PCI. The association of PCI with the incidence of nonfatal
outcomes was consistent when using the Fine-Gray model
(eTable 2 in the Supplement).

Sensitivity Analysis
After excluding 1385 patients who presented with acute MI,
there were 2261 patients with ischemic FFR measurements and
5460 with nonischemic FFR measurements (eTable 3 in the
Supplement). PCI was associated with a significantly lower haz-
ard of MACE at 5 years (29.5% vs 34.3%; HR, 0.78 [95% CI, 0.62-
0.99]) in comparison with no PCI in the ischemic cohort, but
a significantly higher hazard of MACE at 5 years in the nonisch-
emic cohort (30.2% vs 23.6%; HR, 1.30 [95% CI, 1.05-1.62];
eTable 4 in the Supplement). Results also remained similar
when using overlap weights and incorporating a hospital-
specific random effects term (eTable 5 in the Supplement),
when the 7.8% of missing values for serum creatinine and
27.8% for left ventricular ejection fraction were imputed
(eTable 6 in the Supplement), when the timing of patients un-
dergoing CABG who were excluded was altered to 1 month and
3 months after FFR assessment (eTable 7 in the Supplement),
and when patients were stratified by the number of diseased
vessels (eTable 8 in the Supplement).

Discussion
In this population-based study of patients with coronary ar-
tery disease undergoing FFR measurement for single-vessel,
non–left main disease in routine clinical practice, some patients

Figure 2. Major Adverse Cardiac Events After
Percutaneous Coronary Intervention (PCI)
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The cumulative incidence of major adverse cardiac events in the
propensity-weighted cohorts of patients is overlaid and depicted. Curves depict
the incidence of events in patients with an ischemic fractional flow reserve
(FFR) who had PCI (median follow-up, 3.08 years; interquartile range [IQR],
1.96-4.34) and did not have PCI (median follow-up, 2.77 years; IQR, 1.72-4.15)
and with a nonischemic FFR who had PCI (median follow-up, 3.41 years; IQR,
2.18-4.73) and did not have PCI (median follow-up, 2.98 years; IQR, 1.87-4.31).
The number at risk in the weighted samples is depicted for each group. Major
adverse cardiac events were defined by death, myocardial infarction, unstable
angina, or urgent coronary revascularization.
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did not receive PCI in lesions that had ischemic FFR values,
while others received PCI in lesions that were considered as
nonischemic. PCI, compared with no PCI, was significantly as-
sociated with better clinical outcomes in ischemic lesions and
worse outcomes in nonischemic lesions. These findings sup-
port the performance of PCI procedures according to evidence-
based FFR thresholds.

In this study, approximately 25% of patients with ische-
mic FFR did not undergo PCI, in keeping with a prior study dem-
onstrating that revascularization is underutilized in about 30%
of patients with appropriate indications.28 While this study did
not evaluate reasons explaining the underuse of PCI, a prospec-
tive registry found that an absence of symptoms, negative non-
invasive studies, or diffuse disease without focal stenosis are
potential factors.12 Other reasons may include patient charac-
teristics such as old age, multiple competing comorbidities, pa-
tient preferences, or even physician factors.

In the recently published International Study of Compara-
tive Health Effectiveness With Medical and Invasive
Approaches (ISCHEMIA) trial,29 patients with stable coro-
nary artery disease and moderate to severe ischemia were ran-
domized to a conservative or an invasive strategy, and no sig-
nificant difference in adverse cardiovascular events was
demonstrated between the 2 treatments. While this study sug-
gesting benefits associated with PCI may appear at odds with
the results of ISCHEMIA, several differences between the stud-
ies should be noted. First, in the ISCHEMIA trial, 76% of pa-
tients had multivessel disease, 25% of those randomized to the
invasive strategy underwent CABG, and only 20% had revas-
cularization guided by FFR. In contrast, patients underwent
PCI exclusively in the present study and all patients had re-
vascularization guided by FFR of a single vessel. Second, the
early hazards associated with revascularization in ISCHEMIA
was driven by periprocedural MI.29 In contrast, this study cap-

tured clinical events and only included repeat hospitaliza-
tion for MI after the index procedure.

The frequency of PCI for nonischemic lesions observed in
this study was higher than other registries.12,13 For instance,
6% of PCI procedures were performed in nonischemic lesions
in pooled registries from Europe13 and 4% of patients in a South
Korean registry.12 Why clinicians may opt to perform PCI for
nonischemic lesions is not clear. First, because FFR is a con-
tinuous measurement with a continuous risk spectrum,30 cli-
nicians may feel inclined to perform PCI at borderline FFR val-
ues (0.81-0.85). Second, it is also possible that clinicians have
a higher propensity to perform PCI among patients who have
positive noninvasive stress tests or those with anginal symp-
toms despite a negative FFR. Regardless of the reason, this
study suggests that deviating from accepted FFR thresholds
is more common in routine clinical practice than previously
reported from registries.

The results of this study are in line with registries that have
reported on the risks of performing PCI for nonischemic FFR
values.12,13 However, in these registries, the association be-
tween PCI and components of MACE, particularly MI, were not
reported13 and few patients had FFR values greater than 0.85.12

They are also in keeping with the concerns for harm raised by
extended follow-up at 15 years of a clinical trial that a higher
risk of late MI was detected after PCI for nonischemic
lesions.31,32 These results, therefore, support current class III
recommendations against revascularization in the absence of
ischemia and suggest clinicians avoid performing PCI for
nonischemic lesions.7,8,33

Limitations
This study has several limitations. First, observational stud-
ies evaluating clinical effectiveness of PCI are potentially sub-
jected to selection bias and, therefore, should not be used to

Table 3. Outcomes of Patients With Nonischemic Fractional Flow Reserve (>0.80)
After Propensity Score Weighting

Outcome
Follow-up
time

No PCI, %
[Reference] PCI, %

Risk difference
(95% CI)a

Hazard ratio
(95% CI)b

Primary outcome

MACEc 30 d 1.5 3.1 1.6 (0.3 to 3.1) 2.11 (1.26 to 3.54)

1 y 6.5 10.6 4.1 (1.7 to 6.7) 1.67 (1.27 to 2.21)

5 y 24.4 33.3 8.9 (3.1 to 14.7) 1.37 (1.14 to 1.65)

Secondary outcomes

Death 30 d 0.4 0.2 −0.2 (−0.5 to 0.0) 0.41 (0.12 to 1.42)

1 y 2.5 2.1 −0.4 (−1.6 to 1.1) 0.84 (0.44 to 1.61)

5 y 13.9 15.0 1.1 (−3.3 to 5.9) 0.94 (0.68 to 1.29)

Myocardial infarction 30 d 0.6 2.0 1.4 (0.3 to 2.7) 3.56 (1.70 to 7.46)

1 y 1.8 3.5 1.7 (0.4 to 3.4) 2.05 (1.26 to 3.32)

5 y 5.0 8.5 3.5 (0.8 to 6.3) 1.69 (1.20 to 2.37)

Unstable angina 30 d 0.5 1.4 0.9 (0.0 to 2.1) 3.02 (1.26 to 7.24)

1 y 2.4 5.7 3.3 (1.4 to 5.4) 2.40 (1.63 to 3.52)

5 y 7.8 13.4 5.6 (2.1 to 9.7) 1.78 (1.35 to 2.35)

Urgent coronary
revascularizationd

30 d 0.2 0.2 0 (−0.3 to 0.3) 0.97 (0.27 to 3.45)

1 y 1.1 2.4 1.3 (0.2 to 2.5) 2.20 (1.29 to 3.74)

5 y 3.9 7.3 3.4 (0.6 to 6.2) 1.76 (1.21 to 2.57)

Abbreviations: MACE, major adverse
cardiac events; PCI, percutaneous
coronary intervention.
a Risk differences were estimated

from weighted cumulative
incidence curves along with 95% CIs
generated in 2000 bootstrap
resamples.

b Hazard ratios and 95% CIs were
estimated from weighted
cause-specific proportional hazards
models.

c MACE was defined by death,
myocardial infarction, unstable
angina, or urgent coronary
revascularization.

d Urgent coronary revascularization
was defined as unplanned
hospitalization with percutaneous
coronary intervention or coronary
artery bypass grafting occurring
during the same hospitalization.
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replace findings from well-conducted randomized studies.12

Even though balance was achieved in each cohort by IPTW, and
sensitivity analyses were performed to ensure the results were
robust, it is still possible that patients selected for PCI dif-
fered in terms of risk compared with patients not receiving PCI.
Yet, the observation of worse outcomes among patients with
nonischemic FFR who received PCI was unlikely due to selec-
tion of healthier patients for treatment. Furthermore, better
outcomes observed among patients with ischemic FFR who
received PCI was similar to the FAME studies.2,32

Second, FFR measurements were not reviewed in a core
laboratory. Interpretation was left to the discretion of the op-
erator, which is reflective of real-world clinical practice.

Third, this study excluded patients who had CABG within
6 months after the index FFR because of the intention to evalu-
ate whether adherence to FFR thresholds is associated with
better outcomes with PCI. In sensitivity analysis, results re-
mained consistent after excluding CABG within 1 month and
3 months after FFR.

Fourth, periprocedural MI defined by troponin eleva-
tions early after PCI could not be ascertained in this cohort.
However, outcome definitions included new hospitalization
events, which remain clinically relevant.

Fifth, anatomic data on nonobstructive lesions (ie, steno-
sis 20%-69%) were not available. Instead, IPTW was per-

formed using obstructive coronary artery disease (stenosis
≥70%), which has been shown to have the greatest prognos-
tic association.34

Sixth, information on whether patients had a staged PCI
or PCI due to clinical deterioration after the index FFR proce-
dure was not available. Thus, a more conservative analytical
approach was used by including patients who did not receive
PCI during the index FFR in the no PCI group, which would
tend to bias toward the null for effective treatment.

Seventh, patients with ST-elevation MI as well as pa-
tients undergoing multivessel PCIs, left main FFR, and CABG
were excluded analogous to randomized studies of FFR. Ac-
cordingly, the findings should not be generalized to patients
not evaluated in this study.

Conclusions
Among patients with coronary artery disease who under-
went single-vessel FFR measurement in routine clinical prac-
tice, performing PCI, compared with not performing PCI, was
significantly associated with a lower rate of MACE for ische-
mic lesions and a higher rate of MACE for nonischemic le-
sions. These findings support the performance of PCI proce-
dures according to evidence-based FFR thresholds.
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