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BACKGROUND Intracoronary pressure wire measurement of fractional flow reserve (FFR) provides decision-making

guidance during percutaneous coronary intervention (PCI). However, limited data exist on the effect of FFR on long-term

clinical outcomes in patients with stable angina pectoris.

OBJECTIVES The purpose of this study was to determine the association between the usage of FFR and all-cause

mortality in patients with stable angina undergoing PCI.

METHODS Data was used from the SCAAR (Swedish Coronary Angiography and Angioplasty Registry) on all patients

undergoing PCI (with or without FFR guidance) for stable angina pectoris in Sweden between January 2005 and March

2016. The primary endpoint was all-cause mortality, and the secondary endpoints were stent thrombosis (ST) or

restenosis and peri-procedural complications. The primary model was multilevel Cox proportional hazards regression

adjusted with Kernel-based propensity score matching.

RESULTS In total, 23,860 patients underwent PCI for stable angina pectoris; of these, FFR guidance was used in 3,367.

After a median follow-up of 4.7 years (range 0 to 11.2 years), the FFR group had lower adjusted risk estimates for all-

cause mortality (hazard ratio: 0.81; 95% confidence interval [CI]: 0.73 to 0.89; p < 0.001), and ST and restenosis (hazard

ratio: 0.74; 95% CI: 0.57 to 0.96; p ¼ 0.022). The number of peri-procedural complications did not differ between the

groups (adjusted odds ratio: 0.96; 95% CI: 0.77 to 1.19; p ¼ 0.697).

CONCLUSIONS In this observational study, the use of FFR was associated with a lower risk of long-term mortality, ST,

and restenosis in patients undergoing PCI for stable angina pectoris. This study supports the current European and

American guidelines for the use of FFR during PCI and shows that intracoronary pressure wire guidance confers prog-

nostic benefit in patients with stable angina pectoris. (J Am Coll Cardiol 2020;75:2785–99)
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I mprovements in clinical outcome after a
percutaneous coronary intervention
(PCI) correlate with the extent of

myocardial ischemia (1), which can be esti-
mated by fractional flow reserve (FFR) or
the instantaneous wave-free ratio (iFR) (2).
FFR-guided PCI has been investigated in ran-
domized clinical trials (RCTs) in patients
with stable angina and has been shown to improve
clinical results when compared with angiography-
guided PCI (3) or optimal medical therapy (4,5). Trials
on FFR guidance in PCI in nonculprit lesions
compared with optimal medical therapy showed
benefit regarding the composite endpoint of death,
myocardial infarction, and target lesion revasculari-
zation in patients with acute coronary syndromes
(4,6,7), but no study has had sufficient statistical po-
wer to test the hypothesis that FFR-guided PCI de-
creases mortality. Results from a recently presented
pooled, patient-level analysis of 3 RCTs demon-
strated a reduced risk of death or myocardial infarc-
tion with FFR-guided revascularization (4,6,7),
revitalizing the debate about the prognostic rele-
vance of PCI in patients with stable angina
pectoris (8).
SEE PAGE 2800
High-quality observational studies represent a
valuable complement to RCTs because observational
studies can assess the external validity of RCTs over
longer follow-up times in large numbers of patients
(9). The objective of our observational study was to
compare the association of FFR-guided versus
angiography-guided PCI with long-term mortality,
restenosis, and stent thrombosis and periprocedural
complications in patients with stable angina pectoris
registered in the SCAAR (Swedish Coronary Angiog-
raphy and Angioplasty Registry), a prospective
nationwide database with information about all pa-
tients undergoing coronary angiography and PCI in
Sweden since 1992.

METHODS

DATABASE AND STUDY POPULATION. Each proced-
ure in SCAAR is described with up to 50 angiographic
and 200 PCI demographic and procedure-related
variables. The registry provides w100% procedure
s attest they are in compliance with human studies committees

nd Food and Drug Administration guidelines, including patient co

uthor instructions page.

received January 24, 2020; revised manuscript received April 3,
coverage in Sweden. It is sponsored by the Swedish
health authorities and receives no commercial fund-
ing. Detailed information about SCAAR’s organization
and the database has been reported elsewhere (10,11).

The ethics committee at the University of Gothen-
burg approved the current study. We included all PCI
procedures performed in patients for the indication of
stable angina pectoris between January 2005 and
March 2016 (Figure 1). We did not perform sample size
analysis before statistical modeling. Stable angina
pectoris was defined according to the criteria estab-
lished by the European Society of Cardiology (12).

DEFINITIONS AND ENDPOINTS. Patients were
considered to have diabetes, hypertension, hyperlip-
idemia, previous myocardial infarction, or previous
stroke according to the International Classification of
Diseases codes (10). Information about the previous
PCI, previous coronary artery bypass grafting (CABG),
cardiogenic shock, and procedural details were
registered. Standardized definitions were used for
procedure-related information. Only Swedish citizens
with a unique 9-digit personal identification number
were included. An FFR-guided procedure is defined
as a procedure in which usage of an FFR wire was
reported by the treating PCI operator. Similarly, an
angiography-guided procedure was defined as a pro-
cedure in which the usage of FFR wire or iFR was not
reported. Information on FFR variables was entered
into the registry by the treating interventionist after
each procedure. Complete revascularization was
defined as no remaining clinically significant coro-
nary artery stenosis (>50% lumen narrowing on
angiogram or physiologically significant stenosis
based on a pressure-wire evaluation) supplying an
estimated left ventricular mass >10% (13).

The primary endpoint was all-cause mortality. Vi-
tal status and date of death were obtained from the
Swedish National Population Registry until March 15,
2016. SCAAR was merged with the Swedish National
Population Registry by the Epidemiologic Center of
the Swedish National Board of Health and Welfare
using personal identification numbers. Because the
use of personal identification numbers is mandatory,
the death registry in Sweden has a nearly 100%
completeness within 30 days, but it is not reviewed or
adjudicated to establish cardiac versus noncardiac
causes of death.
and animal welfare regulations of the authors’ in-
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FIGURE 1 Patient Flow Chart

January 2005 - March 2016
PCI procedures for stable angina

in 31,918 patients

PCI deferred after
invasive diagnostics

n = 4,498

Previous CABG, iFR,
FFR only after PCI

n = 3,560

27,420 patients treated with PCI

23,860 patients treated with PCI

Angiography-guided PCI
n = 20,493

FFR-guided PCI
n = 3,367

A total of 23,860 patients underwent PCI for stable angina pectoris; of these, FFR guidance was used in 3,367. The primary endpoint was all-

cause mortality, and the secondary endpoints were stent thrombosis or restenosis and periprocedural complications. CABG ¼ coronary artery

bypass grafting; FFR [ fractional flow reserve; iFR ¼ instantaneous wave-free ratio; PCI ¼ percutaneous coronary intervention
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The secondary endpoint was time to the first
occurrence of either restenosis (a newly detected
stenosis in a previously stented segment as
assessed by angiography [>50% diameter stenosis]
or the presence of demonstrated functional
ischemia with intracoronary pressure wire) or defi-
nite stent thrombosis (symptoms suggestive of an
acute coronary syndrome and angiographic evi-
dence of stent thrombosis according to the Aca-
demic Research Consortium [14]). In SCAAR, if a
patient undergoes repeat coronary angiography or
PCI, operators are informed by the system about
details of the previous procedure(s) and implanted
stent(s), if any. At that time, the system mandates
feedback information about any occurrence of
restenosis or stent thrombosis in the previously
treated segments.

Peri-procedural complications were defined as the
in-hospital occurrence of any of the following events:
procedure-related death, neurological complications
(transitory ischemic attack or stroke), cardiac tam-
ponade, vessel perforation, permanent vessel occlu-
sion, and major bleeding.
STATISTICAL ANALYSIS. Continuous variables are
presented as a median (interquartile range) and
categorical variables as frequencies. Normal distri-
bution of variables was assessed by inspecting the
distribution of values on histograms and by the Sha-
piro-Wilk test. Intergroup differences in continuous
variables were tested by linear regression. Differences
in categorical variables were tested by logis-
tic regression.

Missing data were imputed using the multiple
imputation chain-equation method (15) with 5 data-
sets. The calendar year, an indicator of missingness,
and an event indicator were included as regular var-
iables. Continuous variables were imputed by ordi-
nary least-squares multiple regression, binary
variables by logistic regression, and categorical vari-
ables by multinomial logistic regression. The impu-
tation procedure and subsequent analyses were done
according to Rubin’s protocol (16) under the
assumption that missing data are missing at random.

The primary aim of the data analysis was to
determine whether the long-term probability of
death, restenosis, and stent thrombosis differed



TABLE 1 Patient Characteristics

Angiography
(n ¼ 20,493)

FFR
(n ¼ 3,367)

Crude Absolute
Standardized
Difference

Adjusted Absolute
Standardized
Difference

Age 0.137 0.006

Mean � SD 67.0 � 9.8 65.7 � 9.6

Median (Q1, Q3) 67.0 (61.0, 75.0) 66.0 (59.0, 73.0)

Sex 0.064 0.001

Male 15,421 (75.4) 2,624 (77.9)

Female 5,072 (24.8) 743 (22.1)

Diabetes mellitus 0.011 0.003

No 15,993 (78.1) 2,612 (77.6)

Yes 4,500 (21.9) 755 (22.4)

Missing 71 (0.3) 4 (0.1)

Hypertension 0.036 0.005

No 5,208 (25.4) 806 (23.9)

Yes 15,285 (74.6) 2,561 (76.1)

Missing 172 (0.7) 8 (0.2)

Hyperlipidemia 0.026 0.005

No 4,750 (23.2) 744 (22.1)

Yes 15,743 (76.8) 2,623 (77.9)

Missing 166 (0.7) 14 (0.4)

Smoking status

Never 8,868 (43.3) 1,404 (41.7) 0.031 0.016

Previous 9,316 (45.5) 1,583 (47.1) 0.031 0.010

Current 2,309 (11.2) 380 (11.2) 0.001 0.001

Missing 628 (2.7) 95 (2.6)

Previous MI 0.007 0.002

No 14,799 (77.2) 2,314 (68.7)

Yes 5,694 (27.8) 1,053 (31.3)

Missing 448 (1.9) 62 (1.7)

Previous PCI 0.147 0.003

No 14,076 (68.7) 2,079 (61.8)

Yes 6,417 (31.3) 1,288 (38.2)

Missing 7 (0.0) 2 (0.1)

CCS angina class

I 2,208 (10.7) 501 (14.9) 0.123 0.001

II 11,277 (55.0) 1,962 (58.3) 0.065 0.003

III 6,864 (33.5) 885 (26.3) 0.157 0.002

IV 144 (0.7) 19 (0.7) 0.017 0.013

Missing 825 (3.6) 50 (1.4)

Creatine clearance 0.101 0.039

Mean � SD 85.9 � 31.4 89.8 � 30.9

Median (Q1, Q3) 82.7 (64.8, 103.1) 86.4 (68.7, 106.2)

Missing 4,246 (17.9) 518 (14.0)

Values are n (%) unless otherwise indicated.

CABG ¼ coronary artery bypass grafting; CCS ¼ Canadian Cardiovascular Society; FFR¼ fractional flow reserve;
MI ¼ myocardial infarction; PCI ¼ percutaneous coronary intervention; Q ¼ quartile.
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significantly between patients who underwent
angiography-guided PCI and those who underwent
FFR-guided PCI. Propensity score models were used
to adjust for differences in patient characteristics.
Significant predictors of FFR-guided PCI for each pa-
tient were identified by fitting a logistic regression
model with: 1) a binary dependent variable repre-
senting FFR-guided PCI; and 2) candidate variables
consisting of the patient-related predictors of the
type of therapy used. The variables in Tables 1 and 2,
as well as the calendar year and hospital, were
entered into the logistic model. The number of
treated segments and the number of implanted stents
per segment were excluded from the model as
possible mediators. The estimated propensity score
was then used for kernel-based matching (17) (based
on Epanechnikov function and bandwidth of 0.06) in
Cox proportional hazard regression, which was the
primary statistical model. The proportionality of
hazards was assessed by including treatment-time
interaction in the model. Kernel-based matching ap-
plies a nonlinear (logit) multiple regression model of
the probability and is less sensitive to possible mis-
specification of the treatment assignment and to vi-
olations of positivity assumptions. A frailty term with
gamma distribution was included to account for the
hierarchical clustering of patients within hospitals.
Multilevel propensity score-adjusted logistic regres-
sion was used to compare the 2 groups regarding
peri-procedural complications.

For sensitivity analyses, we used modeling with
propensity score based on the inverse probability of
treatment weighting and instrumental variable anal-
ysis (18–20). The instrumental variable was used to
reduce bias due to unmeasured confounders. This
method is a post hoc analytic technique based on
statistical principles similar to those used in the
analysis of randomized trials. To use instrumental
variable analysis, one must identify a naturally
varying phenomenon in the observed data, which like
the act of randomization in an RCT, predicts the
treatment that will be assigned to the individual pa-
tient. We used an instrument based on the preference
for the use of FFR during PCI at the level of individual
hospitals. To create this treatment-preference in-
strument, we divided hospitals into quintiles based
on the total number of procedures in which FFR was
used for each year during the study period. We used
the instrumental variable estimator for the Cox pro-
portional hazards model to simultaneously deal with
the problems of unmeasured confounding and
censoring of the outcome (21). We used this proced-
ure to examine the risk estimates by including both
the instrument and propensity score in the regres-
sion. The outcomes (dependent) variables in the re-
gressions were all-cause mortality and restenosis or
stent thrombosis. We used numerical and graphical
analyses (box plot and Kernel density plots) to eval-
uate the common support of the distribution of pro-
pensity score between the 2 study groups. We
assumed that absolute standardized differences <0.1
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indicates that the groups were well-balanced in the
covariate of interest (22).

Goodness-of-fit (calibration) for the propensity
score models was assessed with the Hosmer-Leme-
show test and with Groennesby and Borgan test for
the Cox proportional hazards models. Multi-
collinearity between the variables in the models was
evaluated by calculating the variance inflation factor.
All reported p values are 2-sided and are not adjusted
for multiple testing. We used the Durbin-Wu-
Hausman specification test to evaluate the presence
of residual confounding (endogeneity). The validity
of the instrumental variable was tested with the Sar-
gan test. To test for the strength of the instruments,
we examined the partial F test from the first-stage
regression, which predicts treatment as a function
of instrument and covariates. The partial F test has
the null hypothesis that the coefficient for the effect
of the instrument in the first-stage regression model
is zero (23). An F-statistic >10 indicates that the in-
strument is not weak. Reported standard errors from
instrumental variable regression are robust and ac-
count for the clustering of patients within hospitals
using the sandwich estimator. Stata software version
16.0 (StataCorp, College Station, Texas) was used for
all statistical analyses. A value of p < 0.05 was
considered statistically significant.
RESULTS

BASELINE CHARACTERISTICS AND TREATMENTS.

We identified 31,918 patients who were treated for
stable angina pectoris during the study period
(Figure 1). We excluded patients in whom PCI was
deferred based on invasive coronary diagnostics and
patients in whom intravascular ultrasound and opti-
cal coherence tomography were used during PCI
(n ¼ 4,498). A total of 23,860 patients underwent PCI
(Central Illustration). Of these, FFR was used in 3,367
patients and 20,493 patients underwent PCI without
intracoronary pressure measurements. Complete data
were available for 21,918 of these procedures. Data
were missing in 1,942 patients for at least 1 of the
variables used for adjustment with propensity score,
and these observations were included in the models
after the imputation of the missing data. After
exclusion of patients with previous CABG (n ¼ 3,559),
patients in whom iFR was used (n ¼ 199), patients in
whom FFR was used only after PCI (n ¼ 84), and after
the Kernel-based propensity score matching, 20,377
patients from the angiography group and 3,357 pa-
tients from the FFR group remained in the primary
statistical model.
The baseline characteristics of the patients are
presented in Table 1. Patients in the FFR group were
on average 1 year younger; were more likely to be
men; and were more likely to have hypertension,
hyperlipidemia, and previous PCI. Patients in the
angiography group were more likely to have higher
angina class. The groups were balanced regarding
diabetes mellitus, previous myocardial infarction,
and creatine clearance, but Canadian Cardiovascular
Society angina class I and II was more common in the
FFR group. The groups differed in some important
procedure-related characteristics (Table 2). Patients
in the FFR group received fewer stents per target
segment; were more likely to have radial access,
receive second-generation drug-eluting stents, and
undergo direct stenting; and were more often
completely revascularized. Ticagrelor and low mo-
lecular weight heparin were used more often in the
FFR group, whereas unfractionated heparin was more
often used in the angiography group. FFR was used
for evaluation of 6,942 lesions, whereas data was
missing for 3,560 (51.3%) lesions (Table 2).

USE OF INTRACORONARY PRESSURE MEASUREMENTS

OVER THE STUDY PERIOD. The use of FFR for decision-
making during revascularization with PCI increased
from 8% in 2005 to 32% in 2016, which corresponds to
an annual increase of 15.3% (test for trend, p < 0.001)
(Figure 2A). There was substantial variation in the
use of FFR during the study period between
the PCI centers ranging from 3% to 37%
(p < 0.001) (Figure 2B).

CLINICAL OUTCOMES. During the study period be-
tween January 2005 and March 2016, there were 3,191
deaths (Table 3). The median follow-up time was 5.1
years (range 0 to 11.2 years) in the angiography group
and 3.9 years (range 0 to 11.2 years) in the FFR group.
The cumulative crude probability of death based on
the Kaplan-Meier product-limit estimator was 22.7%
(95% confidence interval [CI]: 19.6% to 26.3%) in the
FFR group and 30.2% (95% CI: 28.8% to 31.2%) in the
angiography group (log-rank test p < 0.001)
(Figure 3A, Central Illustration). The unadjusted haz-
ard ratio (HR) for the primary endpoint, all-cause
mortality, was lower in the FFR group (HR: 0.76;
95% CI: 0.68 to 0.87; p < 0.001). After adjustment
with the propensity score matching, the risk of the
primary endpoint remained lower in the FFR group
(HR: 0.81; 95% CI 0.73 to 0.89; p < 0.001) (Table 3,
Central Illustration). Landmark analysis showed no
difference in survival between the 2 groups at 1 year
after PCI (adjusted HR: 0.94; 95% CI: 0.58 to 1.52;
p ¼ 0.813) (Figure 3B). However, in the period after
the 1-year landmark, the risk of death was lower in



TABLE 2 Procedural Details

Angiography
(n ¼ 20,493)

FFR
(n ¼ 3,367)

Crude
Absolute

Standardized
Difference

Adjusted
Absolute

Standardized
Difference

Number of targeted segments 1.73 � 0.95 2.26 � 1.10 0.495 0.089

Number of implanted stents per
segment

1.07 � 0.79 0.84 � 0.62 0.366 0.009

FFR-guided strategy

Number of evaluated lesions,
n (n missing*)

NA 6,942 (3,560)

Mean FFR NA 0.78 � 0.11

Ischemic lesions NA 0.70 � 0.08

Nonischemic lesions NA 0.88 � 0.06

Lesions with FFR #0.80
no./total

NA 2,794 (82.6)

Arterial access 0.329 0.037

Femoral artery 9,068 (44.4) 973 (28.9)

Radial artery 11,394 (55.6) 2,390 (71.1)

Missing 31 (0.2) 4 (0.1)

Severity of coronary disease

SV 11,075 (54.3) 1,654 (49.6) 0.075 0.015

MV no LM 8,824 (43.2) 1,589 (47.7) 0.113 0.009

LM and other 513 (2.5) 89 (2.7) 0.095 0.005

Missing 81 (0.4) 35 (1.1)

Treated vessel

LAD 10,329 (48.5) 4,111 (58.1) 0.239 0.021

LCx 4,657 (21.6) 1,356 (19.2) 0.096 0.001

RCA 5,883 (27.6) 1,249 (17.7) 0.185 0.007

LM 444 (2.1) 356 (5.0) 0.398 0.021

Type of lesion

De novo 19,770 (96.5) 3,253 (96.6) 0.005 0.021

In-stent restenosis 645 (3.2) 80 (2.4) 0.072 0.078

Other restenosis 78 (0.4) 34 (1.0) 0.042 0.006

Lesion classification

A 2,482 (12.1) 467 (13.9) 0.029 0.020

B 13,506 (65.9) 2,397 (71.2) 0.008 0.017

C 4,369 (21.3) 443 (13.2) 0.157 0.002

Missing 136 (0.6) 60 (1.7)

Procedure with stent 0.094 0.002

No 1,664 (8.1) 260 (7.7)

Yes 18,829 (91.9) 3,107 (92.3)

Type of stent 0.068 0.001

BMS 6,029 (29.4) 588 (18.9)

DES 12,800 (70.6) 2,519 (81.1)

Type of DES 0.42 0.044

First-generation DES 3,520 (27.5) 288 (11.4)

Second-generation DES 9,1280 (72.5) 2,231 (88.6)

Methods used

Direct stenting 3,559 (17.3) 762 (22.2) 0.227 0.008

Pre-dilatation before stent 13,867 (67.7) 1,537 (45.9) 0.186 0.004

Rotablation 99 (0.6) 5 (0.1) 0.051 0.005

Cutting/sculpting balloon 83 (0.5) 12 (0.3) 0.007 0.006

DEB 454 (2.2) 105 (3.2) 0.103 0.002

DEB and stent 30 (0.1) 9 (0.2) 0.039 0.013

Continued on the next page
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the FFR group (adjusted HR: 0.79; 95% CI: 0.71 to
0.87; p < 0.001) (Figure 3B). The age- and sex-
adjusted HR for death decreased by 2% for each year
between 2005 and 2016 (adjusted HR: 0.98; 95% CI:
0.97 to 0.99; test for trend p ¼ 0.015).

During the study period, there were 921 combined
events of either in-stent restenosis or stent throm-
bosis, of which 833 (90.5%) were in-stent restenoses,
and 88 (9.5%) were definite stent thromboses. FFR-
guided PCI was associated with a lower risk of reste-
nosis and stent thromboses (unadjusted HR: 0.64;
95% CI: 0.50 to 0.82; p < 0.001; adjusted HR: 0.74;
95% CI: 0.57 to 0.96; p ¼ 0.022) (Figure 4A, Table 3,
Central Illustration). The difference in the combined
event of in-stent restenosis or stent thrombosis was
mainly due to the lower risk of restenosis (Figures 4B
and 4C, Table 3). Landmark analysis showed no dif-
ference in the combined event of in-stent restenosis
or stent thrombosis between the 2 groups at 1 year
after PCI (adjusted HR: 0.98; 95% CI: 0.73 to 1.31;
p ¼ 0.906). However, in the period after the 1-year
landmark, the risk was lower in the FFR group
(adjusted HR: 0.55; 95% CI: 0.37 to 0.82; p ¼ 0.003)
(Figure 4D). We found no difference between the
groups in the risk of peri-procedural complications
(adjusted OR: 0.96; 95% CI: 0.77 to 1.19; p ¼ 0.697)
(Table 3). The complete list of peri-procedural com-
plications is provided in Supplemental Table 1.

SUBGROUP ANALYSIS. We found no evidence
for interaction between FFR and age, sex, diabetes
mellitus, previous myocardial infarction, previous
PCI, previous CABG, the severity of coronary artery
disease, treated vessel, and angina CCS class for the
primary endpoint, all-cause mortality (all interaction
tests, p > 0.05) (Figure 5).

SENSITIVITY ANALYSIS. We tested different sce-
narios to quantify when the upper limit of 95% CI for
FFR would reach 1 in the primary model (24). For
FFR-guided PCI to lose statistical significance as
independently associated with the primary endpoint,
the unmeasured confounder would have to have an
OR above 3, given a prevalence of 10% in the FFR
group and 30% in the angiography group. After the
exclusion of patients who developed in-stent reste-
nosis or stent thrombosis, the adjusted risk estimate
for the primary endpoint did not change substantially
(HR: 0.80; 95% CI: 0.73 to 0.88; p < 0.001). Sensitivity
analysis after exclusion of patients without prior
myocardial infarction and prior PCI showed an
adjusted risk estimate in the FFR group (n ¼ 1,866)
compared with the angiography group (n ¼ 12,503)
that was consistent with the primary model (HR: 0.81;
95% CI: 0.72 to 0.92; p ¼ 0.001). Inclusion of patients
with previous CABG, patients in whom iFR was used,
and patients in whom FFR was used only after PCI did

https://doi.org/10.1016/j.jacc.2020.04.018


TABLE 2 Continued

Angiography
(n ¼ 20,493)

FFR
(n ¼ 3,367)

Crude
Absolute

Standardized
Difference

Adjusted
Absolute

Standardized
Difference

Complete revascularization 0.107 0.002

No 5,429 (26.5) 714 (21.2)

Yes 15,064 (73.5) 2,653 (78.8)

Anticoagulation before PCI

Aspirin 0.053 0.006

No 958 (4.7) 196 (5.8)

Yes 19,535 (95.3) 3,171 (94.2)

Clopidogrel 0.108 0.018

No 7,093 (34.6) 1,348 (40.1)

Yes 13,391 (65.3) 2,018 (59.9)

Missing 9 (0.0) 1 (0.0)

Ticagrelor 0.139 0.048

No 19,060 (92.8) 2,998 (89.4)

Yes 1,433 (6.9) 369 (10.6)

Prasugrel 0.006 0.008

No 20,358 (99.3) 3,339 (99.2)

Yes 135 (0.7) 28 (0.8)

Anticoagulation during PCI

Aspirin 0.016 0.004

No 19,846 (96.8) 3,240 (96.2)

Yes 644 (3.2) 122 (3.6)

Missing 4 (0.0) 5 (0.2)

UH 0.223 0.004

No 2,241 (10.9) 619 (18.4)

Yes 18,252 (89.1) 2,748 (81.6)

LMWH 0.319 0.026

No 19,038 (92.9) 2,796 (83.0)

Yes 1,455 (7.1) 571 (16.9)

Clopidogrel 0.009 0.004

No 16,626 (81.1) 2,729 (81.1)

Yes 3,864 (18.9) 634 (18.8)

Missing 3 (0.0) 4 (0.1)

Ticagrelor 0.001 0.010

No 18,166 (88.6) 2,989 (88.7)

Yes 2,327 (11.4) 378 (11.3)

Prasugrel 0.009 0.001

No 19,945 (97.3) 3,326 (98.8)

Yes 548 (2.7) 41 (1.2)

Bivalirudin 0.123 0.006

No 19,614 (95.7) 3,298 (97.9)

Yes 879 (4.3) 69 (2.1)

GP IIB/IIIA 0.015 0.004

No 20,288 (99.0) 3,337 (99.1)

Yes 205 (1.0) 30 (0.9)

Values are mean � SD or n (%), unless otherwise indicated. *Reporting FFR values was not mandatory until
June 2013.

BMS ¼ bare-metal stent; DEB ¼ drug-eluting balloon; DES ¼ drug-eluting stent; FFR ¼ fractional flow reserve;
GP IIB/IIIA ¼ glycoprotein IIB/IIIA receptor inhibitor; LAD ¼ left anterior descending artery; LCx ¼ left circumflex
artery; LM ¼ left main; LWMH ¼ low molecular weight heparin; MV ¼ multivessel; PCI ¼ percutaneous coronary
intervention; RCA ¼ right coronary artery; SV ¼ single vessel; UH ¼ unfractionated heparin.
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not change adjusted risk estimate (HR: 0.79; 95% CI:
0.69 to 0.91; p ¼ 0.001). Modeling with propensity
score matching based on the inverse probability of
treatment weighting showed similar results to the
primary model based on the propensity score Kernel
matching (Supplemental Table 2). Instrumental vari-
able analysis based on the treatment-preference in-
strument showed significant risk reduction for all-
cause mortality (HR: 0.67; 95% CI: 0.56 to 0.83;
p < 0.001) and restenosis or stent thrombosis (HR:
0.60; 95% CI: 0.43 to 0.86; p ¼ 0.005) in the
FFR group.

DATA ANALYSIS AND POST-ESTIMATION DIAGNOSTICS.

Data were missing for 1 or several variables in 1,942
(8.1%) patients; 1,766 (8.6%) in the angiography group
and 226 (6.7%) in the FFR group. No variable used for
adjustment with propensity score was missing for
>5% patients (Table 2). Post-estimation analysis for
the logistic regression models, including propensity
score estimation, by Hosmer-Lemeshow and Groen-
nesby and Borgan tests showed adequate goodness of
fit for the models (p > 0.05). Squared covariate terms
had no explanatory power in any of the models (link
test, p > 0.05). Balancing properties of the calculated
propensity scores were evaluated by multivariate
linear and binary and multinomial logistic re-
gressions. After adjustment with the propensity score,
we found no statistical difference in the baseline
characteristics between the groups (Tables 1 and 2).
There was an adequate overlap between the groups
after the propensity score matching (Supplemental
Figure 1). The average variance inflation factor was
below 5.0 for all models, indicating a lack of multi-
collinearity between the variables. Durbin-Wu-
Hausman test for endogeneity was statistically sig-
nificant at p < 0.001 for all dependent variables
modeled with the 2SLS regression. The validity
(overidentification) test yielded the Sargan-Hansen
statistic of 1.17 with a p value of 0.76, which in-
dicates that the instruments were valid. Treatment–
time interaction in the Cox proportional-hazards
models was not significant for the primary analysis
(p ¼ 0.979) and the secondary analysis (p ¼ 0.508).

DISCUSSION

This study shows that among 23,860 patients under-
going PCI for stable angina pectoris in Sweden be-
tween January 2005 and March 2016, PCI guided with
intracoronary pressure measurement, as compared
with angiography-guided PCI, was associated with
improved long-term survival and a lower risk of
restenosis. Our study supports the current European
(25) and American (26) guidelines for the use of FFR
in PCI and shows that PCI with intracoronary pressure
wire guidance has prognostic benefit in patients with
stable angina pectoris.

https://doi.org/10.1016/j.jacc.2020.04.018
https://doi.org/10.1016/j.jacc.2020.04.018
https://doi.org/10.1016/j.jacc.2020.04.018


CENTRAL ILLUSTRATION Study Design and Main Findings
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The study is based on the data from the Swedish Coronary Angiography and Angioplasty Registry. All patients undergoing PCI for stable angina pectoris in

Sweden between January 2005 and March 2016 were included. The primary endpoint was all-cause mortality, and the secondary endpoints were stent

thrombosis or restenosis and periprocedural complications. A total of 23,860 patients underwent PCI for stable angina pectoris; of these, fractional flow

reserve guidance was used in 3,367. After a median follow-up of 4.7 years, the fractional flow reserve group had lower adjusted risk estimates for

all-cause mortality and stent thrombosis and restenosis. CI ¼ confidence interval; HR ¼ hazard ratio; PCI ¼ percutaneous coronary intervention.
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Our findings support the earlier FAME (Fractional
Flow Reserve Versus Angiography for Multivessel
Evaluation; NCT00267774) trial, which was the first
study to demonstrate the benefit of physiology-
guided PCI over angiography-guided PCI to
decrease major adverse cardiovascular events (3).
The subsequent FAME 2 (NCT01132495) trial showed
that major adverse cardiovascular events were also
reduced by FFR-guided PCI when compared with
optimal medical therapy alone and that the benefit
at 1 year was driven mainly by a reduced risk for
urgent revascularization (4). This beneficial effect
persisted at 5 years (5). Indeed, the FAME in-
vestigators suggested that FFR-guided PCI may
improve prognosis in patients with stable angina
pectoris similarly to CABG. Our findings support this
hypothesis and the external validity of both FAME
trials.

High-quality observational data in the setting of
FFR-guided PCI is limited to 2 analyses with con-
flicting results. While the single-center study from
Korea reported superior outcomes with routine
implementation of FFR (27), U.K. investigators re-
ported no significant benefit of pressure-wire guid-
ance (28). There are several key differences between
the present analysis and the U.K. study. Whereas the
U.K. investigators included a mixed population with
w40% of patients presenting with acute coronary

https://clinicaltrials.gov/ct2/show/NCT00267774
https://clinicaltrials.gov/ct2/show/NCT01132495


FIGURE 2 Trends in Usage of FFR in Sweden
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syndrome, we focused exclusively on patients with
stable angina. Furthermore, our study has longer
follow-up time and a higher number of events with
consequently higher statistical power. Finally,
whereas the U.K. investigators performed a complete-
case analysis, we analyzed data after imputation of
missing value, which is a more appropriate statistical
approach (29).



TABLE 3 Primary and Secondary Analyses

Clinical Outcome Angiography FFR
Adjusted

Risk Estimate 95% CI p Value Missing

Primary endpoint

Death 2,916 (14.2) 275 (8.2) 0.81* 0.73–0.89 <0.001 0 (0.0)

Secondary endpoints

In-stent restenosis
or stent
thrombosis

847 (4.1) 74 (2.2) 0.74* 0.57–0.96 0.022 26 (0.1)

In-stent restenosis 768 (4.4) 65 (1.9) 0.71* 0.54–0.94 0.016

Stent thrombosis 79 (0.5) 9 (0.3) 0.98* 0.45–2.14 0.958

Early 18 (0.1) 3 (0.1)

Late 13 (0.1) 2 (0.1)

Very late 48 (0.2) 4 (0.1)

In-hospital
complications†

1,308 (6.4) 208 (6.1) 0.96‡ 0.77–1.19 0.697

Values are n (%) unless otherwise indicated. *Hazard ratio. †Number of patients with at least 1 complication.
‡Odds ratio

CI ¼ confidence interval; FFR ¼ fractional flow reserve.
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The main finding of our study, namely decreased
mortality when PCI was guided by FFR, is a valuable
complement to the results from a pooled analysis of 3
contemporary randomized clinical trials—FAME 2,
DANAMI-3-PRIMULTI (Primary PCI in Patients With
ST-elevation Myocardial Infarction and Multivessel
Disease: Treatment of Culprit Lesion Only or Com-
plete Revascularization; NCT01960933) and
COMPARE-ACUTE (Comparison Between FFR Guided
Revascularization Versus Conventional Strategy in
Acute STEMI Patients With MVD; NCT01399736)
(4,6,7) which showed that FFR-guided PCI decreases
the combined outcome of death and myocardial
infarction (8,30). Although the effects of FFR were
driven by a reduction of myocardial infarction, no
difference in all-cause mortality was detected. How-
ever, neither the individual trials nor the pooled pa-
tient analysis had adequate statistical power to
evaluate whether the use of FFR reduces all-cause
mortality. In contrast, our long-term cohort of pa-
tients undergoing FFR guided PCI is 4 times larger
than the cohort used in the pooled analysis, which
enabled a meaningful assessment of the association
between FFR-guided PCI and all-cause mortality. The
risk of myocardial infarction was not included in the
primary endpoint in the present study. However, the
causal relationship between FFR and lower risk of
myocardial infarction has been established previ-
ously (8), and survival benefit after myocardial
revascularization is closely related to a reduction in
the myocardial infarction (31). Consequently, we
speculate that the decrease in mortality in our study
is mediated by a lower risk of myocardial infarction in
the FFR group. Nevertheless, we acknowledge that
the mechanisms we propose to explain decreased
mortality have not been reported in previously pub-
lished randomized clinical trials. We found that the
mortality curves in patients who were treated with
PCI with versus without FFR guidance did not diverge
until the second year of follow-up. This timeline of
events is in line with the DEFER trial in which deferral
of (rather than treatment with) PCI for physiologically
insignificant lesions (FFR >0.75) was associated with
a significantly lower incidence of myocardial infarc-
tion 5 years after randomization, but not at earlier
time points (30,32,33). The majority of events in the
DEFER trial resulted from previously stented vessels,
suggesting an interplay between the implanted
stent and neoatherosclerosis in hemodynamically
insignificant lesions (30). Similarly, our study showed
an increased risk of target vessel revascularization in
patients who had undergone angiography-guided PCI
and consequently had a higher number of stented
segments. Because restenosis is an independent pre-
dictor of long-term outcomes (34), the decreased risk
may contribute to improved survival in the FFR
group.

Of note, our sensitivity analysis showed that sur-
vival in the FFR group was still improved after
excluding patients with in-stent restenosis or stent
thrombosis, suggesting that the benefit of FFR-
guided PCI is also mediated by mechanisms beyond
the reduction of stent thrombosis and restenosis.
Studies with intravascular ultrasound have shown
that angiography is a weak instrument for the detec-
tion of vulnerable plaques (35). Coronary angiography
alone not only increases the number of stent im-
plantations in physiologically benign lesions, but also
underestimates functionally significant lesions (36),
which are predominantly located in the proximal
coronary segments. Undertreatment of functionally
significant stenoses results in increased residual
ischemia burden and may therefore also contribute to
the excess mortality in the angiography-guided
group, as both the duration and extent of myocar-
dial ischemia are linked to increased risk of death
(1,37). FFR is superior to angiography at selecting
vulnerable plaques, at least partly because impaired
coronary vasomotion (38) can explain the link be-
tween low FFR and vulnerable plaque characteristics
(namely a lipid-rich necrotic core [39]). Local treat-
ment of selected high-risk plaques with stents
together with optimal medical treatment stabilizes
these lesions, thereby preventing plaque rupture and
future clinical events. This rationale may also explain
the observed delay in the beneficial effects of FFR-
guided PCI on long-term survival.

Although invasive methods for physiological eval-
uation of coronary lesions are recommended in

https://clinicaltrials.gov/ct2/show/NCT01960933
https://clinicaltrials.gov/ct2/show/NCT01399736


FIGURE 3 Kaplan-Meier Analysis for Time-to-First Primary Endpoints
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(A) Cumulative incidence of the primary endpoint in relation to use of fractional flow reserve (FFR). (B) Cumulative incidence of the primary

endpoint after the landmark at 1 year in relation to use of FFR.
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FIGURE 4 Kaplan-Meier Analysis for Time-to-First Secondary Endpoints
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guidelines (12) and have proven cost-effectiveness
(40,41), there is still a wide variation in the use of
FFR, ranging from 3.3% in Germany (42) to w30% in
Sweden (43) and the United States (44,45). The rea-
sons for the varying utilization have been addressed
previously (46), and include operator-specific inertia
of previous practice, lack of familiarity, and
disagreement with current guidelines (47). Consid-
ering the growing evidence of benefit, more extensive
implementation of FFR should have a high priority for
improving long-term clinical outcomes in patients
with ischemic heart disease. The importance of this
clinical goal is supported by the fact that survival in
patients with stable angina pectoris after PCI in
Sweden has improved in recent years in parallel with
the substantial increase in the use of pressure wire
measurements. Recent progress in technology has
allowed the development of noninvasive physiolog-
ical assessment tools of coronary artery disease such
as computed tomography FFR and myocardial
perfusion cardiovascular magnetic resonance imag-
ing. First studies investigating the accuracy and
clinical relevance of these novel diagnostic modalities
have provided promising results (48,49), but the
importance of computed tomography FFR and
myocardial perfusion cardiovascular magnetic



FIGURE 5 Forest Plot of Treatment Effects
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND

PROCEDURAL SKILLS: Compared to intervention

based on angiographic assessment alone, guidance by

FFR measurement can improve survival in patients

undergoing PCI.

TRANSLATIONAL OUTLOOK: Further studies are

needed to define patient subgroups in whom FFR

measurements offer greater or less benefit over

angiographic assessment alone and to identify other

atherosclerotic lesion characteristics that influence

the outcomes of PCI in patients with stable ischemic

heart disease.
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resonance imaging for relevant clinical outcomes is
yet to be determined. Both modalities have the po-
tential to further optimize the treatment of patients
with coronary artery disease and substantially in-
crease the rate of physiologically guided
revascularization.

STUDY LIMITATIONS. We do not provide information
about cardiovascular mortality and myocardial
infarction other than for restenosis and stent throm-
bosis. However, restenosis frequently (w10%) causes
myocardial infarction (50). The absence of a clinical
event adjudication committee is an important limi-
tation of our study. However, regular monitoring and
data validation are performed in SWEDEHEART to
ascertain that data quality is of a high standard (51).
The overall correspondence of data during the study
period was >95% (10). Due to the observational na-
ture of the study, the evidence presented should be
considered associative and not causative. We cannot
exclude the presence of selection bias (e.g., the over-
representation of intermediate lesions in the FFR
group). However, the frequency of use of intra-
coronary pressure measurement varied widely be-
tween the participating centers and increased
significantly per hospital during the study period,
thereby creating patient diversity in both study
groups. Furthermore, we cannot exclude residual
confounding due to factors that are not captured by
the registry. Several sensitivity analyses have
demonstrated that the risk estimates from the pri-
mary models are robust. These sensitivity analyses
include the results from the regression modeling with
instrumental variable, which make it possible to
adjust for known as well as for unknown and un-
measured confounders. The observed rates of stent
thrombosis were low, which may indicate an under-
reporting and therefore cautious interpretation is
warranted. Finally, the presented study did not
include a control group managed with optimal med-
ical treatment only.

CONCLUSIONS

In this large-scale, all-comers, prospective observa-
tional study, the use of FFR was associated with a
lower risk of mortality, stent thrombosis, and reste-
nosis in patients undergoing PCI for stable angina
pectoris. Our results support the current guidelines
that promote the use of FFR for decision-making
during PCI.

ADDRESS FOR CORRESPONDENCE: Dr. Elmir Omer-
ovic, Department of Cardiology, Sahlgrenska Univer-
sity Hospital, Institute of Medicine, Department of
Molecular and Clinical Medicine, Sahlgrenska Acad-
emy at Gothenburg University, Bruna stråket 14, 413
45, Gothenburg, Sweden. E-mail: elmir@wlab.gu.se.
Twitter: @ElmirOmerovic2.
RE F E RENCE S
1. Shaw LJ, Berman DS, Maron DJ, et al. Optimal
medical therapy with or without percutaneous
coronary intervention to reduce ischemic burden:
results from the Clinical Outcomes Utilizing
Revascularization and Aggressive Drug Evaluation
(COURAGE) trial nuclear substudy. Circulation
2008;117:1283–91.

2. Pijls NH, De Bruyne B, Peels K, et al. Measure-
ment of fractional flow reserve to assess the
functional severity of coronary-artery stenoses.
N Engl J Med 1996;334:1703–8.

3. Tonino PA, De Bruyne B, Pijls NH, et al.
Fractional flow reserve versus angiography
for guiding percutaneous coronary interven-
tion. N Engl J Med 2009;360:213–24.
4. De Bruyne B, Pijls NH, Kalesan B, et al. Frac-
tional flow reserve-guided PCI versus medical
therapy in stable coronary disease. N Engl J Med
2012;367:991–1001.

5. Xaplanteris P, Fournier S, Pijls NHJ, et al. Five-
year outcomes with PCI guided by fractional flow
reserve. N Engl J Med 2018;379:250–9.

6. Engstrom T, Kelbaek H, Helqvist S, et al.
Complete revascularisation versus treatment of
the culprit lesion only in patients with ST-segment
elevation myocardial infarction and multivessel
disease (DANAMI-3-PRIMULTI): an open-label,
randomised controlled trial. Lancet 2015;386:
665–71.
7. Smits PC, Abdel-Wahab M, Neumann FJ, et al.
Fractional flow reserve-guided multivessel angio-
plasty in myocardial infarction. N Engl J Med 2017;
376:1234–44.

8. Zimmermann FM, Omerovic E, Fournier S, et al.
Fractional flow reserve-guided percutaneous cor-
onary intervention vs. medical therapy for patients
with stable coronary lesions: meta-analysis of in-
dividual patient data. Eur Heart J 2019;40:180–6.

9. Frieden TR. Evidence for health decision making
- beyond randomized, controlled trials. N Engl J
Med 2017;377:465–75.

10. Frobert O, Lagerqvist B, Olivecrona GK, et al.
Thrombus aspiration during ST-segment elevation

mailto:elmir@wlab.gu.se
https://twitter.com/ElmirOmerovic2
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref1
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref2
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref2
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref2
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref2
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref3
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref3
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref3
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref3
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref4
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref4
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref4
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref4
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref5
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref5
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref5
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref6
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref7
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref7
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref7
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref7
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref8
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref8
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref8
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref8
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref8
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref9
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref9
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref9
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref10
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref10


J A C C V O L . 7 5 , N O . 2 2 , 2 0 2 0 Völz et al.
J U N E 9 , 2 0 2 0 : 2 7 8 5 – 9 9 Long-Term Survival After FFR-Guided PCI in Stable Angina

2799
myocardial infarction. N Engl J Med 2013;369:
1587–97.

11. Ramunddal T, Hoebers LP, Henriques JP, et al.
Prognostic impact of chronic total occlusions: a
report from SCAAR (Swedish Coronary Angiog-
raphy and Angioplasty Registry). J Am Coll Cardiol
Intv 2016;9:1535–44.

12. Montalescot G, Sechtem U, Achenbach S, et al.
2013 ESC guidelines on the management of stable
coronary artery disease: the Task Force on the
management of stable coronary artery disease of
the European Society of Cardiology. Eur Heart J
2013;34:2949–3003.

13. Cowley MJ, Vandermael M, Topol EJ, et al. Is
traditionally defined complete revascularization
needed for patients with multivessel disease
treated by elective coronary angioplasty? Multi-
vessel Angioplasty Prognosis Study (MAPS) Group.
J Am Coll Cardiol 1993;22:1289–97.

14. Cutlip DE, Windecker S, Mehran R, et al. Clin-
ical end points in coronary stent trials: a case for
standardized definitions. Circulation 2007;115:
2344–51.

15. van Buuren S. Multiple imputation of discrete
and continuous data by fully conditional specifi-
cation. Stat Methods Med Res 2007;16:219–42.

16. Rubin DB. Inference and Missing Data. Bio-
metrika 1976;63:581–90.

17. Heckman JJ, Ichimura H, Todd P. Matching as
an Econometric evaluation estimator. The Review
of Economic Studies 1998;65:261–94.

18. Rassen JA, Schneeweiss S, Glynn RJ,
Mittleman MA, Brookhart MA. Instrumental vari-
able analysis for estimation of treatment effects
with dichotomous outcomes. Am J Epidemiol
2009;169:273–84.

19. Li J, Fine J, Brookhart A. Instrumental variable
additive hazards models. Biometrics 2015;71:
122–30.

20. Martinussen T, Norbo Sorensen D,
Vansteelandt S. Instrumental variables estimation
under a structural Cox model. Biostatistics 2019;
20:65–79.

21. Martinez-Camblor P, Mackenzie T, Staiger DO,
Goodney PP, O’Malley AJ. Adjusting for bias
introduced by instrumental variable estimation in
the Cox proportional hazards model. Biostatistics
2019;20:80–96.

22. Normand ST, Landrum MB, Guadagnoli E, et al.
Validating recommendations for coronary angi-
ography following acute myocardial infarction in
the elderly: a matched analysis using propensity
scores. J Clin Epidemiol 2001;54:387–98.

23. Bound J, Jaeger DA, Baker RM. Problems with
instrumental variables estimation when the cor-
relation between the instruments and the endo-
geneous explanatory variable is weak. J Am Stat
Assoc 1995;90:443–50.

24. Schneeweiss S. Sensitivity analysis and
external adjustment for unmeasured confounders
in epidemiologic database studies of therapeutics.
Pharmacoepidemiol Drug Saf 2006;15:291–303.

25. Neumann FJ, Sousa-Uva M, Ahlsson A, et al.
2018 ESC/EACTS guidelines on myocardial revas-
cularization. Eur Heart J 2019;40:87–165.
26. Patel MR, Calhoon JH, Dehmer GJ, et al. ACC/
AATS/AHA/ASE/ASNC/SCAI/SCCT/STS 2017
appropriate use criteria for coronary revasculari-
zation in patients with stable ischemic heart dis-
ease. J Am Coll Cardiol 2017;69:2212–41.

27. Park SJ, Ahn JM, Park GM, et al. Trends in the
outcomes of percutaneous coronary intervention
with the routine incorporation of fractional flow
reserve in real practice. Eur Heart J 2013;34:
3353–61.

28. Frohlich GM, Redwood S, Rakhit R, et al. Long-
term survival in patients undergoing percutaneous
interventions with or without intracoronary pres-
sure wire guidance or intracoronary ultrasono-
graphic imaging: a large cohort study. JAMA Intern
Med 2014;174:1360–6.

29. Vandenbroucke JP, von Elm E, Altman DG,
et al. Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE): expla-
nation and elaboration. PLoS Med 2007;4:e297.

30. Zimmermann FM, Ferrara A, Johnson NP, et al.
Deferral vs. performance of percutaneous coro-
nary intervention of functionally non-significant
coronary stenosis: 15-year follow-up of the
DEFER trial. Eur Heart J 2015;36:3182–8.

31. Windecker S, Stortecky S, Stefanini GG, et al.
Revascularisation versus medical treatment in
patients with stable coronary artery disease:
network meta-analysis. BMJ 2014;348:g3859.

32. Bech GJ, De Bruyne B, Pijls NH, et al. Frac-
tional flow reserve to determine the appropri-
ateness of angioplasty in moderate coronary
stenosis: a randomized trial. Circulation 2001;
103:2928–34.

33. Pijls NH, van Schaardenburgh P, Manoharan G,
et al. Percutaneous coronary intervention of
functionally nonsignificant stenosis: 5-year
follow-up of the DEFER Study. J Am Coll Cardiol
2007;49:2105–11.

34. Espinola-Klein C, Rupprecht HJ, Erbel R,
Nafe B, Brennecke R, Meyer J. Impact of restenosis
10 years after coronary angioplasty. Eur Heart J
1998;19:1047–53.

35. Stone GW, Maehara A, Lansky AJ, et al.
A prospective natural-history study of coronary
atherosclerosis. N Engl J Med 2011;364:226–35.

36. Tonino PA, Fearon WF, De Bruyne B, et al.
Angiographic versus functional severity of coro-
nary artery stenoses in the FAME study fractional
flow reserve versus angiography in multivessel
evaluation. J Am Coll Cardiol 2010;55:2816–21.

37. Johnson NP, Toth GG, Lai D, et al. Prognostic
value of fractional flow reserve: linking physio-
logic severity to clinical outcomes. J Am Coll
Cardiol 2014;64:1641–54.

38. Ahmadi A, Stone GW, Leipsic J, et al. Associ-
ation of coronary stenosis and plaque morphology
with fractional flow reserve and outcomes. JAMA
Cardiol 2016;1:350–7.

39. Gaur S, Ovrehus KA, Dey D, et al. Coronary
plaque quantification and fractional flow reserve
by coronary computed tomography angiography
identify ischaemia-causing lesions. Eur Heart J
2016;37:1220–7.

40. van Nunen LX, Zimmermann FM, Tonino PA,
et al. Fractional flow reserve versus angiography
for guidance of PCI in patients with multivessel
coronary artery disease (FAME): 5-year follow-up
of a randomised controlled trial. Lancet 2015;
386:1853–60.

41. Fearon WF, Nishi T, De Bruyne B, et al. Clinical
outcomes and cost-effectiveness of fractional
flow reserve-guided percutaneous coronary
intervention in patients with stable coronary ar-
tery disease: three-year follow-up of the FAME 2
Trial (Fractional Flow Reserve Versus Angiography
for Multivessel Evaluation). Circulation 2018;137:
480–7.

42. Harle T, Zeymer U, Hochadel M, et al. Real-
world use of fractional flow reserve in Germany:
results of the prospective ALKK coronary angiog-
raphy and PCI registry. Clin Res Cardiol 2017;106:
140–50.

43. Hamasaki S, Al Suwaidi J, Higano ST,
Miyauchi K, Holmes DR Jr., Lerman A. Attenuated
coronary flow reserve and vascular remodeling in
patients with hypertension and left ventricular
hypertrophy. J Am Coll Cardiol 2000;35:1654–60.

44. Desai NR, Bradley SM, Parzynski CS, et al.
Appropriate use criteria for coronary revasculari-
zation and trends in utilization, patient selection,
and appropriateness of percutaneous coronary
intervention. JAMA 2015;314:2045–53.

45. Johnson NP, Koo BK. Coronary psychology: do
you believe? J Am Coll Cardiol Intv 2018;11:
1492–4.

46. Toth GG, Toth B, Johnson NP, et al. Revas-
cularization decisions in patients with stable
angina and intermediate lesions: results of the
international survey on interventional strategy.
Circ Cardiovasc Interv 2014;7:751–9.

47. Cabana MD, Rand CS, Powe NR, et al. Why
don’t physicians follow clinical practice guide-
lines? A framework for improvement. JAMA 1999;
282:1458–65.

48. Douglas PS, De Bruyne B, Pontone G, et al. 1-
Year Outcomes of FFRCT-guided care in patients
with suspected coronary disease: the PLATFORM
Study. J Am Coll Cardiol 2016;68:435–45.

49. Nagel E, Greenwood JP, McCann GP, et al.
Magnetic resonance perfusion or fractional flow
reserve in coronary disease. N Engl J Med 2019;
380:2418–28.

50. Magalhaes MA, Minha S, Chen F, et al.
Clinical presentation and outcomes of coro-
nary in-stent restenosis across 3-stent gener-
ations. Circ Cardiovasc Interv 2014;7:768–76.

51. Jernberg T, Attebring MF, Hambraeus K, et al.
The Swedish Web-system for enhancement and
development of evidence-based care in heart dis-
ease evaluated according to recommended thera-
pies (SWEDEHEART). Heart 2010;96:1617–21.
KEY WORDS coronary artery disease,
fractional flow reserve, percutaneous
coronary intervention, stable angina pectoris
APPENDIX For a supplemental figure
and tables, please see the online version of
this paper.

http://refhub.elsevier.com/S0735-1097(20)34925-1/sref10
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref10
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref11
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref11
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref11
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref11
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref11
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref12
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref12
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref12
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref12
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref12
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref12
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref13
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref13
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref13
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref13
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref13
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref13
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref14
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref14
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref14
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref14
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref15
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref15
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref15
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref16
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref16
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref17
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref17
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref17
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref18
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref18
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref18
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref18
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref18
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref19
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref19
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref19
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref20
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref20
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref20
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref20
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref21
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref21
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref21
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref21
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref21
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref22
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref22
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref22
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref22
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref22
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref23
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref23
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref23
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref23
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref23
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref24
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref24
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref24
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref24
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref25
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref25
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref25
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref26
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref26
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref26
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref26
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref26
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref27
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref27
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref27
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref27
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref27
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref28
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref28
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref28
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref28
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref28
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref28
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref29
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref29
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref29
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref29
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref30
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref30
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref30
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref30
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref30
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref31
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref31
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref31
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref31
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref32
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref32
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref32
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref32
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref32
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref33
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref33
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref33
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref33
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref33
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref34
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref34
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref34
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref34
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref35
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref35
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref35
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref36
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref36
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref36
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref36
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref36
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref37
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref37
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref37
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref37
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref38
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref38
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref38
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref38
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref39
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref39
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref39
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref39
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref39
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref40
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref40
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref40
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref40
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref40
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref40
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref41
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref42
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref42
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref42
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref42
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref42
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref43
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref43
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref43
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref43
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref43
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref44
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref44
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref44
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref44
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref44
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref45
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref45
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref45
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref46
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref46
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref46
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref46
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref46
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref47
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref47
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref47
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref47
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref48
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref48
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref48
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref48
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref49
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref49
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref49
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref49
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref50
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref50
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref50
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref50
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref51
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref51
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref51
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref51
http://refhub.elsevier.com/S0735-1097(20)34925-1/sref51

	Survival of Patients With Angina Pectoris Undergoing Percutaneous Coronary Intervention With Intracoronary Pressure Wire Gu ...
	Methods
	Database and study population
	Definitions and endpoints
	Statistical analysis

	Results
	Baseline characteristics and treatments
	Use of intracoronary pressure measurements over the study period
	Clinical outcomes
	Subgroup analysis
	Sensitivity analysis
	Data analysis and post-estimation diagnostics

	Discussion
	Study limitations

	Conclusions
	References


