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BACKGROUND
Patients with three-vessel coronary artery disease have been found to have better 
outcomes with coronary-artery bypass grafting (CABG) than with percutaneous 
coronary intervention (PCI), but studies in which PCI is guided by measurement 
of fractional flow reserve (FFR) have been lacking.

METHODS
In this multicenter, international, noninferiority trial, patients with three-vessel 
coronary artery disease were randomly assigned to undergo CABG or FFR-guided 
PCI with current-generation zotarolimus-eluting stents. The primary end point was 
the occurrence within 1 year of a major adverse cardiac or cerebrovascular event, 
defined as death from any cause, myocardial infarction, stroke, or repeat revascu-
larization. Noninferiority of FFR-guided PCI to CABG was prespecified as an upper 
boundary of less than 1.65 for the 95% confidence interval of the hazard ratio. 
Secondary end points included a composite of death, myocardial infarction, or 
stroke; safety was also assessed.

RESULTS
A total of 1500 patients underwent randomization at 48 centers. Patients assigned 
to undergo PCI received a mean (±SD) of 3.7±1.9 stents, and those assigned to 
undergo CABG received 3.4±1.0 distal anastomoses. The 1-year incidence of the 
composite primary end point was 10.6% among patients randomly assigned to 
undergo FFR-guided PCI and 6.9% among those assigned to undergo CABG (haz-
ard ratio, 1.5; 95% confidence interval [CI], 1.1 to 2.2), findings that were not 
consistent with noninferiority of FFR-guided PCI (P = 0.35 for noninferiority). The 
incidence of death, myocardial infarction, or stroke was 7.3% in the FFR-guided 
PCI group and 5.2% in the CABG group (hazard ratio, 1.4; 95% CI, 0.9 to 2.1). The 
incidences of major bleeding, arrhythmia, and acute kidney injury were higher in 
the CABG group than in the FFR-guided PCI group.

CONCLUSIONS
In patients with three-vessel coronary artery disease, FFR-guided PCI was not 
found to be noninferior to CABG with respect to the incidence of a composite of 
death, myocardial infarction, stroke, or repeat revascularization at 1 year. (Funded 
by Medtronic and Abbott Vascular; FAME 3 ClinicalTrials.gov number, NCT02100722.)
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Large, randomized trials have shown 
improved outcomes in patients with three-
vessel coronary artery disease when coro-

nary revascularization is performed with coronary-
artery bypass grafting (CABG) rather than with 
percutaneous coronary intervention (PCI).1-3 How-
ever, trials have rarely used second-generation 
drug-eluting stents and have not routinely mea-
sured fractional flow reserve (FFR) to guide PCI. 
Second-generation drug-eluting stents have im-
proved early and late outcomes, leading to lower 
rates of associated stent thrombosis, procedural 
and spontaneous myocardial infarction, resteno-
sis, and death than first-generation drug-eluting 
stents.4 FFR is an index measured with a coro-
nary pressure wire that provides more accurate 
assessment of the hemodynamic significance of a 
coronary stenosis than does an angiogram alone. 
FFR-guided PCI results in better short-term and 
long-term outcomes than does angiography-
guided PCI or medical therapy alone.5-7 We sought 
to evaluate FFR-guided PCI performed with 
current-generation drug-eluting stents as com-
pared with CABG with respect to the incidence 
of major adverse cardiac or cerebrovascular events 
among patients with three-vessel coronary artery 
disease.

Me thods

Trial Design

We conducted the Fractional Flow Reserve versus 
Angiography for Multivessel Evaluation (FAME) 3 
trial, an investigator-initiated, multicenter, inter-
national, randomized, controlled trial, at 48 sites; 
details regarding the design and conduct of the 
trial have been published previously and are 
provided in the protocol and the Supplementary 
Appendix, available with the full text of this 
article at NEJM.org.8,9 The trial was supported 
by research grants to Stanford University from 
Medtronic and Abbott Vascular, which had no 
role in the design or conduct of the trial or in 
the preparation of the manuscript. Stanford Uni-
versity oversaw the conduct of the trial. The first 
author vouches for the accuracy and complete-
ness of the data and for the fidelity of the trial 
to the protocol.

Patients with angiographically identified three-
vessel coronary artery disease not involving the 
left main coronary artery were randomly as-
signed in a 1:1 ratio to undergo either CABG or 

FFR-guided PCI. Randomization was performed 
with the use of a Web-based system and was 
stratified according to diabetes status and trial 
site. The major inclusion criterion was the pres-
ence of three-vessel coronary artery disease, de-
fined as at least 50% diameter stenosis as as-
sessed by visual estimation in each of the three 
major epicardial vessels or major side branches 
but not involving the left main coronary artery; 
the stenosis also needed to be amenable to re-
vascularization by means of either PCI or CABG, 
as determined by the heart team at the trial site. 
Major exclusion criteria were recent ST-segment 
elevation myocardial infarction, cardiogenic 
shock, and a left ventricular ejection fraction of 
less than 30%. The full list of inclusion and ex-
clusion criteria is provided in Table S1 in the 
Supplementary Appendix. The trial protocol was 
approved by relevant institutional review boards 
or ethics committees, and all participants pro-
vided written informed consent.

Trial Procedures

CABG was performed according to the standard 
practice at each participating center, with com-
plete arterial revascularization strongly recom-
mended. Assessment of the FFR to guide CABG 
was not mandated, but if it was performed at the 
time of the diagnostic angiogram, the informa-
tion could be used by the surgeon. All patients 
assigned to undergo PCI first underwent FFR 
assessment with a coronary pressure wire 
(Abbott Vascular) and intravenous or intracoro-
nary adenosine. The protocol specified that only 
stenoses with an FFR of 0.80 or lower were to be 
treated with PCI, which was performed with 
durable polymer zotarolimus-eluting stents (Res-
olute Integrity or Resolute Onyx, Medtronic). 
Post-PCI FFR measurement was encouraged. In-
travascular imaging was performed as deemed 
necessary by the treating physicians. All the pa-
tients in both groups were to receive aspirin and 
a high-dose statin, as well as guideline-directed 
medical therapy. Patients undergoing PCI were 
to receive a second antiplatelet medication for at 
least 6 months after PCI. Follow-up was per-
formed at hospital discharge and at 1, 6, and 12 
months.

End Points

The primary end point was the occurrence within 
1 year of a major adverse cardiac or cerebrovas-
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cular event, defined as death from any cause, 
myocardial infarction, stroke, or repeat revascu-
larization. Myocardial infarction was defined as 
procedural or spontaneous. In both groups, the 
biomarker threshold used to define a procedural 
myocardial infarction was any elevation of the 
cardiac troponin level to more than 10 times the 
99th percentile of the upper reference limit 
within 72 hours after the procedure in patients 
who had normal levels at baseline or an increase 
in the cardiac troponin level of more than 20% in 
patients who had elevated levels at baseline. In 
addition, at least one of the following criteria 
needed to be met: new pathologic Q waves or 
new left bundle-branch block, angiographic docu-
mentation of new graft or major native coronary 
occlusion, or imaging evidence of new loss of 
viable myocardium or a new regional wall-motion 
abnormality. This definition is in line with a 
type 5 myocardial infarction (post-CABG proce-
dural myocardial infarction) according to the 
Third and Fourth Universal Definitions of Myo-
cardial Infarction.10,11 Spontaneous myocardial 
infarction was defined as an increase or decrease 
in the cardiac troponin level with at least one 
value above the 99th percentile of the upper ref-
erence limit in addition to evidence of myocar-
dial ischemia with at least one of the following 
findings: symptoms of ischemia, electrocardio-
graphic changes indicative of new ischemia, 
development of pathologic Q waves, or imaging 
evidence of new loss of viable myocardium or a 
new regional wall-motion abnormality. Prespeci-
fied secondary end points are listed in Table S2. 
An independent clinical events committee adju-
dicated events in a blinded fashion.

Statistical Analysis

The primary analysis was conducted in accor-
dance with the intention-to-treat principle. We 
initially assumed that 12% of the patients who 
were randomly assigned to undergo CABG would 
have a primary end-point event within 1 year; we 
also hypothesized that patients who were ran-
domly assigned to undergo PCI would not have 
a higher risk of a primary end-point event than 
those assigned to undergo CABG.3,12,13 With an 
upper boundary of less than 1.45 for the 95% 
confidence interval of the hazard ratio prespeci-
fied as indicating noninferiority and with a one-

sided 2.5% significance level, we calculated that 
a sample of 712 patients per group (1424 for 
the entire trial) would be required in order to 
achieve 90% power to claim noninferiority. To 
account for patients who were anticipated to be 
either lost to follow-up or withdrawn from the 
trial, we enrolled 1500 patients. During recruit-
ment and without knowledge of event rates, the 
trial steering committee decided to increase the 
noninferiority margin to an upper boundary of 
less than 1.65 for the 95% confidence interval 
of the hazard ratio because it was thought to be 
more appropriate on the basis of newly pub-
lished clinical trials comparing CABG with PCI, 
which reported major adverse cardiac or cerebro-
vascular events occurring in no more than 10% 
of the patients randomly assigned to undergo 
CABG and used noninferiority margins similar 
to a hazard ratio of 1.65.9 With this change, a 
sample of 645 patients per group (1290 for the 
entire trial) was required to achieve 90% power 
to claim noninferiority; however, the steering 
committee elected to complete the scheduled 
enrollment of 1500 patients.

Between-group differences in the incidence of 
the primary end point were visualized with the 
use of cumulative-incidence curves and estimat-
ed with a Cox proportional hazards model that 
adjusted for stratification factors (through inclu-
sion of baseline diabetes status as a term in the 
model and by allowing the baseline hazard for 
each trial site to vary). Each component of the 
primary end point was similarly compared be-
tween the treatment groups, and safety end 
points were compared with the use of a chi-
square or Fisher’s exact test, as appropriate. The 
proportional hazards assumption was evaluated 
for the primary analysis with a two-sided score 
test of the scaled Schoenfeld residuals over time 
at the 0.05 level. Noninferiority was assessed with 
a Wald test at the 0.025 level of significance.

Subgroup analyses were performed under the 
same Cox proportional hazards framework as 
the primary analysis, and results were visualized 
as a forest plot for the following prespecified 
characteristics: age group (<65 years or ≥65 years), 
sex, presence or absence of diabetes, presence or 
absence of acute coronary syndrome, left ven-
tricular ejection fraction (>50% or ≤50%), previ-
ous PCI, and core laboratory–assessed Synergy 
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between Percutaneous Coronary Intervention with 
Taxus and Cardiac Surgery (SYNTAX) score (an 
angiography-based score evaluating the severity 
of the coronary artery disease; lower scores indi-
cate less complexity of coronary artery disease 
and predict a better outcome with PCI [the low-
est score is 0, and there is no upper limit]).1 A 
post hoc sensitivity analysis was performed with 
the use of an alternative definition proposed by 
the Society for Cardiovascular Angiography and 
Interventions to identify procedure-related clini-
cally relevant myocardial infarction.14 Analyses 
were independently reproduced within the statis-
tical team and conducted with the use of SAS 
software, version 9.4 (SAS Institute), and R 
software, version 4.0.15

R esult s

Patients

Of the 1500 patients enrolled, 757 were randomly 
assigned to undergo PCI and 743 to undergo CABG 
(Fig. S1). The mean age of the patients was 65 
years, 29% had diabetes, 39% presented with an 
acute coronary syndrome, and 13% had under-
gone previous PCI (Table 1). On average, patients 
had 4.3 lesions; 22% of the patients had at least 
one vessel with chronic total occlusion, and 68% 
had at least one bifurcation lesion. The mean 
SYNTAX score was 26.

Procedural details for both groups are pro-
vided in Table 2. In the FFR-guided PCI group, 
the mean number of lesions per patient was 4.3, 

Table 1. Characteristics of the Patients at Baseline.*

Characteristic
PCI 

(N = 757)
CABG 

(N = 743)

Age — yr 65.2±8.6 65.1±8.3

Male sex — no. (%) 616 (81.4) 619 (83.3)

White race — no. (%)† 711 (93.9) 686 (92.3)

Body-mass index‡ 28.6±4.5 28.7±4.3

Diabetes — no. (%) 214 (28.3) 214 (28.8)

Insulin-dependent 55 (7.3) 61 (8.2)

Non–insulin-dependent 159 (21.0) 153 (20.6)

Hypertension — no./total no. (%)         538/756 (71.2)         556/741 (75.0)

Dyslipidemia — no./total no. (%)         521/756 (68.9)         531/741 (71.7)

Smoking status — no./total no. (%)

Current tobacco user         145/756 (19.2)         136/741 (18.4)

Previous tobacco user         296/756 (39.2)         296/741 (39.9)

Family history of coronary artery disease — no./total no. (%)         246/756 (32.5)         213/740 (28.8)

Previous myocardial infarction — no./total no. (%)         252/756 (33.3)         248/741 (33.5)

Previous PCI — no./total no. (%)           98/756 (13.0)         104/741 (14.0)

History of TIA or CVA — no./total no. (%)         49/756 (6.5)         56/741 (7.6)

Kidney disease — no./total no. (%)§         37/756 (4.9)         44/741 (5.9)

Noninvasive test for ischemia — no./total no. (%)         311/756 (41.1)         301/741 (40.6)

LVEF ≤50% — no./total no. (%)         137/753 (18.2)         130/740 (17.6)

Hospitalized with NSTE-ACS — no./total no. (%)         300/756 (39.7)         287/741 (38.7)

*	�Plus–minus values are means ±SD. CABG denotes coronary-artery bypass grafting, CVA cerebrovascular accident, LVEF 
left ventricular ejection fraction, NSTE-ACS non–ST-segment elevation acute coronary syndrome, PCI percutaneous 
coronary intervention, and TIA transient ischemic attack.

†	�Race was reported by the patients.
‡	�The body-mass index is the weight in kilograms divided by the square of the height in meters.
§	� Kidney disease was defined as an estimated glomerular filtration rate (calculated with the Modification of Diet in Renal 

Disease Study equation) of less than 60 ml per minute per 1.73 m2 of body-surface area.
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the mean number of drug-eluting stents im-
planted per patient was 3.7, and the median 
stented length was 80 mm. FFR was measured 
in 82% of lesions. The most common reasons 
for not measuring FFR were subtotally or com-
pletely occluded vessels. The mean FFR was 0.70, 
and 24% of the lesions intended for treatment 
had an FFR greater than 0.80. FFR was mea-
sured after PCI in 60% of treated lesions, with a 
mean value of 0.88. Intravascular imaging was 
used in 12% of cases.

Patients undergoing CABG had a mean of 4.2 
lesions and received a mean of 3.4 distal anasto-
moses; 97% received a left internal thoracic-
artery graft, and 25% received multiple arterial 
grafts. FFR was measured before CABG in 10% 
of patients.

End Points

Follow-up at 1 year was completed in 99.7% of 
the patients. FFR-guided PCI did not meet the 
criterion set in this trial for noninferiority with 

Table 2. Angiographic and Procedural Characteristics.*

Characteristic
PCI 

(N = 757)
CABG 

(N = 743)

Median time to procedure (IQR) — days 4 (1–13) 13 (6–26)

Median procedure duration (IQR) — min 87 (67–113) 197 (155–239)

Median length of hospital stay (IQR) — days 3 (1–7) 11 (7–16)

No. of lesions 4.3±1.3 4.2±1.2

At least one chronic total occlusion — no./total no. (%) 157/755 (20.8) 171/739 (23.1)

At least one bifurcation lesion — no./total no. (%) 522/755 (69.1) 491/739 (66.4)

SYNTAX score† 26.0±7.1 25.8±7.1

SYNTAX score category — no./total no. (%)†

Low, 0 to 22 237/734 (32.3) 245/710 (34.5)

Intermediate, 23 to 32 365/734 (49.7) 343/710 (48.3)

High, >32 132/734 (18.0) 122/710 (17.2)

PCI characteristics

Staged procedure — no./total no. (%) 166/750 (22.1) NA

No. of stents 3.7±1.9 NA

Median total length of stents placed (IQR) — mm 80 (52–116) NA

Intravascular imaging used — no./total no. (%) 87/744 (11.7) NA

CABG characteristics

Multiple arterial grafts — no./total no. (%) NA 173/705 (24.5)

No. of distal anastomoses NA 3.4±1.0

LITA used as graft — no./total no. (%) NA 684/705 (97.0)

Off-pump surgery — no./total no. (%) NA 168/698 (24.1)

FFR used before CABG — no./total no. (%) NA 72/718 (10.0)

*	�Plus–minus values are means ±SD. Data on time to procedure were missing for 11 patients in the PCI group and 37 
in the CABG group, data on procedure duration were missing for 12 patients in the PCI group and 77 patients in the 
CABG group, data on length of hospital stay were missing for 8 patients in the PCI group and 15 patients in the CABG 
group, and data on number of lesions were missing for 2 patients in each group. In the PCI group, data on number of 
stents were missing for 12 patients, and data on total length of stents were missing for 30 patients. In the CABG group, 
data on the number of distal anastomoses were missing for 51 patients. FFR denotes fractional flow reserve, IQR inter‑
quartile range, LITA left internal thoracic artery, and NA not applicable.

†	�The Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery (SYNTAX) score is an angiogra‑
phy-based score evaluating the severity of the coronary artery disease; lower scores indicate less complexity of coronary 
artery disease and predict a better outcome with PCI (the lowest score is 0, and there is no upper limit). Scores were 
calculated by the core laboratory. Data were missing for 23 patients in the PCI group and 33 patients in the CABG group.
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respect to the primary end point. At 1 year, the 
incidence of the primary end point was 10.6% in 
the FFR-guided PCI group and 6.9% in the 
CABG group (hazard ratio, 1.5; 95% confidence 
interval, 1.1 to 2.2; P = 0.35 for noninferiority) 
(Table 3 and Fig. 1). There was no clear evidence 
of between-group differences in the incidence of 
each individual component of the primary end 
point or the composite of death, myocardial in-
farction, or stroke (Table 3 and Fig. S2).

There were no obvious differences between 

the groups with respect to medical therapy at 
1 year, with the exception of a higher percentage 
of patients in the FFR-guided PCI group receiv-
ing dual antiplatelet and nitrate therapy (Table S3). 
Patients randomly assigned to undergo CABG 
had longer hospital stays and higher incidences 
of major bleeding, arrhythmia, acute kidney in-
jury, and rehospitalization within 30 days (Ta-
ble  3). Results for other secondary end points 
are provided in Table S4. Results of prespecified 
subgroup analyses are shown in Figures 2 and 

Table 3. End Points at 1 Year.

End Point
PCI 

(N = 757)
CABG 

(N = 743)
Hazard Ratio 

(95% CI) P Value

no. of patients (%)*

Primary end point

Death from any cause, myocardial infarction, stroke, 
or repeat revascularization

80 (10.6) 51 (6.9) 1.5 (1.1–2.2) 0.35†

Secondary end points‡

Death 12 (1.6) 7 (0.9) 1.7 (0.7–4.3)

Death from cardiac causes 6 (0.8) 4 (0.5)

Myocardial infarction 39 (5.2) 26 (3.5) 1.5 (0.9–2.5)

Spontaneous 25 (3.3) 17 (2.3)

Procedural 13 (1.7) 9 (1.2)

Stroke 7 (0.9) 8 (1.1) 0.9 (0.3–2.4)

Death, myocardial infarction, or stroke 55 (7.3) 39 (5.2) 1.4 (0.9–2.1)

Repeat revascularization 45 (5.9) 29 (3.9) 1.5 (0.9–2.3)

PCI 39 (5.2) 26 (3.5)

CABG 6 (0.8) 3 (0.4)

Safety end points§

BARC type 3–5 bleeding¶ 12 (1.6) 28 (3.8) 0.009

Acute kidney injury‖ 1 (0.1) 7 (0.9) 0.04

Atrial fibrillation or clinically significant arrhythmia 18 (2.4) 105 (14.1) <0.001

Definite stent thrombosis 6 (0.8) NA

Definite symptomatic graft occlusion NA 10 (1.3)

Rehospitalization within 30 days 42 (5.5) 76 (10.2) <0.001

*	�Percentages are crude values based on an intention-to-treat analysis.
†	�This P value was obtained from a test of noninferiority with respect to the primary end point.
‡	�Confidence intervals (CIs) were not adjusted for multiplicity and should not be interpreted to inform definitive treatment 

effects.
§	� P values were obtained from chi-square or Fisher’s exact tests. Patients who were lost to follow-up before the end of the 

first year were excluded from comparisons with respect to safety end points.
¶	�Bleeding Academic Research Consortium (BARC) type 3–5 indicates severe bleeding.
‖	�Acute kidney injury was defined as an increase in serum creatinine level by at least 0.3 mg per deciliter (≥26.5 μmol 

per liter) within 48 hours, an increase in serum creatinine level to at least 1.5 times the baseline level that was known 
or presumed to have occurred within the previous 7 days, or a urine volume of less than 0.5 ml per kilogram of body 
weight per hour for 6 hours.
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S3. A post hoc sensitivity analysis evaluating the 
effect of using a different definition of proce-
dural myocardial infarction resulted in an inci-
dence of this outcome of 14.5% in the CABG 
group and 10.3% in the FFR-guided PCI group.14

 Discussion

The main finding of our trial is that in patients 
with angiographically identified three-vessel cor-
onary artery disease, FFR-guided PCI did not 
meet the criterion we set for noninferiority with 
respect to the primary composite end point. 
CABG resulted in a lower incidence of the com-
posite of death, myocardial infarction, stroke, 
or repeat revascularization at 1 year than FFR-
guided PCI in which current-generation zotaro-
limus-eluting stents were used. The incidence of 
the secondary composite end point of death, 
myocardial infarction, or stroke and of each in-
dividual component of the primary end point did 
not differ significantly between the two groups. 
Incidences of procedural complications such as 
major bleeding, acute kidney injury, arrhythmia, 
and rehospitalization within 30 days were high-
er and the mean length of hospital stay longer 

among the patients randomly assigned to under-
go CABG.

These findings are consistent with those of 
previous trials comparing CABG with PCI, but 
there are important differences between those 
trials and the current trial.1,3 The current trial 
involved routine measurement of FFR to guide 
PCI, with the expectation that the use of FFR 
would lead to more judicious stenting — that is, 
an FFR-guided strategy would result in PCI be-
ing used to treat only functionally significant 
lesions, which have been shown to be associated 
with higher rates of adverse events when treated 
with medications alone, and would avoid unnec-
essary stenting of non–flow-limiting lesions, 
which respond as well to medical therapy alone 
as they do to PCI (and may even respond better 
to medical therapy alone).5,7 As anticipated, 
patients in our trial received fewer stents than 
those in the SYNTAX trial (3.7 vs. 4.6), which 
compared PCI (without FFR guidance) with 
CABG, although the number of coronary lesions 
was similar.1 Although these trials are not di-
rectly comparable, patients assigned to undergo 
PCI in our trial also had a lower incidence of 
repeat revascularization (4.9% vs. 13.5%) and 
lower mortality (1.6% vs. 4.4%) than those in the 
SYNTAX trial, despite similar patient character-
istics and risk profiles in the two trials (Table 
S5). Plausible explanations for these findings 
include the lower number of stents placed (with 
reduced risk of stent-related complications such 
as thrombosis or restenosis), improved stent 
technology, and high levels of adherence to rec-
ommended medical therapy. Moreover, the inci-
dence of major adverse cardiac or cerebrovascu-
lar events among patients assigned to undergo 
either FFR-guided PCI (10.6%) or CABG (6.9%) 
in our trial was lower than that among patients 
assigned to undergo CABG in the SYNTAX trial 
(12.4%).1 Among the patients assigned to under-
go CABG, the better outcomes in our trial may 
be due to improvements in operative techniques 
or more effective medical therapy. For example, 
the percentages of the patients assigned to un-
dergo CABG who were using statins or beta-
blockers at 1 year were 94% and 83%, respective-
ly, in our trial, as compared with approximately 
70% and 75%, respectively, in the SYNTAX trial.16

In our trial, FFR was measured in 82% of the 
lesions in the PCI group and was found to be 

Figure 1. Kaplan–Meier Curves for the Primary End Point.

The primary end point was the occurrence within 1 year of a major adverse 
cardiac or cerebrovascular event, defined as death from any cause, myocar‑
dial infarction, stroke, or repeat revascularization. The inset shows the same 
data on an enlarged y axis. CABG denotes coronary‑artery bypass grafting, 
and PCI percutaneous coronary intervention.
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greater than 0.80 in 24% of the lesions. These 
percentages were lower than those in a previous 
trial comparing FFR-guided PCI with angiogra-
phy-guided PCI in patients with multivessel 
coronary artery disease (in which FFR was mea-
sured in 95% of lesions and was >0.80 in 37% of 
lesions).5 The benefit of FFR guidance is primar-
ily related to avoiding unnecessary stents and 
their inherent complications. In cases in which 
the FFR measurement and deferral rates are 
higher, one might anticipate better outcomes 
with an FFR-guided PCI approach.

FFR was measured before CABG in 10% of 
patients. Presumably, these patients all had func-
tionally significant three-vessel coronary artery 
disease. It is likely that a proportion of the can-
didates for the trial had FFR measured before 
randomization and were found to have only one 

or two vessels with functionally significant dis-
ease and therefore were not included in the trial 
but instead were treated immediately with PCI. 
This could have skewed the population in this 
trial toward more severe coronary artery disease.

The definition of procedural myocardial in-
farction remains controversial. In our primary 
analysis, we defined procedural myocardial in-
farction in the CABG and PCI groups using a 
definition almost identical to the Third Univer-
sal Definition of CABG-related myocardial in-
farction, which resulted in low percentages of 
patients being classified as having procedural 
myocardial infarction. Because data on symp-
toms suggestive of ischemia or new ischemic 
electrocardiographic changes were not routinely 
recorded after PCI, we could not apply the Third 
or Fourth Universal Definition of PCI-related 

Figure 2. Subgroup Analyses of the Primary End Point.

The Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery (SYNTAX) score is an 
angiography-based score evaluating the severity of coronary artery disease; lower scores indicate less complexity  
of coronary artery disease and predict a better outcome with PCI (the lowest score is 0, and there is no upper limit). 
Scores were calculated by the core laboratory. CI denotes confidence interval, LVEF left ventricular ejection fraction, 
and NSTE-ACS non–ST-segment elevation acute coronary syndrome.
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myocardial infarction. If we had been able to 
calculate the incidence of procedural myocardial 
infarction according to these definitions, which 
require lower levels of biomarker elevation (tro-
ponin elevation more than 5 times the 99th 
percentile of the upper reference limit) in con-
junction with only symptoms of ischemia or 
ischemic electrocardiographic changes, we prob-
ably would have seen a higher incidence of pro-
cedural myocardial infarction in the FFR-guided 
PCI group. A post hoc sensitivity analysis in 
which a more liberal definition, including a 
biomarker-elevation-only criterion, was used re-
sulted in higher incidences of procedural myo-
cardial infarction, particularly among the pa-
tients randomly assigned to undergo CABG.14

Other limitations of the current analysis also 
warrant consideration. First, follow-up for this 
analysis was only 1 year. Previous trials have 
shown a greater benefit with CABG than with 
PCI during longer-term follow-up, particularly 
with respect to late myocardial infarction and 
repeat revascularization. Follow-up for 3 and 
5 years is ongoing in our trial and will be critical 
to assessing longer-term effects of these two 
treatment strategies. Second, the current report 
does not include information on changes in qual-
ity of life and cost-effectiveness, although data 
have been collected to address these outcomes. 

Third, FFR was not routinely measured in the 
patients assigned to undergo CABG; however, 
trials comparing FFR-guided CABG with angiog-
raphy-guided CABG have not shown the same 
benefit as seen with FFR-guided PCI.17,18 Fourth, 
intravascular imaging was used in only 12% of 
the patients treated with PCI; previous data indi-
cate that repeat revascularization is less common 
when intravascular imaging is routinely per-
formed, although the incidence of repeat revas-
cularization at 1 year in a study in which intra-
vascular imaging was used for 84% of patients 
undergoing PCI in a similar population was not 
lower than that in our trial.19,20 Fifth, the com-
pleteness of revascularization in both groups has 
not yet been analyzed. Sixth, women and per-
sons of color were underrepresented in our trial 
(Table S6). Future trials involving a more diverse 
patient population will be necessary before these 
findings can be generalized.

In our trial, we found that in patients with 
three-vessel coronary artery disease, FFR-guided 
PCI was not noninferior to CABG with respect to 
the composite of death, myocardial infarction, 
stroke, or repeat revascularization at 1 year.

Supported by grants from Medtronic and Abbott Vascular.
Disclosure forms provided by the authors are available with 

the full text of this article at NEJM.org.
A data sharing statement provided by the authors is available 

with the full text of this article at NEJM.org.

Appendix
The authors’ full names and academic degrees are as follows: William F. Fearon, M.D., Frederik M. Zimmermann, M.D., Bernard 
De Bruyne, M.D., Ph.D., Zsolt Piroth, M.D., Ph.D., Albert H.M. van Straten, M.D., Ph.D., Laszlo Szekely, M.D., Giedrius Davidavičius, 
M.D., Ph.D., Gintaras Kalinauskas, M.D., Ph.D., Samer Mansour, M.D., Rajesh Kharbanda, Ph.D., Nikolaos Östlund‑Papadogeorgos, M.D., 
Adel Aminian, M.D., Keith G. Oldroyd, M.D., Nawwar Al‑Attar, M.D., Ph.D., Nikola Jagic, M.D., Ph.D., Jan‑Henk E. Dambrink, M.D., 
Ph.D., Petr Kala, M.D., Ph.D., Oskar Angerås, M.D., Ph.D., Philip MacCarthy, Ph.D., F.R.C.P., Olaf Wendler, M.D., Ph.D., Filip Casselman, 
M.D., Ph.D., Nils Witt, M.D., Ph.D., Kreton Mavromatis, M.D., Steven E.S. Miner, M.D., Jaydeep Sarma, Ph.D., F.R.C.P., Thomas 
Engstrøm, Ph.D., D.M.Sci., Evald H. Christiansen, M.D., Ph.D., Pim A.L. Tonino, M.D., Ph.D., Michael J. Reardon, M.D., Di Lu, M.S., 
Victoria Y. Ding, M.S., Yuhei Kobayashi, M.D., Mark A. Hlatky, M.D., Kenneth W. Mahaffey, M.D., Manisha Desai, Ph.D., Y. Joseph 
Woo, M.D., Alan C. Yeung, M.D., and Nico H.J. Pijls, M.D., Ph.D.

The authors’ affiliations are as follows: the Division of Cardiovascular Medicine and Stanford Cardiovascular Institute (W.F.F., 
M.A.H., A.C.Y.), the Quantitative Sciences Unit (D.L., V.Y.D., M.D.), and the Departments of Health Policy (M.A.H.) and Cardiotho-
racic Surgery (Y.J.W.), Stanford University, and the Stanford Center for Clinical Research, Department of Medicine, Stanford University 
School of Medicine (K.W.M.), Stanford, and the VA Palo Alto Health Care System, Palo Alto (W.F.F.) — all in California; Catharina 
Hospital, Eindhoven (F.M.Z., A.H.M.S., P.A.L.T., N.H.J.P.), and Isala Hospital, Zwolle (J.-H.E.D.) — both in the Netherlands; Cardio-
vascular Center Aalst, Aalst (B.D.B., F.C.), and Centre Hospitalier Universitaire de Charleroi, Charleroi (A.A.) — both in Belgium; 
Lausanne University Center Hospital, Lausanne, Switzerland (B.D.B.); Gottsegen National Cardiovascular Center, Budapest, Hungary 
(Z.P., L.S.); the Clinic of Cardiac and Vascular Diseases, Institute of Clinical Medicine, Vilnius University, and Vilnius University Hospi-
tal Santaros Klinikos, Vilnius, Lithuania (G.D., G.K.); Centre Hospitalier de l’Université de Montréal, Montreal (S.M.), and Southlake 
Regional Health Centre, Newmarket, ON (S.E.S.M.) — both in Canada; Oxford University Hospitals NHS Foundation Trust, Oxford 
(R.K.), Golden Jubilee National Hospital, Glasgow (K.G.O., N.A.-A.), and Wythenshawe Hospital, Manchester (J.S.) — all in the 
United Kingdom; Danderyd University Hospital (N.Ö.-P.) and Karolinska Institutet (N.Ö.-P., N.W.), Solna, and Sahlgrenska University 
Hospital, Gothenburg (O.A.) — all in Sweden; Clinical Hospital Centre Zemun, University of Belgrade, Belgrade, Serbia (N.J.); Medical 
Faculty of Masaryk University and University Hospital Brno, Brno, Czech Republic (P.K.); Kings College Hospital, London (P.M., O.W.); 
the Atlanta VA Healthcare System, Decatur, GA (K.M.); Rigshospitalet, Copenhagen (T.E.), and Aarhus University Hospital, Aarhus 
(E.H.C.) — both in Denmark; Houston Methodist Hospital, Houston (M.J.R.); and Montefiore Medical Center, New York (Y.K.).

The New England Journal of Medicine 
Downloaded from nejm.org at UNIV OF PENN LIBRARY on February 24, 2022. For personal use only. No other uses without permission. 

 Copyright © 2022 Massachusetts Medical Society. All rights reserved. 



n engl j med 386;2  nejm.org  January 13, 2022 137

Fr actional Flow Reserve– Guided PCI

References
1.	 Serruys PW, Morice M-C, Kappetein 
AP, et al. Percutaneous coronary interven-
tion versus coronary-artery bypass graft-
ing for severe coronary artery disease.  
N Engl J Med 2009;​360:​961-72.
2.	 Farkouh ME, Domanski M, Sleeper 
LA, et al. Strategies for multivessel revas-
cularization in patients with diabetes.  
N Engl J Med 2012;​367:​2375-84.
3.	 Park S-J, Ahn J-M, Kim Y-H, et al. 
Trial of everolimus-eluting stents or by-
pass surgery for coronary disease. N Engl 
J Med 2015;​372:​1204-12.
4.	 Dangas GD, Serruys PW, Kereiakes 
DJ, et al. Meta-analysis of everolimus-
eluting versus paclitaxel-eluting stents in 
coronary artery disease: final 3-year re-
sults of the SPIRIT clinical trials program 
(Clinical Evaluation of the Xience V Evero-
limus Eluting Coronary Stent System in 
the Treatment of Patients with De Novo 
Native Coronary Artery Lesions). JACC 
Cardiovasc Interv 2013;​6:​914-22.
5.	 Tonino PAL, De Bruyne B, Pijls NHJ, 
et al. Fractional flow reserve versus angi-
ography for guiding percutaneous coro-
nary intervention. N Engl J Med 2009;​360:​
213-24.
6.	 De Bruyne B, Fearon WF, Pijls NH, et al. 
Fractional f low reserve–guided PCI for 
stable coronary artery disease. N Engl J 
Med 2014;​371:​1208-17.
7.	 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.
8.	 Zimmermann FM, De Bruyne B, Pijls 
NHJ, et al. Rationale and design of the 
Fractional Flow Reserve versus Angiogra-

phy for Multivessel Evaluation (FAME) 3 
trial: a comparison of fractional f low 
reserve-guided percutaneous coronary 
intervention and coronary artery bypass 
graft surgery in patients with multivessel 
coronary artery disease. Am Heart J 2015;​
170(4):​619.e2-626.e2.
9.	 Zimmermann FM, De Bruyne B, Pijls 
NHJ, et al. A protocol update of the Frac-
tional Flow Reserve versus Angiography 
for Multivessel Evaluation (FAME) 3 trial: 
a comparison of fractional flow reserve-
guided percutaneous coronary interven-
tion and coronary artery bypass graft sur-
gery in patients with multivessel coronary 
artery disease. Am Heart J 2019;​214:​156-7.
10.	 Thygesen K, Alpert JS, Jaffe AS, et al. 
Third universal definition of myocardial 
infarction. J Am Coll Cardiol 2012;​60:​1581-
98.
11.	 Thygesen K, Alpert JS, Jaffe AS, et al. 
Fourth universal definition of myocardial 
infarction (2018). J Am Coll Cardiol 2018;​
72:​2231-64.
12.	 Stone GW, Sabik JF, Serruys PW, et al. 
Everolimus-eluting stents or bypass sur-
gery for left main coronary artery disease. 
N Engl J Med 2016;​375:​2223-35.
13.	 Mäkikallio T, Holm NR, Lindsay M,  
et al. Percutaneous coronary angioplasty 
versus coronary artery bypass grafting in 
treatment of unprotected left main steno-
sis (NOBLE): a prospective, randomised, 
open-label, non-inferiority trial. Lancet 
2016;​388:​2743-52.
14.	 Moussa ID, Klein LW, Shah B, et al. 
Consideration of a new definition of clin-
ically relevant myocardial infarction after 
coronary revascularization: an expert con-

sensus document from the Society for 
Cardiovascular Angiography and Inter-
ventions (SCAI). J Am Coll Cardiol 2013;​
62:​1563-70.
15.	 R Core Team. R: a language and envi-
ronment for statistical computing. Vienna:​ 
R Foundation for Statistical Computing, 
2020 (https://www​.R​-project​.org/​).
16.	 Iqbal J, Zhang Y-J, Holmes DR, et al. 
Optimal medical therapy improves clini-
cal outcomes in patients undergoing revas-
cularization with percutaneous coronary 
intervention or coronary artery bypass 
grafting: insights from the Synergy be-
tween Percutaneous Coronary Interven-
tion with TAXUS and Cardiac Surgery 
(SYNTAX) trial at the 5-year follow-up. 
Circulation 2015;​131:​1269-77.
17.	 Toth GG, De Bruyne B, Kala P, et al. 
Graft patency after FFR-guided versus 
angiography-guided coronary artery by-
pass grafting: the GRAFFITI trial. Euro-
Intervention 2019;​15(11):​e999-e1005.
18.	 Thuesen AL, Riber LP, Veien KT, et al. 
Fractional flow reserve versus angiograph-
ically-guided coronary artery bypass graft-
ing. J Am Coll Cardiol 2018;​72:​2732-43.
19.	 Zhang J, Gao X, Kan J, et al. Intravas-
cular ultrasound versus angiography-
guided drug-eluting stent implantation: 
the ULTIMATE trial. J Am Coll Cardiol 
2018;​72:​3126-37.
20.	 Escaned J, Collet C, Ryan N, et al. 
Clinical outcomes of state-of-the-art per-
cutaneous coronary revascularization in 
patients with de novo three vessel disease: 
1-year results of the SYNTAX II study. Eur 
Heart J 2017;​38:​3124-34.
Copyright © 2021 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org at UNIV OF PENN LIBRARY on February 24, 2022. For personal use only. No other uses without permission. 

 Copyright © 2022 Massachusetts Medical Society. All rights reserved. 


