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For several decades, coronary artery bypass grafting has been regarded as the standard choice of revascularization for

significant left main coronary artery (LMCA) disease. However, in conjunction with remarkable advancement of device

technology and adjunctive pharmacology, percutaneous coronary intervention (PCI) offers a more expeditious approach

with rapid recovery and is a safe and effective alternative in appropriately selected patients with LMCA disease. Several

landmark randomized clinical trials showed that PCI with drug-eluting stents for LMCA disease is a safe option with

similar long-term survival rates to coronary artery bypass grafting surgery, especially in those with low and intermediate

anatomic risk. Although it is expected that the updated evidence from recent randomized clinical trials will determine the

next guidelines for the foreseeable future, there are still unresolved and unmet issues of LMCA revascularization and PCI

strategy. This paper provides a comprehensive review on the evolution and an update on the management of LMCA

disease. (JACC: Asia 2022;2:119–138) © 2022 The Authors. Published by Elsevier on behalf of the American College of

Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
L eft main coronary artery (LMCA) disease rep-
resents the highest-risk lesion subset of coro-
nary artery disease (CAD) because of the

large amount (approximately 70%) of jeopardized
myocardium, which is associated with significantly
higher risks of cardiovascular morbidity and mortal-
ity as compared with other obstructive CAD.1 LMCA
disease is not uncommon in patients with acute coro-
nary syndrome and stable CAD, and it is frequently
combined with concomitant multivessel disease.2

Thus, given that LMCA disease has an important
prognostic value, current clinical practice guidelines
strongly recommend revascularization in all patients
with $50% stenosis of the LMCA,3 and the optimal
revascularization strategy is crucial for the manage-
ment of significant LMCA disease. Traditionally,
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coronary artery bypass grafting (CABG) has been the
gold standard revascularization method for signifi-
cant LMCA disease based on its established mortality
benefit over medical therapy and documented long-
term durability. In earlier periods, percutaneous cor-
onary intervention (PCI) for LMCA disease was
considered an alternative to CABG in highly selected
patients or in those with hemodynamic instability or
who are at high surgical risk.4

However, with remarkable advancements in the
PCI field over the last 20 years, including device
technology, PCI technique, adjunctive pharmaco-
therapy, and improved procedural expertise, PCI has
become a reasonable alternative in a significant
portion of patients with LMCA disease.5 Until
recently, there have been several clinical registries
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ABBR EV I A T I ON S

AND ACRONYMS

BMS = bare-metal stent(s)

CABG = coronary artery bypass

grafting

CAD = coronary artery disease

DAPT = dual antiplatelet

therapy

DES = drug-eluting stent(s)

DK = double-kissing

FFR = fractional flow reserve

iFR = instantaneous wave-free

ratio

IVUS = intravascular

ultrasound

LAD = left anterior descending

artery

LCX = left circumflex artery

LMCA = left main coronary

artery

LVEF = left ventricular ejection

fraction

MACCE = major adverse

cardiac or cerebrovascular

events

MI = myocardial infarction

MLA = minimal lumen area

PCI = percutaneous coronary

intervention

RCT = randomized clinical
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and randomized clinical trials (RCTs) to
evaluate the clinical effectiveness of PCI with
stenting for LMCA disease relative to stan-
dard CABG.1,5 On the basis of these cumula-
tive data, the optimal management of
patients with LMCA disease is now guided by
key clinical and anatomic factors, for which
the heart team approach is increasingly
emphasized. Furthermore, technological and
conceptual advancements with functional
and imaging concepts for left main PCI have
been introduced in both techniques to alter
optimal procedural decision making and ap-
proaches.6,7 In spite of these revolutions,
unresolved issues on the treatment of LMCA
disease in contemporary clinical practice still
exist. In this review, we summarize the latest
clinical evidence, practical applications, and
special considerations as well as speculate on
the future perspective of left main PCI.

CLINICAL EVIDENCE SUPPORTING

LEFT MAIN PCI

EVOLUTION OF PCI FOR LMCA DISEASE. Based
on old data, the prognosis of patients with
medically treated LMCA disease was very
poor, with the 5-year cardiac mortality rate
reaching >50%.8,9 Because earlier RCTs from
30 to 40 years ago demonstrated the superi-
ority of surgical revascularization over medical
treatment alone (which was limited by the lack of
contemporary guideline-based medical therapy) for
the 5- to 10-year survival in patients with LMCA dis-
ease,10-13 CABG has been the gold standard of care for
a long time. Meanwhile, the first PCI was performed
by Dr Andreas Gruentzig with balloon angioplasty in
1977.14 However, plain balloon angioplasty was
quickly abandoned after the first case series reported
a poor long-term prognosis of patients with unpro-
tected LMCA disease, although elective angioplasty
was technically feasible.15 Thereafter, PCI with
balloon angioplasty was performed on a limited basis,
mostly in surgically ineligible conditions as a salvage
procedure or in protected LMCA cases. With the
introduction of metallic stents and dual antiplatelet
therapy (DAPT), PCI for LMCA disease has been
reconsidered as a revisited option since the mid-
1990s, overcoming the shortcomings of balloon an-
gioplasty (ie, acute recoil, abrupt closure, or coronary
dissection). PCI with bare-metal stents (BMS) for
LMCA disease was conducted in highly selective,
elective, low-risk patients with technical feasibility
and acceptable short-term and mid-term clinical

trial
outcomes.16-19 However, the widespread use of BMS
for complex LMCA disease was hampered by a high
risk of restenosis and repeat revascularization.

In the early 2000s, drug-eluting stents (DES) with a
remarkable reduction in angiographic and clinical
restenosis were widely adopted, and PCI with DES
implantation for LMCA disease has dramatically
increased in daily clinical practice. At first, in several
observational registries, PCI using early-generation
DES compared with BMS demonstrated more favor-
able clinical outcomes after PCI of LMCA disease.20-24

With accumulating clinical evidence and shared ex-
periences for such complex PCI, physicians’ threshold
for performing PCI for LMCA disease has become less
restrictive. Thus, PCI with DES has been increasingly
performed for more complex clinical and anatomic
situations.1 Also, given that newer-generation DES
have demonstrated a lower risk of stent thrombosis
and restenosis compared to first-generation DES,25,26

as well as that technological enhancements and pro-
cedural simplification have contributed to the
increased use of PCI for such complex lesions, the
unrestricted use of second-generation DES for LMCA
disease has been more rapidly increasing, and better
clinical outcomes were reported in diverse “real-
world” registries.27-29

LATEST EVIDENCE COMPARING PCI AND CABG FOR

LMCA DISEASE. Several RCTs comparing PCI using
early-generation DES with CABG for treating LMCA
disease have suggested comparable clinical outcomes
of PCI and CABG.30-42 Key elements and trial findings
of RCTs comparing PCI with DES and CABG for LMCA
revascularization are summarized in Table 1. During
recent years, long-term follow-up up to 5 or 10 years
has become available for a large number of patients
who underwent percutaneous vs surgical revascular-
ization of LMCA disease. Although revascularization
is the established optimal management strategy
for LMCA disease, recent long-term follow-up of
landmark RCT data and several meta-analyses
of contemporary RCTs have rekindled the debate
over whether CABG or PCI is preferred and
optimal.35,38,40,42-47

Currently, 2 RCTs, EXCEL (Evaluation of Xience
Everolimus Eluting Stent vs Coronary Artery Bypass
Surgery for Effectiveness of Left Main Revasculari-
zation) and NOBLE (Nordic-Baltic-British Left Main
Revascularization), were sufficiently powered to
determine the clinical effectiveness of PCI with
contemporary DES compared to standard CABG for
LMCA disease.39-42 However, these 2 landmark RCTs
showed somewhat conflicting results; EXCEL found
that PCI was noninferior to CABG,39,40 whereas



TABLE 1 Summary of Randomized Clinical Trials of PCI With DES Vs CABG for LMCA Disease

LEMANS30,31 Boudriot et al32 SYNTAX-LM33-35 PRECOMBAT36,38 EXCEL39,40 NOBLE41,42

Recruitment
period

2001-2004 2003-2009 2005-2007 2004-2009 2010-2014 2008-2015

PCI/CABG, n/n 52/53 100/101 357/348 300/300 948/957 592/592

Follow-up, y 10 1 5
10 (for mortality)

10 5 5

Diabetes, % 18 36 25 32 29 15

Bifurcation, % 58 72 61 64 81 81

SYNTAX score,
mean

Not reported 23 30 25 21 22

Stent BMS and DES (35%) DP-SES DP-PES DP-SES DP-EES BP-BES and DP-SES (7.7%)

IVUS Recommend Infrequent Infrequent At discretion, 91% Recommended, 77% Recommended, 74%

FFR guidance Not reported Not reported Infrequent Not reported Recommended,
9.0%

Recommended

LIMA, % 72 99 97 94 99 96

Off pump, % 1.9 46 Not reported 64 29 16

Primary trial
endpoint

Change in LVEF Cardiac death,
MI, or TVR

Death, MI, stroke, or repeat
revascularization

10-y all-cause death

Death, MI, stroke, or
TVR

Death, MI, or stroke Death, nonprocedural MI,
stroke, or repeat
revascularization

Key finding There was a trend toward
higher LVEF at 10 y with

PCI.

PCI was
inferior to

CABG at 1 y.

PCI was noninferior to CABG at 1
and 5 y in terms of death, MI,

stroke,
or repeat revascularization. No
significant difference in 10-y all-

cause death between PCI and CABG.

PCI was noninferior to
CABG at 1, 5, and 10 y.

PCI was noninferior
to CABG at 3 and 5 y.

PCI was inferior to CABG
at 5 y.

BMS ¼ bare-metal stent; BP-BES ¼ biodegradable polymer biolimus-eluting stent; CABG ¼ coronary artery bypass grafting; DES ¼ drug-eluting stent; DP-EES ¼ durable polymer everolimus-eluting stent;
DP-PES ¼ durable polymer paclitaxel-eluting stent; DP-SES ¼ durable-polymer sirolimus-eluting stent; EXCEL ¼ Evaluation of Xience Everolimus Eluting Stent vs Coronary Artery Bypass Surgery for
Effectiveness of Left Main Revascularization; FFR ¼ fractional flow reserve; IVUS ¼ intravascular ultrasound; LEMANS ¼ Left Main Stenting; LIMA ¼ left internal mammary artery; LVEF ¼ left ventricular
ejection fraction; MI ¼ myocardial infraction; NOBLE ¼ Nordic-Baltic-British Left Main Revascularization; PCI ¼ percutaneous coronary intervention; PRECOMBAT ¼ Premier of Randomized Comparison of
Bypass Surgery versus Angioplasty Using Sirolimus-Eluting Stent in Patients with Left Main Coronary Artery Disease; SYNTAX¼ Synergy Between Percutaneous Coronary Intervention With TAXUS and Cardiac
Surgery; SYNTAX-LM ¼ left main substudy of the SYNTAX (Percutaneous Coronary Intervention with TAXUS and Cardiac Surgery); TVR ¼ target vessel revascularization.
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NOBLE failed to show noninferiority for PCI
compared with CABG.41,42 These opposing results
might raise clinical uncertainty with regard to the
relative very-long-term treatment effect of PCI vs
CABG; especially, it is noteworthy that a relative
treatment effect of PCI and CABG differed substan-
tially over time. Given that a worrisome trend of late
catch-up or event curves appeared to diverge toward
favoring CABG over PCI during late periods of follow-
up and that the benefits of CABG tend to become
evident with longer follow-up,48 longer-term follow-
up data of these trials are required to determine
whether the relative long-term treatment effect of
contemporary PCI and CABG is variable over time and
to confirm any definitive conclusions.

To date, the most recent individual patient-level or
study-level meta-analyses incorporating long-term
follow-up results from key RCTs (eg, SYNTAX [Syn-
ergy Between Percutaneous Coronary Intervention
With TAXUS and Cardiac Surgery], PRECOMBAT
[Premier of Randomized Comparison of Bypass Sur-
gery versus Angioplasty Using Sirolimus-Eluting
Stent in Patients with Left Main Coronary Artery
Disease], EXCEL, and NOBLE) are summarized in
Table 2. These analyses showed similar long-term
mortality and hard clinical endpoint of composite of
death, myocardial infarction (MI), or stroke after PCI
with DES as compared to CABG in patients with LMCA
disease.43-46,49-51 Based on the currently available
totality of the evidence, CABG and PCI with DES for
the treatment of LMCA disease have comparable risks
for overall mortality and the composite of death, MI,
or stroke up to 5 to 10 years of follow-up. The risks of
procedural MI and stroke were greater with CABG,
whereas the risk of spontaneous MI was greater with
PCI, providing early benefit for PCI in terms of MI and
stroke, which is subsequently offset by a higher risk
of spontaneous MI and repeat revascularization dur-
ing long-term follow-up.

In the “real-world” clinical setting, patients and
physicians are increasingly opting for less invasive PCI
rather than CABG for LMCA disease.1,52 The worsening
risk profile and increasing prevalence of complex
comorbidities in patients undergoing PCI has been
broadly observed in several nationwide and interna-
tional registries.1,52-54 Enrollment in RCTs is
frequently mandated by strict inclusion and exclusion
criteria, which raises concerns about the generaliz-
ability of reported trial findings. Therefore, although
PCI with contemporary DES is currently widely



TABLE 2 Updated Meta-Analysis of RCTs of PCI With DES vs CABG for LMCA Disease

Giacoppo
et al43

Palmerini
et al44

Head
et al45

Ahmad
et al46

Kuno
et al49

D’Ascenzo
et al50

Sabatine
et al51

Publication year 2017 2017 2018 2020 2020 2021 2021

Number of RCTs 4 6 11 5 4 4 4

Number of
participants,
(PCI/CABG)

4,394 (2,197/2,197) 4,686 (2,347/2,339) 4,478 of 11,518
(38.9%) had
LMCA disease

(2,233/2,245)

4612 (2,303/2,309) 4,394 (not reported
specific numbers
for PCI/CABG)

4,394 (2,197/2,197) 4,394 (2,197/2,197)

Mean follow-up
duration

Not reported (1 RCT
had a 3-y
follow-up; 3 RCTs
reported 5-y
follow-up)

39 months 3.4 y 67.1 months Not reported
(included trials
with at least a
5-y follow-up)

Not reported
(included trials
with at least a
5-y follow-up)

Not reported
(included trials
with at least a
5-y follow-up)

Primary
outcome

A composite of all-
cause death, MI,
or stroke

All-cause
mortality

All-cause
mortality

All-cause
mortality

All-cause
mortality

All-cause
mortality

All-cause
mortality

Pooled estimate
for primary
outcome

HR: 1.06; 95% CI:
0.85-1.32;
P ¼ 0.60

HR: 0.99; 95% CI:
0.76-1.30;
P ¼ 0.74

HR 1.07; 95% CI:
0.87-1.33;
P ¼ 0.52

RR: 1.03; 95% CI:
0.81-1.32;
P ¼ 0.78

HR: 1.11; 95% CI:
0.91–1.35;
P ¼ 0.30

ORa: 0.93; 95% CI
0.71-1.21;
P ¼ 0.58

HR: 1.10; 95% CI:
0.91-1.32;
P ¼ 0.33

Additional
analyses and
secondary
outcomes

Primary outcome in
patients with low
to intermediate
SYNTAX score:
HR: 1.02; 95% CI:
0.74-1.41;
P ¼ 0.89

Repeat
revascularization:
HR: 1.70; 95% CI
1.42-2.05;
P < 0.001

All cause-death: HR:
1.04; 95% CI:
0.81-1.31;
P ¼ 0.77

Cardiac death: HR:
1.00; 95% CI:
0.72-1.31;
P ¼ 0.77

MI: HR: 1.48; 95% CI:
0.85-2.58;
P ¼ 0.17

Stroke: HR: 0.87;
95% CI: 0.39-
1.92; P ¼ 0.72

Cardiac mortality:
HR: 1.01; 95% CI:
0.72-1.42;
P ¼ 0.83

Significant
interaction for
cardiac mortality
between
treatment and
SYNTAX score:
P for interaction
¼ 0.03

MI: HR: 1.33; 95% CI:
0.84-2.11;
P ¼ 0.11

Stroke: HR: 0.71;
95% CI: 0.34-
1.49; P ¼ 0.31

Unplanned
revascularization:
HR: 1.74; 95% CI:
1.47-2.07;
P < 0.001

All-cause death, MI,
or stroke:
HR: 1.06;
95% CI: 0.82-
1.37; P ¼ 0.39

In diabetic patients
with LMCA
disease: HR: 1.34;
95% CI 0.93-1.91;
P ¼ 0.11

For nondiabetic
patients with
LMCA disease:
HR: 0.94;
95% CI: 0.72-
1.23; P ¼ 0.65;
P for
interaction ¼ 0.13

LMCA disease with
SYNTAX score
0-22: HR: 0.91;
95% CI: 0.60-
1.36; P ¼ 0.64

SYNTAX score 23-32:
HR: 0.92;

95% CI: 0.65-1.30;
P ¼ 0.65

SYNTAX score $33:
HR: 1.39; 95% CI:
0.94-2.06;
P ¼ 0.10; P for
interaction
¼ 0.38

Cardiac mortality:
RR: 1.03; 95% CI:
0.79-1.34;
P ¼ 0.82

Stroke: RR: 0.74;
95% CI: 0.35-
1.50; P ¼ 0.40

MI: RR: 1.22; 95% CI:
0.96-1.56;
P ¼ 0.11

Unplanned
revascularization:
RR: 1.73; 95% CI:
1.49-2.02;
P < 0.001

Cardiac mortality:
HR: 1.13; 95% CI:
0.88-1.44;
P ¼ 0.34

MI: HR: 1.48;
95% CI: 0.88-
2.48; P ¼ 0.14

Stroke: HR: 0.81;
95% CI: 0.42–
1.53; P ¼ 0.53

Repeat
revascularization:
HR: 1.80;
95% CI: 1.52-
2.13; P < 0.01

Cardiac mortality:
ORa: 0.95; 95% CI:
0.68-1.32;
P ¼ 0.75

MACCEs (including
repeat
revascularization):
ORa: 0.69;
95% CI: 0.60-
0.79;
P < 0.00001

MI: ORa: 0.48;
95% CI: 0.36-
0.65; P < 0.0001

Repeat
revascularization:
ORa: 0.53; 95% CI:
0.45-0.64;
P < 0.0001

Stroke: ORa: 1.17;
95% CI: 0.59-2.31;
P ¼ 0.66

Cardiac mortality:
HR: 1.07; 95% CI:
0.83-1.37;
P ¼ 0.61

MI: HR: 2.35;
95% CI:1.71-3.23;
P < 0.0001

Stroke: HR: 0.84;
95% CI: 0.59-
1.21; P ¼ 0.36

Repeat
revascularization:
HR: 1.78; 95% CI:
1.51-2.10;
P < 0.0001

Bayesian analysis:
85.7%
probability that
death at 5 years
was greater with
PCI than with
CABG (probably
<1.0%;
<0.2%/y)

Key findings PCI and CABG
showed
comparable
outcomes at 3-5 y
of follow-up.

PCI had a similar risk
of mortality
compared with
CABG, with an
interaction effect
suggesting
relatively lower
mortality with PCI
in patients with
low SYNTAX
scores and
relatively lower
mortality with
CABG in patients
with high SYNTAX
scores.

Patients with LMCA
disease had
similar survival
with PCI and
CABG, regardless
of diabetes and
SYNTAX score.

PCI with DES showed
similar long-term
mortality
compared with
CABG in patients
with LMCA
disease.

PCI with DES showed
similar long-term
mortality
compared with
CABG in patients
with LMCA
disease.

PCI with DES showed
similar long-term
mortality
compared with
CABG in patients
with LMCA
disease.

PCI with DES showed
similar long-term
mortality
compared with
CABG in patients
with LMCA
disease.

aORs for CABG as compared with PCI.

LMCA ¼ left main coronary artery; MACCE ¼ major adverse cardiac or cerebrovascular event; MI ¼ myocardial infraction; OR ¼ odds ratio; RCT ¼ randomized clinical trial; RR ¼ relative risk; other
abbreviations as in Table 1.
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considered in “real-world” LMCA patients with a wide
variety of clinical and anatomic complexities, it is
quite challenging to directly apply the trial findings to
unrestricted patients in routine PCI practice.
CURRENT REVASCULARIZATION GUIDELINES.

Over the last decade, existing clinical practice
guidelines continue to advocate CABG surgery as the
Class I indication for myocardial revascularization.



TABLE 3 Recent Changes of PCI Recommendation Guidelines for LMCA Disease

Guidelines Class of Recommendation
Level of
Evidence

Pre-EXCEL and NOBLE

2014 ESC/EACTS55 I: LMCA disease with a SYNTAX score of #22
IIa: LMCA disease with a SYNTAX score of 23–32
III: LMCA disease with a SYNTAX score of $33

B

2014 ACC/AHA57 IIa: For SIHD patients when both of the following are present:
� Anatomic conditions associated with a low risk of PCI procedural complications and a high likeli-

hood of good long-term outcomes (eg, a low SYNTAX score of #22, ostial or trunk LMCA stenosis)
� Clinical characteristics that predict a significantly increased risk of adverse surgical outcomes

(eg, STS-predicted risk of operative mortality of >5%)
IIb: For SIHD patients when both of the following are present:
� Anatomic conditions associated with a low-to intermediate risk of PCI procedural complications

and an intermediate to high likelihood of good long-term outcome (eg, low-intermediate
SYNTAX score of <33, distal bifurcation LMCA stenosis)

� Clinical characteristics that predict an increased risk of adverse surgical outcomes (eg, moderate-
severe chronic obstructive pulmonary disease, disability from previous stroke, or previous cardiac
surgery; STS-predicted risk of operative mortality of >2%)

III: For SIHD patients (vs performing CABG) with unfavorable anatomy for PCI and who are good candidates
for CABG

B
B
B

Post-EXCEL and NOBLE

2018 ESC/EACTS56 I: LMCA disease with a SYNTAX score of #22
IIa: LMCA disease with a SYNTAX score of 23–32
III: LMCA disease with a SYNTAX score of $33

A

2021 ACC/AHA58 IIa: In selected patients with SIHD and significant LMCA disease for whom PCI can provide equivalent
revascularization to that possible with CABG, PCI is reasonable to improve survival.

B

ACC ¼ American College of Cardiology; AHA ¼ American Heart Association; EACTS ¼ European Association for Cardio-Thoracic Surgery; ESC ¼ European Society of Cardiology;
SIHD ¼ stable ischemic heart disease; STS ¼ Society of Thoracic Surgeons; other abbreviations as in Tables 1 and 2.
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However, more recent RCTs and registry studies
support PCI as a reasonable alternative in selective
patients with less complex LMCA disease. As evi-
dence has accumulated over time, guideline recom-
mendations of PCI for LMCA disease have become less
stringent, and key changes before and after the
EXCEL and NOBLE trials are summarized in Table 3.
Consistent with the 2014 European guidelines,55 the
recent 2018 European guidelines kept a Class I Level
of Evidence: A recommendation for CABG in all pa-
tients with LMCA disease regardless of anatomic
complexity.56 After the publication of the landmark
EXCEL and NOBLE trials and subsequent meta-
analysis, this guideline still indicates that PCI is an
appropriate alternative to CABG in LMCA disease with
low to intermediate anatomic complexity, and all
evidence levels have been upgraded from Level of
Evidence: B to Level of Evidence: A. PCI is recom-
mended as Class I, IIa, or III based on the SYNTAX
score tertile.

As compared to the European guidelines, U.S.
practical guidelines proposed a more strict recom-
mendation of PCI use for LMCA revascularization; the
2014 U.S. guidelines have provided a Class IIa Level of
Evidence: B indication to PCI for patients with low
anatomic risk (eg, a low SYNTAX score and ostial or
shaft LMCA disease), a Class IIb Level of Evidence: B
indication for those with intermediate anatomic risk
(eg, low to intermediate SYNTAX score and bifurca-
tion LMCA disease), and a Class III Level of Evidence:
B indication for those with unfavorable anatomy (eg,
highest tertile of the SYNTAX score, $33), also taking
into account both anatomic condition and surgical
risks.57 After the publication of the EXCEL, NOBLE,
and ISCHEMIA (International Study of Comparative
Health Effectiveness With Medical and Invasive Ap-
proaches) trials, the most updated 2021 American
College of Cardiology/American Heart Association/
Society for Cardiovascular Angiography and In-
terventions guideline for coronary revascularization
provides a Class IIa indication (Level of Evidence: B
nonrandomized) to PCI for patients in whom equiv-
alent revascularization can be achieved with both PCI
and CABG without subclassification according to
clinical and anatomic risk profiles.58

HEART TEAM APPROACH. Current practical guide-
lines recommend multidisciplinary decision making
(the heart team approach) in patients with complex
CAD, including LMCA disease.56-58 As supporting ev-
idence for PCI as a reasonable alternative in selected
LMCA disease accumulated, physicians’ threshold for
performing PCI at the LMCA has become lower. The
rapid rise in the volume of left main PCI and the
relative shrinkage of CABG was observed in the
contemporary real-world multinational registry.1

Although the rise in PCI use is a widespread



FIGURE 1 Heart Team Approach to LMCA Revascularization

CABG ¼ coronary artery bypass grafting; DAPT ¼ dual antiplatelet therapy; LMCA ¼ left main coronary artery; LVEF ¼ left ventricular ejection fraction;

PCI ¼ percutaneous coronary intervention.
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phenomenon observed across the world,52 there is
marked variability in PCI-to-CABG ratios observed
between countries or across regions under the same
health care system59,60; it may raise concern on the
underuse or inappropriate use of revascularization
strategies. Furthermore, the available treatment op-
tions for patients in developing Asian countries
would differ from those in the Western countries
because of the less well-developed health care infra-
structure (ie, physicians, medical services, and de-
vices), and, also, many Asian patients would opt for
PCI over CABG because of cultural, religious, or so-
cioeconomic factors, such as the lack of social welfare
support.61,62

In this regard, the consistency and generality of the
recommendations could be addressed by the heart
team approach, which is becoming common practice
in many Asian countries to encourage appropriate
treatment. The long-term prognosis and decision
making of optimal revascularization of patients with
LMCA can be stratified by means of several key clin-
ical, anatomic, and procedural factors (Figure 1). Over
the last decade, there are several integrated and
validated risk scores or models for anatomic and/or
clinical variables that can be used to facilitate heart
team discussion and informed discussion with
patients (Table 4). The SYNTAX score is an anatomic
scoring system reflecting the extent and complexity
of CAD.63 Generally, patients with high anatomic
complexity reflected by high SYNTAX scores are less
likely to achieve complete revascularization with PCI;
consequently, they have worse prognosis when
treated with PCI. However, the prognosis of CABG is
much less affected by anatomic complexity because
CABG can presumably bypass all anatomic complex
lesions.64 Rather, it is more related to clinical char-
acteristics and comorbidities of patients, reflected in
surgical risk scores (ie, EuroSCORE [European System
for Cardiac Operative Risk Evaluation], STS [Society
of Thoracic Surgeons] score, ACEF [Age, Creatinine,
and Ejection Fraction] score). Like this, the
complexity and extent of CAD should be adequately
considered in the heart team discussion and patient
counseling with the intention of achieving complete
revascularization, because incomplete revasculariza-
tion is associated with worse clinical outcomes
regardless of the revascularization strategy.65 On the
other hand, the SYNTAX II score was developed by
combining anatomic and clinical factors for individ-
ualized guidance for decision making between PCI
and CABG and, most recently, was refined to the
SYNTAX Score II 2020 for predicting 10-year mortality



TABLE 4 Contemporary Risk Scores for Decision Making or Risk Prediction for Left Main or Multivessel Coronary Artery Disease

SYNTAX Score I SYNTAX Score II SYNTAX Score II 2020 EuroSCORE STS Score ACEF Score

Year of
publication

2005 2013 2020 1999: EuroSCORE I
(additive)

2003: EuroSCORE I
(logistic)

2012: EuroSCORE II

2007
2018: entirely new risk model

2009

Clinical use Angiographic tool for
objectively grading the
complexity of CAD and
guiding decision making
between CABG and PCI

To guide the optimum
revascularization

method in patients
with complex CAD.

For predicting 10-y deaths
and 5-y MACEs after CABG or

PCI

The prediction of
early mortality in
cardiac surgical

patients

Predicting the postoperative
mortality in patients

undergoing open heart
surgery

Assessing operative
mortality risk in
elective cardiac

operations

Development
data set

Initially established itself as
an anatomic-based tool to
force the heart team to
analyze the coronary

angiogram and agree that
equivalent revascularization
(CABG and PCI) could be

achieved

CABG and PCI cohorts
of the SYNTAX trial

(N ¼ 1,800)

SYNTAXES (SYNTAX
Extended Survival) study

(N ¼ 1,800)

EuroSCORE I:
development data
set (N ¼ 13,302)/
validation data set

(N ¼ 1,479)
EuroSCORE II:

development data
set (N ¼ 16,828)/
validation data set

(N ¼ 5,553)

Development data set: July
2011 to June 2014 STS Adult
Cardiac Surgery Database

data (isolated CABG
[N ¼ 439,092], isolated

valve surgery [N ¼ 150,150],
combined procedure

[N ¼ 81,588])
Validation data set: July 2014
to December 2016 STS Adult
Cardiac Surgery Database

Development data
set: 4,557 patients
having surgery in the
San Donato Hospital
from 2001 to 2003
Validation data set:

4,091 patients
having surgery in the
same hospital from

2004 to 2007

External
validation
set of
initial
publication

Not applicable DELTA registry
(N ¼ 2,891)

10-y death: only internally
validated 5-y all-cause death
and 5-y MACEs: externally

validated by use of data from
the FREEDOM, BEST, and
PRECOMBAT trial cohort

(N ¼ 3,380)

Not applicable Not applicable Not applicable

Study
population

Patients with complex CAD
(3-vessel or LMCA disease)
undergoing PCI or CABG

Same as SYNTAX
score I

Same as SYNTAX score I Cardiac surgical
patients in Europe

Patients undergoing
cardiac surgery

Patients undergoing
an elective cardiac

operation

Outcomes of
interest

MACCEs (death, stroke, MI,
and repeat revascularization)

4-y mortality All-cause death at 10 years
5-y all-cause death

5-y MACEs

Postoperative
mortality (death
within 30 d of

operation or within
the same hospital

admission)

Mortality and postoperative
complications (a composite

of morbidity and 30-d
mortality, length of stay,
neurologic injury, deep
sternal wound infection,

prolonged ventilation, renal
failure, and reoperation)

Operative mortality
(in-hospital
mortality or

mortality by 30 d
after the operation

for patients
discharged from the

hospital)

Calculator http://www.syntaxscore.org/
calculator/syntaxscore/

frameset.htm

http://
www.syntaxscore.org/

calculator/
syntaxscore/

framesetss2.htm

https://
syntaxscore2020.com/

EuroSCORE I: http://
www.euroscore.org/

calcold.html
EuroSCORE II: http://
www.euroscore.org/

calc.html
(EuroSCORE II)

https://riskcalc.sts.org/
stswebriskcalc/calculate
(periodically recalibrated)

Not applicable

ACEF ¼ Age, Creatinine, and Ejection Fraction; BEST ¼ Randomized Comparison of Coronary Artery Bypass Surgery and Everolimus Eluting Stent Implantation in the Treatment of Patients With Multivessel
Coronary Artery Disease; CAD ¼ coronary artery disease; DELTA ¼ Drug- Eluting Stent for Left Main Coronary Artery Disease; EuroSCORE ¼ European System for Cardiac Operative Risk Evaluation;
FREEDOM ¼ Future Revascularization Evaluation in Patients With Diabetes Mellitus: Optimal Management of Multivessel Disease; MACE ¼ major adverse cardiovascular event; other abbreviations as in
Tables 1–3.
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and 5-year major adverse cardiac events.66 Additional
factors that are not included in most risk models but
also need to be considered include frailty, life ex-
pectancy, patient preference and patient-stated
goals, expected quality-of-life improvement, doubt-
ful DAPT adherence, operator skills, and local exper-
tise. For patients who received the heart team
decision of equipoise risk, the patient preference
should be forefront. Depending on the combination of
these factors mentioned, there are patients who are
more likely to benefit from one approach instead of
the other. In this clinical viewpoint, the heart team
should deliver this knowledge effectively to the
patient, discuss it with the patient, and reach
an agreement on the optimal revascularization
strategy.67

SPECIAL POPULATIONS

PATIENTS WITH DIABETES. Patients with diabetes
mellitus are more likely to have complex CAD, such as
multivessel or LMCA disease, with a greater athero-
sclerotic burden.68 Diabetes is a well-known major
determinant of the long-term outcome after both

http://www.euroscore.org/calcold.html
http://www.euroscore.org/calcold.html
http://www.euroscore.org/calcold.html
http://www.euroscore.org/calc.html
http://www.euroscore.org/calc.html
http://www.euroscore.org/calc.html
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CABG and PCI.69 Although no specific recommenda-
tion was given regarding the optimal revasculariza-
tion strategy in patients with diabetes and LMCA
disease, current guidelines recommend CABG as the
preferred revascularization strategy in diabetic pa-
tients with 3-vessel disease.56 However, the role of
diabetes guiding the optimal revascularization strat-
egy in patients with LMCA disease has recently been
questioned. In fact, no dedicated RCT has compared
the outcomes of PCI vs CABG for LMCA disease spe-
cifically in patients with diabetes. The relative treat-
ment effect of PCI and CABG for multivessel and
LMCA disease according to diabetic status are well
summarized in Figure 2.70 In a pooled analysis of in-
dividual patient data from 11 RCTs, the presence of
diabetes modified the treatment effect of PCI vs CABG
on the 5-year mortality in patients with multivessel
disease (without LMCA disease) (P for
interaction ¼ 0.045) but not in those with LMCA
disease (P for interaction ¼ 0.13).45 The subgroup
analysis of EXCEL also showed similar results with
comparable outcomes irrespective of diabetic sta-
tus.71 In the 10-year report from the MAIN-COMPARE
(Revascularization for Unprotected Left Main Coro-
nary Artery Stenosis: Comparison of Percutaneous
Coronary Angioplasty vs Surgical Revascularization)
registry, the long-term risks of mortality and serious
composite outcome were comparable after PCI and
CABG in diabetic patients, demonstrating the dimin-
ishing impact of diabetes favoring CABG over PCI
from the BMS to DES eras.72 These findings suggest
the limited role of diabetes as a key factor for the
decision making regarding LMCA revascularization
strategy. Therefore, in contemporary practice, PCI
can be a reasonable treatment option in diabetic pa-
tients with LMCA disease and relatively noncomplex
CAD, whereas CABG should be considered for diabetic
patients with more complex CAD.

OSTIAL/SHAFT VS DISTAL BIFURCATION LESIONS.

The lesion location of LMCA disease is considered an
important factor that affects the decision making on
the revascularization strategy, and it is also reflected
in current practice guidelines.56,57 For isolated ostial/
shaft LMCA disease, PCI revealed comparable long-
term outcomes compared to CABG.73,74 However,
PCI for distal LMCA bifurcation lesions usually de-
mands more complex procedural considerations and
techniques and shows less favorable outcomes
compared to PCI for ostial/shaft lesions.75,76 In the 10-
year results of the MAIN-COMPARE registry, PCI with
DES showed higher mortality and serious composite
outcome rates than did CABG beyond 5 years among
patients with LMCA bifurcation lesion, especially
when treated with a 2-stent technique. In EXCEL,
including 84.2% of patients with distal LMCA bifur-
cation disease, a trend toward late crossover in terms
of hard endpoints over 3 years was noted in patients
with LMCA bifurcation disease but not in patients
with isolated ostial/shaft disease.77 Meanwhile, the
higher risk of repeat revascularization in distal LMCA
bifurcation lesions favoring CABG over PCI was
consistent across trials. In a recent meta-analysis
involving RCTs and adjusted observational studies
and analyzing the different outcomes of PCI vs CABG
according to lesion site, similar findings were also
observed: CABG was associated with a lower risk of
major adverse cardiac events compared to PCI in pa-
tients with distal LMCA disease, whereas both
revascularization strategies showed comparable out-
comes for ostial/shaft LMCA disease.78 Therefore,
decision making on revascularization for LMCA
bifurcation should be based on careful evaluation of
the anatomic complexity and potential to achieve
complete revascularization. Appropriate lesion se-
lection followed by stent optimization with intravas-
cular imaging would improve PCI outcomes,
particularly when a complex 2-stent strategy is
needed for the treatment of distal LMCA disease.

PATIENTS WITH HEART FAILURE WITH REDUCED

EJECTION FRACTION. The major long-term mani-
festations of significant LMCA disease could be asso-
ciated with decompensated heart failure because of
the large area of myocardium at risk.9,79 Patients with
reduced left ventricular ejection fraction (LVEF) sec-
ondary to ischemic CAD have a high risk of mortality,
reaching 60% over a 10-year follow-up with medical
therapy alone. Until recently, there have been no
dedicated RCTs to guide the optimal revasculariza-
tion strategy in high-risk patients with LMCA disease
and reduced heart function. In the SYNTAX trial,
LVEF was an independent predictor of 4-year mor-
tality and showed a moderate interaction effect on
long-term mortality prediction with CABG and PCI.80

A meta-analysis including 16,191 patients with CAD
and an LVEF of #40% (21 studies, mostly observa-
tional registries) reported lower mortality with CABG
compared with PCI (HR: 0.82; 95% CI: 0.75-0.90; P <

0.001).81 In a recent report from the IRIS-MAIN
(Interventional Research Incorporation Society-Left
MAIN Revascularization) registry, CABG was associ-
ated with a lower risk of the composite outcome of
death, MI, or stroke compared with PCI for patients
with LMCA disease and moderately or severely
reduced LVEF.82 It is worth noting that the differ-
ences in event rates between PCI and CABG in
low-LVEF patients were diminished if complete
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revascularization was achieved with PCI. In sum-
mary, CABG would offer superior long-term outcomes
for those with moderately or severely reduced LVEF if
the surgical risk is acceptable, especially if complete
revascularization cannot be achieved with PCI.
Therefore, the severity of LV dysfunction should be
considered in decision making on the optimal revas-
cularization strategy in such high-risk patients,
along with the potential to ensure complete
revascularization.

ELDERLY PATIENTS. Although the average life ex-
pectancy is substantially increasing worldwide, the
optimal revascularization strategy for elderly patients
with complex CAD including multivessel and/or
LMCA disease remains unclear. Elderly patients usu-
ally tend to have more complex and severe CAD and
are frequently frailer than younger patients. Thus,
treating physicians might be more reluctant to
recommend an invasive surgical option for the treat-
ment of complex CAD.83 In this context, currently
available data or practical guidelines do not provide
sufficient evidence-based recommendations for the
management of elderly patients with complex CAD,
including LMCA disease. In a recent subgroup analysis
of the SYNTAX Extended study, elderly patients (>70
years old) with 3-vessel and/or LMCA disease had
comparable 10-year all-cause mortality, life expec-
tancy, 5-year major adverse cardiac or cerebrovascular
events (MACCEs), and 5-year quality-of-life status
after revascularization irrespective of CABG or PCI.84

In contrast, among nonelderly patients (<70 years of
age), the 5-year risk of MACCEs was significantly
higher with PCI than with CABG, which suggests that
the beneficial effects of CABG over PCI on clinical
outcomes observed in younger patients would not
apply to elderly persons. In subgroup analyses of the
IRIS-MAIN registry, significant interactions were ab-
sent for age or sex and revascularization methods of
PCI and CABG for all-cause mortality, repeat revas-
cularization, and MACCEs.85 From the clinical point of
view, it might be less attractive in these elderly in-
dividuals to opt for a more invasive and complex
surgical approach. Given the equivalent long-term
survival risk and quality-of-life status between PCI
and CABG, a less invasive strategy using PCI instead of
CABG may be preferred for elderly patients, which
should be finally discussed with both the patient and
the heart team during the decision-making process.

CONTEMPORARY INTRACORONARY IMAGING

AND PHYSIOLOGY FOR LMCA DISEASE

Evaluation of the LMCA lesion by coronary
angiography is often hampered by the lack of a
reference segment, lesion angulation, eccentricity,
bifurcation anatomy, overlapping branches, and
foreshortening.86 Invasively, a more detailed evalu-
ation of the anatomic severity and hemodynamic
significance of intermediate LMCA lesions can be
obtained by intracoronary imaging with intravascular
ultrasound (IVUS) imaging or physiologically with
pressure wire assessment of the fractional flow
reserve (FFR). In the contemporary clinical setting,
information from intracoronary imaging functional
assessment could improve the decision-making pro-
cess of LMCA disease with the help of a heart team
discussion. Also, these invasive imaging and physi-
ology tools are increasingly being used to guide the
appropriate PCI strategy and PCI optimization in daily
left main PCI practice (Figure 3).

IVUS GUIDANCE. In addition to coronary angiog-
raphy, the use of IVUS is helpful in the determination
of the vessel size, lumen area, and plaque extent and
distribution within the LMCA and its main branches of
the left anterior descending (LAD) artery and left
circumflex (LCX) artery.87 The IVUS-derived minimal
lumen area (MLA) can provide anatomic information
on the ischemic burden of the LMCA lesion. A prior
older U.S. study proposed an MLA cutoff value of
5.9 mm2 with a sensitivity and specificity of 93% and
94%, respectively, for an FFR of <0.75.88 Since then,
the evaluation of IVUS in a multicenter prospective
study of intermediate LMCA disease demonstrated
that an MLA of $6 mm2 on IVUS is a safe value for
deferring revascularization for intermediate LMCA
disease.89 However, subsequent studies including
Korean patients suggested that a smaller MLA
of #4.5 mm2 would be associated with a functionally
significant LMCA stenosis; thus, this value could be a
potential criterion for deferral or revascularization
treatment.90 One of the plausible explanations for
different MLA cutoffs for the functional significance
of LMCA lesions might be ethnic differences in the
reference size of the coronary arteries; however, it
remains unclear whether ethnicity per se predicts
smaller coronary dimensions regardless of
sex, dominance of the coronary system, or body
size.91-94 Currently, although there are several de-
bates on optimal cutoff points, an MLA of $6 mm2

is generally accepted as the safe and optimal cutoff
value for deferring treatment for LMCA disease.
IVUS can also provide additional information on
distal LMCA and bifurcation lesions by character-
izing longitudinal plaque distribution. Ideally, pull
backs from both the LAD and LCX should be used
to obtain complete information on LMCA bifurca-
tion and avoid overestimation of the MLA within



FIGURE 2 Treatment Effects of PCI and CABG According to Diabetic Status

BEST ¼ Randomized Comparison of Coronary Artery Bypass Surgery and Everolimus Eluting Stent Implantation in the Treatment of Patients With

Multivessel Coronary Artery Disease; CABG ¼ coronary artery bypass grafting; CAD ¼ coronary artery disease; DM ¼ diabetes mellitus;

EXCEL ¼ Evaluation of Xience Everolimus Eluting Stent vs Coronary Artery Bypass Surgery for Effectiveness of Left Main Revascularization;

FREEDOM¼ Future Revascularization Evaluation in Patients With Diabetes Mellitus: Optimal Management of Multivessel Disease; IPD¼ individual

patient-level data; LM ¼ left main; MVD ¼ multivessel disease; NOBLE ¼ Nordic-Baltic-British Left Main Revascularization; PCI ¼ percutaneous

coronary intervention; PRECOMBAT ¼ Premier of Randomized Comparison of Bypass Surgery versus Angioplasty Using Sirolimus-Eluting Stent in

Patients with Left Main Coronary Artery Disease; RCT ¼ randomized clinical trial; SYNTAX ¼ Synergy Between Percutaneous Coronary Intervention

With TAXUS and Cardiac Surgery. Reproduced with permission from Park et al70 with permission. Copyright ª 2019, Elsevier.
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FIGURE 3 IVUS and FFR Roles in Left Main PCI

FFR ¼ fractional flow reserve; IVUS ¼ intravascular ultrasound; LMCA ¼ left main coronary artery; PCI ¼ percutaneous coronary intervention;

J A C C : A S I A , V O L . 2 , N O . 2 , 2 0 2 2 Park et al
A P R I L 2 0 2 2 : 1 1 9 – 1 3 8 PCI for Left Main Disease

129
LCX ostium by the noncoaxial orientation of the
catheter from an LAD pull back.95

The other important value of IVUS is to ensure
stent optimization of LMCA PCI. Intracoronary imag-
ing can identify stent underexpansion or inapposi-
tion, edge dissection, or significant residual disease,
which could not be detected on coronary angiog-
raphy. Given that stent underexpansion after com-
plex stenting is corrected by IVUS optimization, the
use of IVUS guidance is associated with improved
clinical outcomes after the procedure, particularly in
patients with distal LMCA bifurcation lesions treated
with 2 stents.96,97 The proposed best IVUS-derived
minimal stent area criteria that predicted angio-
graphic restenosis were 5.0 mm2 for the LCX ostium,
6.3 mm2 for the LAD ostium, 7.2 mm2 for the polygon
of confluence, and 8.2 mm2 for the distal LMCA (the
so-called 5-6-7-8 rule of criteria).98 Finally, IVUS is a
valuable adjunctive tool for preinterventional lesion
assessment and postinterventional stent optimization
for significant LMCA disease. Given that the mecha-
nistic benefit of IVUS for assessing plaque distribu-
tion, informing stenting strategy, and enhancing stent
optimization is expected, the clinical impact of IVUS
in reducing restenosis and stent thrombosis–related
complications (especially for complex LMCA stent-
ing) may be clinically relevant.6 The true prognostic
effect of IVUS-guided PCI for LMCA disease should be
confirmed through ongoing RCTs (ie, OPTIMAL
[Optimization of Left Main Percutaneous Coronary
Intervention With Intravascular Ultrasound;
NCT04111770], INFINITE [Intravascular Ultrasound-
Versus Angiography-Guided Percutaneous Coronary
Intervention for Patients With Left Main Bifurcation
Lesion; NCT04072003], and DKCRUSH VIII [IVUS-
guided DK Crush Stenting Technique for Patients
With Complex Bifurcation Lesions; NCT03770650]).
FFR ASSESSMENT. In patients without angiograph-
ically significant LMCA stenosis or clinically relevant
symptoms and/or ischemic evidence, the hemody-
namic and functional significance of angiographically
challenging LMCA lesions should be further evalu-
ated. Given that angiography alone has inherent
limitations in accurately evaluating functionally sig-
nificant LMCA disease, there are significant interob-
server variations and poor correlation between the
severity of angiographic stenosis and its functional
significance.99,100 With physiologic assessment by
FFR, the visual-functional mismatch was identified in
approximately 30% to 40% of intermediate LMCA
disease,99,101 and such intermediate LMCA lesions
with FFR values of >0.75 or 0.80 could be safely de-
ferred.99,102 More recently, the instantaneous wave-
free ratio (iFR) was introduced as a resting index of
functional coronary stenosis. Although deferring the
revascularization of non-LMCA obstructive CAD with
an iFR of >0.89 was supported by compelling clinical
data,103,104 the clinical application of iFR to LMCA
disease may be still limited without solid outcome
studies. In addition, the interpretation of FFR in
LMCA lesions should be done carefully in cases with
the presence of downstream stenoses in the LAD
and/or LCX, which may underestimate the hemody-
namic significance of LMCA disease.105

Furthermore, evidence for best practices with
respect to technical details of LMCA PCI includes
provisional stenting and an FFR-guided approach to
jailed side branches. A recent observational study in

https://clinicaltrials.gov/ct2/show/NCT04111770
https://clinicaltrials.gov/ct2/show/NCT04072003
https://clinicaltrials.gov/ct2/show/NCT03770650


TABLE 5 Recent RCTs of Stenting Strategy for Distal Left Main Bifurcations

DKCRUSH V Trial EBC-MAIN Trial

Year of publication 2017 2021

Design Provisional strategy vs DK crush Provisional strategy vs
up-front 2-stent

strategy

Number of patients 482 467

Mean age, y 64.5 71.1

Male sex, % 80.2 76.9

Diabetes, % 27.2 27.4

Sites 26 sites (23 sites in Asia, 2 sites in United
States, 1 site in Italy)

31 sites in 11 European
countries

Operator experience $300 PCI/y and $20 left main PCI $150 PCI/y

Lesion type True unprotected left main bifurcation True unprotected left
main bifurcation

Anatomic complexity

Mean SYNTAX score 30.6 22.9

Distal bifurcation
angle

78� 81.3�

Length of side branch
lesion, mm

16.4 6.9

Complex bifurcation,
%

31.5 Not classified

Use of IVUS guidance Not mandated, 41.7% Not mandated, 32.5%

Up-front 2-stent
strategy

DK crush Culotte (53%), T/TAP
(33%), DK crush (5%)

Conversion rate to 2-
stent in provisional
strategy, %

47 22

Stents used in the study Xience V (Abbott Vascular Inc), Endeavor
Resolute (Medtronic Inc), Firebird 2

(MicroPort Medical)

Resolute Onyx
(Medtronic Inc)

Primary endpoint Target lesion failure, defined as a composite
of cardiac death, target vessel MI, or target

lesion revascularization

Death, MI, or target
lesion

revascularization

Key findings (provisional
vs 2 stent)

1 y: 10.7% vs 5.0%; P ¼ 0.02
3 y: 16.9% vs 8.3%; P ¼ 0.006

1 y: 14.7% vs 17.7%; P
¼ 0.34

DK ¼ double-kissing; DKCRUSH V ¼ Double Kissing Crush versus Provisional Stenting for Left Main Distal
Bifurcation Lesions; EBC-MAIN ¼ European Bifurcation Club Left Main Study; TAP ¼ T and protrusion; other
abbreviations as in Tables 1–3.
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Korea evaluated the long-term clinical impact of FFR
in jailed LCX branch after simple crossover stenting in
LMCA lesions.106 The patients with a high FFR in the
jailed LCX had better 5-year target lesion failure (a
composite of cardiac death, target vessel MI, or target
lesion revascularization) outcomes than those with a
low FFR. However, there was no significant differ-
ence in the clinical outcomes according to the
angiographic percent diameter stenosis. This study
suggests that FFR measurement in jailed LCX after
left main stenting crossover can be helpful in select-
ing an adequate treatment strategy and may reduce
unnecessary complex procedures. Also, among pa-
tients with LMCA disease and concomitant multi-
vessel disease, the use of physiology-guided
revascularization may significantly reduce the rate of
MACCEs associated with non-LMCA multivessel PCI.
In the FAME (Fractional Flow Reserve versus
Angiography for Multivessel Evaluation) trial,
physiology-guided PCI for multivessel CAD resulted
in a significant reduction of a composite of death or
MI compared to angiography-guided PCI.107

CONTEMPORARY PCI TECHNIQUES FOR

LMCA DISEASE

PCI STRATEGY AND TECHNIQUES. If the decision for
a revascularization method is made to proceed with
PCI after heart team discussion, several technical as-
pects of the PCI strategy should be considered to
optimize PCI outcomes. As far as possible, left main
PCI should be performed by experienced operators at
catheterization laboratory facilities equipped with
intracoronary imaging, invasive coronary physiology,
and mechanical circulatory support.108 PCI of isolated
ostium or shaft LMCA lesions is relatively straight-
forward; however, LMCA disease frequently involves
distal bifurcation, which requires additional special
considerations; LMCA bifurcation lesions should be
approached systematically by evaluating the signifi-
cance of the side branch lesion and its risk of being
compromised based on known factors, and distal
bifurcation PCI procedures should also be performed
systematically. Operators also have to be fully
familiar with their procedural steps and the associ-
ated challenges, with technical expertise.

Based on prior trials, an up-front 2-stent strategy
for bifurcation lesion has been usually considered to
be inferior to provisional stenting, mainly because of
the higher rates of periprocedural MI, repeat revas-
cularization, and stent thrombosis with multiple
stents. However, the DEFINITION (Definitions and
impact of complex bifurcation lesions on clinical
outcomes after PCI using drug-eluting stents) II trial
has potentially overcome such existing concerns and
showed that the up-front 2-stent strategy could ach-
ieve better clinical outcomes compared with a provi-
sional stenting strategy when complex bifurcation
lesions are carefully selected.109 Until recently, there
were 2 RCTs comparing the provisional stenting
strategy and complex 2-stent technique for true distal
LMCA bifurcation lesions, and the key findings are
summarized in Table 5. The DKCRUSH-V trial
demonstrated that PCI for true distal LMCA bifurca-
tion lesions using a planned double-kissing (DK)
crush 2-stent strategy resulted in a lower rate of
target lesion failure (a composite of cardiac death,
target vessel MI, or clinically driven target lesion
revascularization) at 1 year than the provisional
stenting strategy.110 In contrast, the EBC-MAIN (Eu-
ropean Bifurcation Club Left Main Study) demon-
strated that the stepwise layered provisional
approach was associated with numerically (but not



FIGURE 4 Contemporary Complex Bifurcation Stenting Techniques for Left Main Bifurcation Lesions

Each figure depicts the schematic representation of the key steps of complex 2-stent techniques. DK ¼ double-kissing.
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significantly) fewer major adverse cardiac events
(MACEs) (a composite of death, MI, and target lesion
revascularization) than planned dual stenting.111

The initial single-stent crossover and provisional
side branch approach is currently recommended for
most cases of LMCA bifurcation lesions,112 which is
technically less demanding compared to complex 2-
stent techniques. Crossover stenting followed by the
proximal optimization technique is the recommended
way for the provisional single-stent strategy in LMCA
bifurcation.113 Provisional stenting may cause angio-
graphic side branch jailing by the mechanism of carina
or plaque shift. The threshold for decision making on
further complex procedures with side branch stenting
may be lower in LMCA bifurcation because the
discrepancy between the angiographic appearance
and functional significance of the jailed side branch
after provisional stenting can still exist.106,114 In this
situation, the FFR measurement in the jailed side
branch can be helpful in evaluating hemodynamic
compromise in the LCX branch, which may reduce
unnecessary additional complex procedures.106

When a 2-stent strategy is necessary for the treat-
ment of distal LMCA bifurcation lesions, which 2-
stent technique should be preferred has been highly
debated. Key steps of the 3 most commonly used
contemporary 2-stent techniques (DK crush tech-
nique, culotte technique, and T-and-protrusion
technique) are concisely illustrated in Figure 4. Like
this, in contemporary PCI practice, an up-front 2-
stent strategy is frequently required to secure the
big side branch (ie, the LCX) in patients with
complex true distal LMCA lesions. The 2-stent tech-
nique can be selected according to the bifurcation
anatomy and the operator’s experience. Until
recently, 2 dedicated RCTs comparing the DK crush
technique with the culotte and provisional stenting
for true LMCA bifurcation lesions demonstrated the
superiority of the planned DK crush technique with
respect to the primary composite ischemic endpoint
over 3 years of long-term follow-up.115,116 In a recent
network meta-analysis, including 5,711 patients
treated using 5 different bifurcation PCI techniques
(provisional, crush, culotte, T-stenting/T- stenting
and protrusion, and DK crush), DK crush was associ-
ated with fewer MACEs compared with provisional
stenting driven by lower target lesion revasculariza-
tion, whereas no benefit of other 2-stent techniques
over provisional stenting was observed.117 Although
DK crush has emerged as a preferred strategy for true



TABLE 6 Unmet Issues on Left Main Revascularization

Topics Controversial Points (Why This Issue Is Nonuniform Or Undefined? How Can We Resolve This Issue?)

MI definition Because there is still no uniform definition of MI that does not penalize one of the revascularization approaches, different protocol
definitions of MI were used in trials comparing PCI and CABG for LMCA disease. The interstudy heterogeneity for MI definitions can
result in wide variability across trials and imprecision in estimating the overall treatment effect. Additional studies and efforts by
trialists are warranted to improve standardization of the MI definition for future clinical trials comparing PCI and CABG.

Complete (CR) or incomplete
revascularization (IR)

Reducing the burden of ischemia would improve clinical outcomes, and current evidence supports complete revascularization. Previous
studies investigating the clinical impact of CR and IR have lacked standardized definitions of IR. Also, because of inherent selection bias
on the results of previous studies, IR was more frequently associated with sicker patients and more anatomically complex CAD. There is a
discrepancy in the long-term clinical outcomes of IR between PCI and CABG. In brief, clinical outcomes following IR seem more favorable
after CABG than after PCI. Efforts are needed to standardize the definitions of CR and IR in future studies. Further study is required to
validate the optimal degree of revascularization and a reasonable level of IR for acceptable long-term outcomes according to the
revascularization strategy. Also, it is needed to identify some subsets of patients with LMCA disease who would benefit more from CR.

Role of IVUS or FFR With regard to the clinical impact of IVUS guidance for left main PCI, there has been no large, multicenter, randomized clinical trial.
Based on previous observation, IVUS was more frequently used in a substantially younger and less comorbid population, which
might have influenced clinical outcomes. These studies rarely included a prespecified protocol for IVUS guidance and stent
optimization. Although the potential role of IVUS in reducing LMCA restenosis and stent thrombosis–related complications may be
clinically meaningful, a true clinical effect of IVUS guidance for LMCA PCI can be confirmed only through RCTs. Because it is highly
unlikely that the efficacy of IVUS guidance in LMCA PCI is tested in RCTs, trials comparing IVUS-guided LMCA PCI with a prespecified
optimization protocol vs CABG might provide further insight.

CR based on the functional definition is the preferred strategy for PCI. However, the role of functional guidance for CABG is less clear.
The clinical use of resting distal coronary pressure-to-aortic pressure ratio and iFR in guiding revascularization of LMCA disease is
yet to be fully validated in RCTs. Further RCTs are needed to conclude these issues.

All-cause mortality or cardiac
mortality

Controversy exists regarding whether all-cause mortality or cardiac mortality is preferred as a study endpoint in RCTs comparing PCI to
CABG. There has been a debate over conflicting all-cause and cardiac mortality findings shown in the 5-y results of the EXCEL trial.
The use of cardiac-specific mortality may exclude deaths related to the procedure, either through noncardiac mechanisms or
because of misclassification. On the other hand, all-cause mortality is the most unbiased endpoint; however, it may lead to
oversimplification by including death that is less attributable to the procedure. Efforts should also be made to find a better
consensus and definition of cardiac mortality while discussing which mortality endpoint should be preferred.

Long-term follow-up data beyond
5 or 10 y

Until recently, long-term follow-up studies comparing contemporary PCI and CABG beyond 5 y were still limited. Limited follow-up
could have penalized the CABG group because the long-term benefits of CABG over PCI have not typically been fully evident until 5
to 10 y after the procedure. Also, a substantial interaction between treatment effect and time for the risk of major adverse events
was noted in EXCEL and NOBLE. Study participants in EXCEL and NOBLE will be followed up beyond 5 y, which will provide
additional valuable information.

Optimal antithrombotic strategy and
DAPT duration

The optimal strategy for DAPT following complex PCI, such as LMCA bifurcation PCI using the 2-stent technique, still remains unclear.
Furthermore, it was suggested that the East Asian population tends to have a higher risk of bleeding events but a relatively lower
risk of thrombotic events, namely, the East Asian paradox. A guideline and unique regimen specifically for Asian patients or the
unique ischemic/bleeding risk score of Asian patients might be useful in tailoring DAPT for this population.

Role of SYNTAX score The current guideline recommendation for LMCA revascularization is mainly based on the anatomic SYNTAX score. The SYNTAX score
failed to clearly differentiate the comparative outcomes between CABG and PCI in EXCEL and NOBLE. The current role of the
SYNTAX score as the key factor in decision making for optimal LMCA revascularization needs to be further debated in contemporary
clinical practice settings. Also, the SYNTAX score should be interpreted with caution in the context of heart team discussion.

CR ¼ complete revascularization; DAPT ¼ dual antiplatelet therapy; iFR ¼ instantaneous wave-free ratio; IR ¼ incomplete revascularization; other abbreviations as in Tables 1 to 4.
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distal LMCA bifurcation lesions, it should be recog-
nized that it is technically challenging and should be
performed by experienced operators. Considering the
difference in the preferred strategy of bifurcation PCI
among Asian countries, performing PCI with the op-
erator’s familiar technique with meticulous lesion
selection may lead to more optimal procedures and
better clinical outcomes. Meanwhile, when 2
stents are eventually required, this should be final-
ized with a kissing balloon inflation and repeat
proximal optimization technique to optimize stent
expansion and preserve bifurcation anatomy.112,118

CLINICAL UNMET NEED AND

FUTURE PERSPECTIVES

Although several clinical studies have been conducted
to determine the optimal revascularization strategy
for LMCA disease, there are still unmet and debatable
issues to be further resolved in the near future
(Table 6). In addition, improving the terminology to
describe “invasive treatment by PCI or CABG” is
required, which has the potential to improve clinical
decision making and guide future trial designs.119

Based on the totality of the clinical evidence
available to date, CABG and PCI are equivalent in the
treatment of patients with LMCA disease with low to
intermediate anatomic complexity; however, the
long-term equipoise between CABG and PCI in certain
patient subsets is still conflicting. Also, a substantial
interaction between time and the relative treatment
effect of CABG and PCI with contemporary DES noted
in recent RCTs—late catch-up in EXCEL or late
divergence in NOBLE—should be further determined
by longer follow-up of these landmark trials. Given
that extended follow-up data of landmark RCTs will
be available, further individual patient data meta-
analyses would provide more comprehensive



CENTRAL ILLUSTRATION Key Summary of Issues for Left Main Revascularization

What is Known?

LAD

LCX

Left Main

Optimal stent strategy for distal LMCA
bifurcation disease
Optimal antithrombotic strategy following
complex PCI, especially in Asian patients

•

•

Left main PCI

•

•

•

Long-term treatment effect of CABG vs.
state-of-the-art PCI
Long-term comparative clinical outcomes
between CABG and PCI in a specific
population (patient with diabetes, HFrEF,
distal LMCA bifurcation disease)
Threshold for reasonable IR

PCI versus CABG

Left Main Revascularization

Have comparable risks for overall mortality
and the composite of death, MI, or stroke in
patients with low to intermediate
anatomical complexity

•
PCI versus CABG

Lower risk of repeat revascularization
More CR especially in high anatomical
complexity
Less spontaneous MI

•
•

•

Advantage of CABG

Less invasive and shorter hospitalization
Early mental and physical recovery
Lower risk of short-term morbidity

•
•
•

Advantage of PCI

CABG

What is Unknown?

PCI

Park S, et al. JACC: Asia. 2022;2(2):119–138.

Key points are summarized for what is known and what is unknown for left main revascularization. CABG ¼ coronary artery bypass grafting;

CR ¼ complete revascularization; IR ¼ incomplete revascularization; PCI ¼ percutaneous coronary intervention; LAD ¼ left anterior descending

artery; LCX ¼ left circumflex artery; LMCA ¼ left main coronary artery; MI ¼ myocardial infarction.
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evidence to inform clinical decision making in pa-
tients with significant LMCA disease.

In addition, the current guideline recommendation
for LMCA revascularization is mainly based on the
anatomic SYNTAX score, which was based on a pre-
specified subgroup of patients with LMCA disease in
the SYNTAX trial. Although the SYNTAX score re-
mains a reasonable tool to evaluate the extent and



HIGHLIGHTS

� With advancements in PCI, clinical out-
comes after left main PCI have progres-
sively improved.

� Unmet needs still exist between clinical
practice and the current evidence for left
main PCI.

� Better decision making of revasculariza-
tion choice and PCI optimization should
be emphasized to improve outcomes of
LMCA disease.

� Further research will provide further ev-
idence to resolve conflicting issues on
left main PCI.
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complexity of CAD and to facilitate a shared decision-
making process, the SYNTAX score failed to clearly
differentiate the comparative outcomes between
CABG and PCI in EXCEL, NOBLE, and an individual
patient data meta-analysis, in contrast to the original
result of the SYNTAX trial.40,42,45 As a nonphysiologic
anatomic score, the SYNTAX score does not take into
account clinical factors and physiologic significance.
Therefore, the SYNTAX score should be interpreted
with caution in the context of a heart team discus-
sion. The current role of the SYNTAX score as the key
factor in decision making for optimal LMCA revascu-
larization needs to be further debated in the
contemporary clinical practice setting.

For complex distal LMCA bifurcation PCI, the
variability in strategic choice may result in hetero-
geneity in outcomes across different operators, in-
stitutions, and even countries. More convincing
evidence is needed to appropriately define
complex distal bifurcation lesions requiring the
initial up-front 2-stent technique and the optimal
side branch treatment. The optimal strategy for DAPT
following complex PCI such as LMCA bifurcation PCI
using the 2-stent technique also remains unclear.
Furthermore, it was suggested that the East Asian
population tends to have a higher risk of bleeding
events but a relatively lower risk of thrombotic
events, despite higher on-treatment platelet reac-
tivity, namely, the East Asian paradox.”120 A guide-
line and unique regimen specifically for Asian
patients, or a unique ischemic/bleeding risk score for
Asian patients, might be useful in tailoring DAPT for
this population.

CONCLUSIONS

Over several decades, remarkable advancements in
stent technology, PCI techniques, intracoronary im-
aging, physiologic guidance, and adjunctive phar-
macotherapy have progressively improved clinical
outcomes following PCI in patients with LMCA dis-
ease. In contemporary clinical practice, PCI for LMCA
disease is widely considered in patients with a wide
variety of clinical and anatomic complexities. How-
ever, a gap still exists between clinical practice
and the current status of supporting evidence
(Central Illustration). Given that large-sized RCTs for
patients with LMCA disease are unlikely to be con-
ducted in the near future, we hope that longer-term
follow-up results of the prior landmark trials EXCEL
and NOBLE will be available. In reality, there is no
one-size-fits-all approach for LMCA revasculariza-
tion. The heart team approach can play an important
role in tailored decision making for individual pa-
tients, incorporating clinical factors, anatomic fac-
tors, and individual preferences. Also, further efforts
should be made to optimize procedural outcomes and
improve adjunctive medical management in both
revascularization strategies.
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