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Abstract
Purpose of Review Left main coronary artery disease (LMCAD) is a frequently encountered, high-risk presentation of athero-
sclerosis, traditionally managed with surgical bypass grafting. Percutaneous coronary intervention (PCI) for LMCAD is an
increasingly attractive option for patients with low to intermediate complexity disease or patients at extremely high or prohibitive
surgical risk. The goal of this review is to outline the current indications and guideline recommendations regarding PCI for
LMCAD and the role of intracoronary imaging in optimizing these cases.
Recent Findings Several recent randomized controlled trials have demonstrated the non-inferiority of PCI in LMCAD compared
with CABG. Further, the use of intracoronary imaging techniques (i.e., intravascular ultrasound (IVUS) and optical coherence
tomography (OCT)) has an advanced understanding of the features, both pre- and post-intervention, responsible for poor
procedural outcomes and the metrics of successful PCI.
Summary PCI for LMCAD should be considered a viable option for those patients at increased surgical risk with low to
intermediate lesion complexity. While not directly evaluated in LMCAD intervention, routine intracoronary imaging use and
PCI optimization metrics can help to improve outcomes in LMCAD PCI procedures. Further exploration of intracoronary
imaging techniques in LMCAD PCI procedures, as well as the long-term follow-up data comparing patients with LMCAD
treated with PCI versus CABG, will more completely define the role of PCI in treating these patients.

Keywords Intravascular ultrasound (IVUS) .Optical coherence tomography (OCT) . Leftmain coronary artery (LMCA)disease .

Percutaneous coronary intervention (PCI)

Introduction

Significant left main coronary artery disease (LMCAD) is
defined by greater than 50% stenosis seen by angiography.
A large observational study of data from the National

Cardiovascular Data Registry (NCDR) reviewed over 1.2 mil-
lion coronary angiograms and demonstrated prevalence of
significant LMCAD of 4.2% [1]. Additionally, LMCAD is
associated with multi-vessel coronary disease in nearly 70%
of cases [2, 3]. For the last several decades, management of
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significant LMCAD has been via coronary artery bypass graft
(CABG) surgery, with several early studies demonstrating
clear mortality benefit to surgical bypass compared with opti-
mal medical management [4, 5]. More recently, percutaneous
coronary intervention (PCI) has become a viable therapeutic
option, especially in patients with disease limited to the
LMCA, or with low to intermediate lesion complexity, as well
as in those with extremely high or prohibitive surgical risk.
Given the established safety and efficacy of PCI, the intention
of this review is to address the current indications and practice
guidelines for LMCA PCI and the use of intracoronary imag-
ing techniques, namely intravascular ultrasound (IVUS) and
optical coherence tomography (OCT), in optimizing PCI
outcomes.

LMCAD: Revascularization with PCI Versus
CABG

The management of LMCAD has historically been based on
data from the Coronary Artery Surgery Study (CASS) [4, 5].
A sub-analysis of LMCAD from the CASS data demonstrated
significantly greater 3-year cumulative survival in the surgical
group compared with the medically managed group, 91% vs
69% respectively [6]. This effect is present in any stenosis >
50% in the LMCA and is particularly pronounced for those in
the highest risk categories, with LMCA stenosis > 75% or
reduced left ventricular (LV) function. Overall, increasing se-
verity of LMCAD was associated with decreased survival in
both the surgical and medical groups. However, low-risk pa-
tients with LM stenosis of 50–59% and normal LV function
showed no survival advantage with bypass at 3 years [5].
Together, these trials served as the basis for preferential man-
agement of LMCAD with bypass surgery for many years.

With the evolution of percutaneous techniques and devices,
PCI has become an increasingly attractive option for patients
with CAD. Data from the NCDR demonstrate the consider-
able expansion of PCI use in patients with LMCAD in the last
two decades [1]. The Synergy Between PCI with Taxus vs
Cardiac Surgery (SYNTAX) and subsequent SYNTAX-Left
Main sub-study demonstrated non-inferiority of PCI for left
main stenosis in patients with low to intermediate SYNTAX
score (< 33) with regard to all-cause mortality and major ad-
verse cardiac and cerebrovascular events (MACCE) outcomes
at 15 months [2, 7, 8]. While a pooled analysis of data from
Bypass Surgery Versus Angioplasty Using Sirolimus-Eluting
Stent in Patients with Left Main Coronary Artery Disease
(PRECOMBAT) and the SYNTAX sub-study showed PCI
was associated with significantly higher rates of major adverse
events than CABG at 5 years (28.3% vs 23.0% p < 0.045)
[9,10], this was driven mainly by the higher rate of repeat
revascularization associated with PCI, and the two approaches

had otherwise similar outcomes of death, myocardial infarc-
tion, and stroke.

Following these results, the Everolimus-Eluting Stents or
Bypass Surgery for Left Main Coronary Artery Disease
(EXCEL) trial randomized patients with low-intermediate
SYNTAX score to PCI versus CABG. It demonstrated non-
inferiority of PCI versus CABG for a composite endpoint of
all-cause mortality, MI, and stroke at 3 years [11••]. Similarly,
the Nordic-Baltic-British Left Main Revascularization Study
(NOBLE) trial evaluated PCI versus CABG in all comers at
5 years. While it showed higher rates of major adverse events
in the PCI arm (28%) compared with CABG (18%), this was
driven by revascularization in the PCI group. Stroke rate and
mortality rates were similar between the two groups [12••].
These trial data, further stratified by disease complexity using
the SYNTAX score, have made PCI a reasonable alternative
to CABG for patients with low and intermediate SYNTAX
scores. However, long-term follow-up data from these trials
are not yet available.

Intracoronary Imaging during PCI

Given the two-dimensional imaging plane of coronary angi-
ography, the degree of LMCA stenosis can be difficult to
assess accurately. Factors such as the absence of a proximal
reference point, vessel tortuosity and overlap, or eccentric or
bifurcating plaque distribution all increase the challenge.
Further, angiography provides no detail regarding the vessel
wall characteristics. It is well documented that interobserver
grading of angiographic stenoses is inconsistent, and these
findings are even more pronounced in the assessment of
LMCAD [13]. In the current practice guidelines, revasculari-
zation of LMCA stenosis > 50% with PCI has a class IIa LOE
B recommendation for patients with low to intermediate ste-
nosis complexity and high surgical risk [14–16]. However,
given the aforementioned challenges with angiography,
decision-making solely on angiographic appearance is
inadequate.

Intravascular ultrasound (IVUS), in which an ultrasound-
enabled catheter is pulled back across an atherosclerotic le-
sion, utilizes echocardiographic principles to more directly
examine vascular disease and to include plaque characteriza-
tion and calcification [17]. Several randomized trials have
demonstrated the effectiveness of IVUS-guided PCI over an-
giography alone in improving outcomes in both the era of
bare-metal stents (BMS) and drug-eluting stents (DES) [18,
19]. Parise et al. reviewed 7 randomized trials (n = 2193),
demonstrating that IVUS guidance of bare-metal stent implan-
tation resulted in a statistically significant increase in post-
procedure minimal luminal diameter (MLD) of 0.12 mm
(95% CI 0.06–0.18, p < 0.0001) and decreased 6-month an-
giographic restenosis rates (22% vs 29%, OR 0.64, 95% CI
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0.42–0.96, p = 0.02) as well as major adverse cardiac and
cerebrovascular events (MACCE) (19% vs. 23%, odds ratio
0.69, 95% CI 0.49 to 0.97, p = 0.03) [18]. More recently, in a
meta-analysis of 7 randomized trials (n = 3192) of IVUS-
guided vs. angiography-guided DES implantation, IVUS
guidance significantly reduced MACCE (6.5% versus
10.3%; odds ratio, 0.60; 95% confidence interval, 0.46–
0.77; p < 0.0001). This was largely due to a reduction in the
risk of ischemia-driven revascularization (4.1% vs 6.6%; OR
0.60; 95% CI, 0.43–0.84; p = 0.003), although cardiovascular
mortality was significantly reduced as well (0.5% versus
1.2%; OR, 0.46; 95% CI, 0.21–1.00; p = 0.05) [19].

In LMCAD, routine IVUS use has been associated with
improvement in restenosis rates and stent thrombosis at 3 years
[20–22]. Mortality and MACCE-free survival rates are also
better with IVUS guidance, even possibly out to 10 years. In
the subgroup analysis of the EXCEL trial, LMCA stenting
was aided by the use of IVUS in 77% of cases and minimal
stent area (MSA) < 8.7 mm2 was associated with worse
MACE outcomes, cardiovascular death, myocardial infarc-
tion, and stent thrombosis compared with MSA > 11 mm2

[11••, 22]. These data suggest that IVUS guidance to optimize
LMCAD PCI improves outcomes.

Another imaging modality, optical coherence tomography
(OCT), utilizes near-infrared light to provide a detailed image
of coronary plaque. As light travels faster than sound, OCT
provides a more detailed and higher quality image compared
with IVUS, enabling better tissue characterization [23].

Two large trials, Optical coherence tomography during per-
cutaneous coronary intervention impacts physician decision-
making (ILUMIEN I) and Does optical coherence tomogra-
phy optimize results of stenting (DOCTORS), indicate that the
use of pre- and post-OCT assessment of PCI strategy changes
physician management in over 50% of cases and, in the case
of DOCTORS, led to a small but significant improvement in
post-stenting hemodynamics (FFR 0.94 ± 0.04 vs 0.92 ± 0.05,
p = 0.005) [24, 25]. Subsequent studies Comparison of stent
expansion guided by optical coherence tomography versus
intravascular ultrasound (ILUMIEN II) and Optical coherence
tomography compared with intravascular ultrasound and with
angiography to guide coronary stent implantation (ILUMIEN
III) revealed that OCTwas non-inferior to IVUS [26, 27]. The
ILUMIEN IV trial, currently underway, is a large, randomized

controlled trial comparing clinical outcomes between
angiography-guided and OCT-guided PCI.

Pre-Stenting Assessment (Table 1)

Catheter-based imaging techniques may be used prior to stent
deployment to evaluate vessel size, characterize plaque com-
position and extent of disease, assess the need for plaque
modification with atherectomy, and determine the required
stent diameter and length to optimize landing zones. In the
PROSPECT study, predictors of MACCE at 3 years were an
IVUS MLA < 4.0 mm2 or a total luminal disease burden >
70% [28]. The 2012 Consensus Standards for Acquisition,
Measurement, and Reporting of Intravascular Optical
Coherence Tomography Studies outline the particular appear-
ance of various disease morphologies including fibrous, lipid-
ic, and calcified diseases.

Given the flaws in angiographic assessment of LMCAD,
IVUS assessment of MLA has shown a strong correlation to
hemodynamically significant disease by FFR, which was pre-
viously validated as a strong predictor of requiring revascular-
ization [29, 30] (Fig. 1). Traditionally, a MLA of 6.0 mm2 was
used as a cutoff below which LMCA stenosis is likely signif-
icant and warrants revascularization [31]. In the LITRO study,
patients with LMCA MLA > 6.0 mm2 had a 2-year cardiac
death–free survival > 97%, compared with 95% for those who
were revascularized [32]. Only 4% of deferred revasculariza-
tion patients required intervention in the follow-up period.
Recently, however, evidence from Korea indicates that an
MLA < 4.8 mm2 is a more reliable predictor of poor out-
comes, although this has not been borne out in Western pop-
ulations [33].

Intracoronary imaging techniques have also proven invalu-
able in optimizing stent length and size. First, careful IVUS
imaging from the left anterior descending (LAD) and left cir-
cumflex into the LMCA can provide clear delineation of the
extent of disease. For example, Oveido et al. studied 140 pa-
tients with angiographic LMCAD and found that continuous
plaque from the LMCA into the LAD was seen in 90% of
lesions and into the left circumflex in 66% [34]. Plaque local-
ized to the LAD or left circumflex ostia and not involving the
LMCAwas seen in only 9% and 17%, respectively. This was

Table 1 Pre-stent deployment
assessment of lesion
characteristics, calcification, and
size for LMCAD

Pre-stenting

Disease feature Studied cutoff

Plaque characterization Thin cap fibroadenoma, fibrotic, lipid-rich, or calcified

Minimal luminal area (MLA) > 6 mm2

Lesion calcification requiring atherectomy > 270°

Landing zone evaluation Ideally, < 50% stenosis and without lipid-rich plaque.
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irrespective of the angiographic Medina classification and
clearly impacts stenting strategies. Second, via direct visuali-
zation, the proximal and distal stent landing zones can be
identified, ideally to a location with the largest luminal area
and < 50% stenosis [35••].

Calcification remains an additional significant predictor
of poor outcomes following PCI and the utilization of
intracoronary imaging can aid procedural planning for
calcified lesions [36]. Calcification may impair stent de-
livery and expansion. High-pressure balloon inflation
used to dilate severe calcification can also lead to coro-
nary perforation. Angiography has been shown to

routinely underestimate the degree of calcification within
lesions [36]. IVUS and OCT are particularly effective in
the detection of plaque calcification and location, whether
subintimal or deep (Fig. 2). And, while there is still no
consensus regarding techniques to modify calcific disease
prior to stent deployment, accurate knowledge of the rel-
ative burden may alter decision-making [37]. Early data
on the safety and efficacy of calcium-modifying strategies
presented in the ORBIT II trial, and subsequent sub-
analysis out to 3 years of clinical follow-up, showed that
in patients with severely calcified disease with an arc of
calcium > 270° and calcification length > 15 mm by

Fig. 1 A distal left main stenosis
extending into the proximal LAD,
near the bifurcation of a large first
diagonal, was identified in an
older male presenting with angina
(a). IVUS assessment reveals
small mean luminal area (MLA),
approximately 4.9 mm2 in a 15.2-
mm2 vessel (gradations represent
1 mm) (b)

Fig. 2 a Diagnostic angiogram of
a patient with distal left main
lesion declined for CABG and
referred for PCI. b Wide arc of
calcium (> 270°) noted on
intravascular ultrasound (IVUS).
c Final angiogram following PCI
with rotational atherectomy and
IVUS-guided stent implantation.
d IVUS images post-stenting and
post-dilatation demonstrating
well-expanded stent
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IVUS, orbital atherectomy was safe and 3-year target ves-
sel revascularization rates were low at 7.8% [38]. Based
on these data, lesion preparation with calcium-modifying
strategies is generally recommended at this degree of
calcification.

Post-Stenting Assessment (Table 2)

The benefit of intracoronary imaging in assessing the
success of stent deployment in non-left main interven-
tions has been clearly established and is related to opti-
mizing stent expansion, residual landing zone disease or
dissection, and treating malapposition. The degree to
which stent underexpansion impacts clinical outcomes
is clear for non-LMCA intervention in both the BMS
and DES eras [39, 40]. Regarding LMCAD PCI, Kang
et al. investigated the relationship between MSA and

clinical outcomes with 403 patients receiving immediate
post-stent deployment IVUS assessment of minimum
stent area (MSA) and a subsequent 9-month follow-up
angiogram to assess for significant in-stent restenosis
(ISR) [39]. Using MSA cutoffs of 8.2 mm2 in the prox-
imal left main, 7.2 mm2 in the polygon of confluence,
and 6.3 mm2 in the ostial LAD, the authors demonstrated
that ISR rates were considerably higher in the group in
which post-dilation MSA fell below these cutoffs.
Further, when utilizing these cutoffs, major cardiac
event–free survival was improved (98.1 ± 0.9% versus
90.2 ± 2.6%, p ≤ 0.001). In another trial of 670 patients,
550 of whom underwent DES placement to a non-LM
stenosis, multivariate analysis demonstrated that smaller
MSA, as determined by IVUS, was a strong predictor of
in-stent restenosis over 6 months of follow-up [40]
(Fig. 3).

Several studies have also revealed the predictive nature
of inflow/outflow disease (residual plaque burden at stent
edges or geographic miss) for restenosis [41–43]. In the
DES era, several studies have demonstrated the degree of
post-intervention edge disease predictive of ISR, ranging
from > 47 to > 52% disease [42, 43]. Most recently, Kang
et al. published a prospective cohort analysis of 820 pa-
tients (987 total lesions) in which reference segment dis-
ease burden was collected for 1668 segments (987 distal,
681 proximal) [41]. Post-PCI, 37% of the angiographically
normal proximal and 21% of the distal reference segments
had a disease burden characterized as > 50% by IVUS.
Using an adjusted cutoff of > 55%, edge restenosis rates

Table 2 Post-stent assessment. Parameters and desired outcomes for
successful LMCAD PCI

Post-stenting

Intervention parameter Desired endpoint

Mean stent area > 8.2 mm2

Stent edge disease < 50%

Edge dissection Less than 3 mm involving the vessel media

Malapposition Minimized as much as feasible
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(2.1% to 3.4% risk of ISR depending on the type of DES)
were predicted with a sensitivity of 81% and specificity of
80%. Importantly, the negative predictive value of this
cutoff was > 99%, suggesting that optimizing PCI to an
edge disease burden < 55% post-PCI decreased ISR at
9 months [42, 43]. Figure 4 demonstrates a case of stent
edge dissection and ISR visualized by OCT.

Stent malapposition, in which the expanded stent does not
completely appose to the vessel wall, has also been studied
and shown to contribute to very late stent thrombosis, al-
though it does not cause ISR as long as the stent is fully
expanded [44–46] (Fig. 5).

In 2019, Choi et al. published a large prospective registry
study of 6005 patients undergoing PCI of complex lesions
with DES. Complex lesions were defined as a bifurcation
lesion, chronic total occlusion, left main disease, long lesion,
multivessel PCI, multiple stent implantation, in-stent resteno-
sis, or heavily calcified lesion. IVUSwas used in 27% of cases
and was associated with a decreased risk of cardiac death
(10.2% vs 16.9%, HR 0.573; 0.46–0.71, p < 0.001) vs

angiography-guided PCI, strongly suggesting utilizing IVUS
for complex intervention [47••].

Fig. 4 Severe, in-stent restenosis
of the ostial left circumflex stent
(a) is assessed with optical
coherence tomography
demonstrating dissection of left
main proximal to the stent (b) and
in-stent restenosis (c) requiring
cross-over stent implantation
from LM-left circumflex (d)

Fig. 5 Following PCI, OCT reveals stent malapposition, in the lower left
quadrant of the image
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Criteria for Optimal PCI

Criteria from several trials have been used to optimize
PCI using intracoronary image guidance. The MUSIC tri-
al defined successful PCI based on criteria including stent
expansion > 90% of the average reference cross-sectional
area (CSA) or > 100% of a smaller reference CSA with
complete apposition and symmetric expansion [48]. The
2018 ULTIMATE trial was a large, randomized trial of all
comers undergoing PCI using angiography or IVUS guid-
ance, with criteria for success including minimal cross-
sectional area > 5.0 mm [2] (or 90% of distal reference
lumen cross-sectional area), plaque burden at proximal
and distal stent edges < 50%, and no edge dissection in-
volving media with a length > 3 mm [35••]. No specific
coronary imaging criteria have been defined for optimiz-
ing LMCAD PCI. In the NOBLE trial, IVUS assessment
prior to stenting was performed in less than half of the
procedures. Approximately 75% of patients underwent
post-PCI stent assessment via IVUS, though values neces-
sitating post-stent deployment optimization were not stat-
ed [12]. Criteria for successful PCI outlined in the ongo-
ing ILUMIEN IV trial include MSA > 90% of the proxi-
mal and distal reference vessel lumen, any disease protru-
sion into the stent lumen > 0.2 mm, untreated reference
segment disease (MLA < 4.5 mm2 within 4 mm of the
stent edge), edge dissection > 60% of the vessel circum-
ference > 3 mm in length, and stent malapposition.

Current Recommendations and Society
Guidelines

As discussed, stable coronary disease involving the
LMCA jeopardizes a large territory of myocardium and
is potentially life-threatening if progressive or unstable.
Recommendations for the management of these complex
lesions are offered in both the 2012 ACC/AHA Guideline
for the Diagnosis and Management of Patients with Stable
Ischemic Heart Disease (and 2014 Focused Updated) and
the recently released 2018 ESC/EACTS Guidelines on
myocardial revascularization [14–16].

Notably, both guideline documents emphasize the impor-
tance of complex case review via an interdisciplinary “Heart
Team” comprising non-interventional or clinical cardiologists,
interventionalists, and cardiac surgeons. The general purpose
of the discussion is to most appropriately select a revascular-
ization plan based on an individual patient’s coronary anatom-
ic complexity, clinical presentation and comorbid disease, sur-
gical risk, and personal preferences after a full informed con-
sent process. Several reports from various centers have dem-
onstrated the reproducibility of these discussions and that

Heart Team complex case review can reduce self-referral
biases and specialty practice variation.

The 2012 ACC/AHA guidelines for management of stable
ischemic heart disease gave a class I recommendation for by-
pass surgery in patients with LMCAD. Given the well-
established prognostic benefit of surgery, largely due to
long-term patency of left internal mammary artery (LIMA)
grafts, surgery has been the treatment of choice for many
years. Based on the SYNTAX trial data and several small
randomized trials, PCI was considered a class IIa recommen-
dation in patients with low to intermediate coronary anatomic
complexity (SYNTAX score ≤ 33) and elevated surgical risk.
However, PCI was not recommended for those with highly
complex disease (SYNTAX score ≥ 33). These guidelines,
however, do not reflect the data from the EXCEL and
NOBLE trials.

The 2018 ESC guideline document retains the class I indi-
cation for bypass surgery in all patients without prohibitive
surgical risk. However, PCI is recommended as an alternative
to surgery for those patients deemed poor candidates for sur-
gery in whom anatomic complexity is low (class I) and con-
sidered reasonable (class IIa) in those with intermediate
SYNTAX [21–30], but is not recommended for those with
the most complex disease with SYNTAX ≥ 33 (class III). If
PCI is undertaken, it is recommended that it be performed by
trained operators that perform > 25 LM PCI cases yearly at
high-volume centers. Importantly, intracoronary imaging is
recommended to optimize PCI in the management of
LMCAD (class IIa).

Conclusions

With growing data, PCI is being increasingly used in the man-
agement of selected patients with LMCAD. PCI optimization
with intracoronary imaging techniques prior to and following
stent deployment has established benefits despite potential
challenges such as procedural time, operator education, and
cost. Given the large territory at risk, we believe that optimi-
zation of PCI with intracoronary imaging should be consid-
ered standard of care in LMCAD PCI and be performed
routinely.
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