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  REVIEW

Left main coronary artery disease

  REVIEW

Once solely in the surgical realm, the manage-
ment of left main (LM) coronary artery (LMCA) 
disease has migrated progressively towards inter-
ventional cardiology with each advance in percu-
taneous technique and device therapy. There is 
now considerable debate regarding the optimal 
management of this high-risk area of disease. 
This review will provide an overview of LMCA 
disease, its diagnosis and how the management 
of this complex area of disease has progressed, 
as well as some of the controversies surrounding 
its diagnosis and optimal therapy.

Anatomy
The LMCA most often arises from the superior 
portion of the left aortic sinus just below the 
sinotubular ridge of the aorta. It courses for-
ward for a short but variable distance between 
the pulmonary artery and the left auricle before 
bifurcating into its two principal branches, the 
left anterior descending (LAD) and left cir-
cumflex (LCx) arteries. In 30% of individuals it 
also gives rise to a Ramus Intermedius vessel. In 
the native circulation it subtends at least 75% 
of the left ventricular blood flow, underlying 
its importance. 

Like the rest of the coronary circulation it 
can also vary in size, between 3 and 6 mm in 
diameter and 1–30 mm in length (mean length 
of 10 mm) [1]. In 0.4% of individuals it may 
be absent with separate ostia of the LAD and 
LCx [2]. Angiographically, it is best visualized 

in angiographic projection or with slight left 
anterior oblique (0–10°) and with slight cranial 
angulation (0–10°), but it ought to be viewed 
in several projections to exclude eccentric ste-
nosis. The distal LM is usually best seen with 
minimal right anterior oblique projection and 
caudal angulation (20°/20°). 

Diagnosis
�� Clinically

The clinical indicators of LMCA stenosis are eas-
ily recognized and include a crescendo pattern 
of angina pectoris, an ECG with ST-segment 
depression with pain or with simultaneous 
anterior and inferior ST segment changes, and 
fluoroscopic calcification of the LMCA [3]. These 
indicators, however, have a low sensitivity and 
positive predictive value and are hence of limited 
diagnostic value. 

�� Exercise stress testing
Certain findings on exercise testing or nuclear 
imaging may be suggestive of LM disease but 
also lack sensitivity. They are however of impor-
tance in the overall management since potential 
cardiac catheterization to confirm the diagnosis 
requires added caution. With treadmill exer-
cise stress testing, pronounced ischemic find-
ings (especially ST elevation or ST elevation in 
unusual leads such as avR associated with wide-
spread ST depression) at relatively low heart rates 
or early on a stress testing protocol are suggestive 
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of LMCA disease [4]. Exercise-induced hypo
tension is also an uncommon but important 
finding in this context. 

�� Nuclear scintigraphy
A LM pattern on exercise nuclear testing is 
characterized by perfusion defects in the LAD 
and LCx territories (i.e., reduced nuclear 
tracer uptake in the septal, anterior and lateral 
walls). It may also be associated with a picture 
of ‘balanced’ ischemia where there is uniform 
diminution of tracer uptake with stress, often 
indicative of LM with three-vessel disease. This 
may be accompanied by transient ischemic 
dilation (TID), which is considered present 
when the image of the left ventricular cavity 
appears to be significantly greater after stress 
as compared with that at rest. TID is a way 
to detect balanced ischemia in patients with 
apparently normal myocardial perfusion. Shiba 
et al. showed that TID was more frequently 
observed in patients with LMCA disease than 
in those without (31 vs 13%; p = 0.003) [5]. 
In this study TID was identified as a signifi-
cant predictor for detecting LM disease in the 
univariate analysis but not on multiple logistic 
regression analysis.

Other patterns with a high correlation to LM 
disease include an increase in lung uptake of the 
tracer immediately after exercise. In the same 
study as above Shiba et al. found lung uptake of 
radiotracers to be the best single nonperfusion 
marker of LM disease [5]. 

Low sensitivities of a LM-pattern defect 
are reported with planner thallium imag-
ing (13–24%), and myocardial single photon 
emission computed tomography (SPECT) 
(7–21%), partly because a similar pattern may 
be found in patients with triple vessel disease 
and in patients with proximal LAD and LCx 
disease without LM arterial involvement [5] (LM 
equivalent, which is discussed later).

�� Angiography
The gold standard for diagnosis of LM disease 
remains coronary angiography, although the 
advent of cardiac imaging including computed 
tomography (CT) and MRI increases the num-
ber of options now available for ascertaining the 
diagnosis. Whereas 70% angiographic luminal 
narrowing is most often used as the threshold 
for hemodynamic significance of native coro-
nary arteries, in the LM this threshold is taken 
to be 50% or greater luminal narrowing. The 
incidence of such disease is 5% of all patients 
undergoing coronary arteriography [6]. Isolated 

LM disease (as opposed to LM with disease in 
the other epicardial arteries) is found in less than 
0.5–1% of patients [7–10]. 

The Veterans Administration (VA) Cooperative 
Study [11] and the Coronary Artery Surgery Study 
(CASS) registry [12] established the 50% lumi-
nal narrowing as the threshold of significance 
more then 25  years ago. In the VA study a 
trend towards benefit was seen in patients with 
50–75% stenosis with preserved left ventricular 
function, although the greatest benefit was seen 
in the higher risk patients with more than 75% 
stenosis and/or left ventricular dysfunction. 
These results were also reflected in the CASS 
registry, where patients in the worst prognostic 
group had the greatest impact on survival with 
surgery after 3 years (82 vs 34%). At 15 years, 
those with mild LMCA stenosis, mildly reduced 
left ventricular function and a nonstenotic, 
dominant right coronary artery (rca) did not 
have a survival benefit [13].

The correct diagnosis of the severity of 
LM stenosis remains the critical component 
in ensuring the correct management strategy 
is followed. As it is accepted that coronary 
angiography is a technique vulnerable to error 
in estimating stenosis, particularly by visual 
estimation, use of additional modalities may 
be required to ensure accurate determination 
of the state of LMCA. Two such strategies are 
intravascular ultrasound (IVUS) and fractional 
flow reserve (FFR). 

�� IVUS & LM
Indications for IVUS can be considered by the 
limitations of angiography. In the presence of 
LMCA stenosis, quantitative coronary angio
graphy is the least reproducible of any coronary 
arterial segment with significant intra- and 
inter-observer variability [14–17]. Autopsy stud-
ies that compare IVUS and angiography have 
demonstrated missreporting of the significance 
of LMCA lesions with angiography. The reasons 
for this may be secondary to: first, the diffuse 
nature of atherosclerotic process, which in the 
LM artery and the bifurcation may especially 
affect the appreciation of disease because of the 
lack of a normal reference segment [18]; second, a 
short LMCA may make identification of a nor-
mal reference segment difficult and ostial dis-
ease may require careful catheter placement for 
a full appreciation of the extent of the disease [18]; 
third, there is compensatory enlargement (posi-
tive remodeling) of the vessel as plaque burden 
increases to preserve lumen size [19]; and fourth, 
there may be unique geometric issues in LMCA 
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disease because the correlation between angio
graphy and necropsy or IVUS appears to be 
somewhat better in non-LMCA stenosis [20,21].

Intravascular ultrasound confers the abil-
ity to examine accurately the coronary artery 
architecture, the extent of atherosclerotic plaque 
and changes in vessel dimensions as a result of 
the atherosclerotic process. Hence, IVUS is a 
very useful complimentary method to assess the 
severity of LMCA disease and should always 
be considered in angiographically borderline 
LMCA lesions. 

Intravascular ultrasound is also a very use-
ful adjunct after percutaneous coronary inter
vention (PCI) to ensure good stent apposition 
and no evidence of dissection or other issues 
that may play a significant role in the short- or 
long‑term outcomes for patients. 

�� IVUS criteria for LMCA disease
Fassa et al. investigated the lower range of the 
minimum luminal area (MLA) of the LMCA 
in 121 consecutive patients and found a poten-
tial cut-point of less than 7.5 mm2 [22]. Of these 
patients, 86% underwent coronary artery bypass 
grafting (CABG) and it was deferred in those 
with a MLA greater than 7.5 mm2. After a mean 
follow-up of 3.3 years there was no significant 
difference in major adverse cardiac events 
(MACE) for the two groups. 

Of note, this study was not designed to 
address the question of whether all LM lumen 
areas of less than 7.5 mm2 require revascular-
ization. The cut-off is based on two standard 
deviations below a threshold obtained from a 
receiver-operating characteristic rather then a 
more physiologic or clinical parameter. 

In attempting to add a physiologic parameter, 
Jasti et al. compared FFR to IVUS in patients 
with angiographically ambiguous LMCA ste-
nosis [23]. Strong correlations between FFR and 
MLA or minimum lumen diameter (MLD) were 
found. Benchmarked against FFR, an IVUS 
MLD cut point of 2.8 mm had the highest sensi-
tivity and specificity (93 and 98%, respectively) 
to determine the significance of the LMCA ste-
nosis, followed by an MLA of 5.9 mm2 (93 and 
95%, respectively). 

When angiographic assessment of LMCA 
was compared with IVUS, Sano and associ-
ates in a retrospective analysis of 115 patients, 
reported that fewer than half of the patients 
with intermediate LMCA stenosis (as deter-
mined on angiography) had significant stenosis 
by IVUS evaluation [24], which emphasizes the 
need for interventional cardiologists to avoid 

the ‘oculostenostic’ reflex [25,26] and to consider 
IVUS or FFR before proceeding to revasculariza-
tion in patients whose angiograms are inconclu-
sive. Of note, the concept of areas of vulnerable 
plaque [27] within the coronary tree was stressed 
by a small study where 30 patients underwent 
both single-vessel coronary intervention and an 
IVUS of the LMCA [28]. A total of 21 patients 
appeared to have normal LMCA by angiography, 
but all showed some plaque on IVUS. Eight of 
the nine patients who had a cardiovascular event 
during the subsequent 38 months (range: 27 to 
47) had a LMCA area stenosis of 20%.

Beyond the assessment of coronary ste-
nosis, IVUS may have an important role to 
play in PCI of unprotected LM disease. Park 
and colleagues presented IVUS data from the 
Revascularization for Unprotected LMCA 
Stenosis: Comparison of Percutaneous Coronary 
Angioplasty versus Surgical Revascularization 
(MAIN-COMPARE) registry, in which patients 
with unprotected LM disease underwent elec-
tive PCI with stenting with bare-metal stents 
(BMS) or drug-eluting stents (DES) that was 
either guided by IVUS (756 patients) or con-
ventional angiography (219 patients) [201]. After 
performing propensity-score matching, a total of 
201 matched pairs of patients were created. In 
these patients, there was a trend for lower mor-
tality at 3 years with IVUS guidance compared 
with angiography guidance, but the difference 
was not statistically significant (6.0 vs 13.6%; 
p = 0.063). However, in 145 matched pairs of 
patients receiving DES only, the 3‑year inci-
dence of mortality was significantly lower with 
IVUS guidance compared with angiography 
only. By contrast, the use of IVUS guidance did 
not reduce the risk of mortality in 47 matched 
pairs of patients receiving only BMS.

�� Fractional flow reserve
An inherent limitation of both angiography and 
IVUS is their inability to predict whether a ste-
nosis is potentially ischemia-inducing. As a con-
sequence, especially in patients with intermediate 
LMCA disease, FFR measurements have success-
fully been applied to assist decision-making with 
regards to revascularization. If the FFR measure-
ment is greater than 0.75, revascularization is not 
needed and a treatment approach of using optimal 

medical therapy can be pursued instead. 
Bech et  al. demonstrated, in patients with 

equivocal disease, that FFR is a lesion-specific 

index able to quantify ischemia secondary to the 
LMCA and that deferral of surgical treatment is 
safe if the FFR value is greater than 0.75 [29]. In 
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the 54 patients they studied, medical instead of 
surgical treatment was used in 24 patients with 
FFR values greater than 0.75, while coronary 
bypass surgery was performed in the rest of the 
patients. Mean follow-up was 29 months. The 
survival rates of the patients in the medical treat-
ment and surgical groups were 100 and 97%, 

respectively. The event-free survival was 76% 
in the medical treatment group and 83% in the 
surgical group. No death or acute myocardial 
infarction (MI) occurred in any of the deferred 
patients. Other studies that have correlated FFR 
with the extent of LMCA disease or outcomes 
after revascularization are summarized in Table 1. 

�� Cardiac imaging
More recently cardiac CT and MRI have been 
shown to have a high correlation with angio
graphy for the diagnosis of LM disease. This 
may be particularly useful in surveillance imag-
ing after revascularization of the LM often 
performed after stenting.

�� Multislice computed tomography
Multislice computed tomography (MSCT), 
also called multidetector coronary angiography, 
has rapidly gained in popularity and applicabil-
ity. The first attempts to image the heart were 
in the very early days of CT in the 1970s [202]. 
However, due to the rapid motion of the heart 
and relatively long acquisition times (more than 
10  s per slice) of early equipment, only large 
pathological lesions such as tumors along the 
surface of the heart could be detected. Rapid 
advancements in detector, x-ray tube generators, 
circuitry and computers in the 1990s allowed 
the development of multirow CT scanners. The 
advent of these types of scanners has enabled 
a significant increase in spatial and temporal 
resolution and reduced scan times. For exam-
ple, with a modern 64-slice MSCT scanner one 
achieves an in-plane resolution of 0.4 mm, a slice 
thickness of 0.6 mm and a temporal resolution 
of 165 ms  [30]. The simultaneous acquisition 

of 64 parallel cross-sections enables the imag-
ing of the entire coronary artery tree in a single 
breath hold for 10 s [31]. With 256-slice MSCT 
the acquisition can be performed in as little as 
two beats and pulsing of the beam by prospec-
tive cardiac triggering also allows for reduced 
exposure to radiation. 

On a per patient basis, MSCT has good 
diagnostic accuracy for detecting more than 
50% luminal stenosis with a sensitivity of 
97% (CI:  94–98%) and specificity of 86% 
(CI:  78–90%) compared with quantitative 
conventional coronary angiography [32,33]. In 
a recent review, the sensitivity for detection of 
significant stenosis in the LMCA, based on data 
from 13 studies, was 62 of 62 (100%) and speci-
ficity was 815 of 821 (99%) [34]. This is based on 
the fact that this area and proximal portions of 
the LAD experience the least motion and run 
approximately parallel to the acquired transverse 
plane, hence allowing reliable visualization [35].

Not surprisingly then, in a number of stud-
ies sensitivity in the LM did not significantly 
differ from the LAD although there was a sig-
nificant difference from imaging in the LCx 
(p < 0.01) and right coronary arteries (p < 0.02), 
especially for more significant stenosis [34]. 
Specificity, however, was higher in the LM than 
in the LAD (p < 0.0001), LCx (p < 0.0001) and 
RCA (p < 0.0001). Positive predictive value for 
significant stenosis in the LMCA was 91%, and 
negative predictive value was 100%. 

In addition to the delineation of the native 
coronary artery lumen, cardiac MSCT also per-
mits visualization of a deployed coronary stent. 
This is especially so in the LMCA as the lumen 
diameter here is the largest of the coronary tree 
and often has the least amount of motion artifact, 
reducing some of the most troublesome variables 
leading to error [36]. Gilard et al., using a 16-slice 
scanner showed a sensitivity of 100%, a specific-
ity of 92% and positive and negative predictive 
values of 100 and 92%, respectively, for LM in-
stent restenosis (ISR) [37]. Van Mieghem et al. 

Table 1. Outcome in left main revascularization correlated to fractional flow reserve.

Study n FFR < 0.75 FFR > 0.75 (deferred) Follow-up (months) Mortality in deferred group Ref.

Bech et al. (2001) 54 30 24 29 0 [29]

Jimenez-Navarro et al. (2004) 27 7 20 26 0 [86]

Jasti et al. (2004) 55 14 41 38 3 (all noncardiac) [23]

Suemaru et al. (2005) 15 7 8 32.5 0 [87]

Legutko et al. (2005) 38 18 20 24 0 [88]

Lindstaedt et al. (2006) 51 27 24 29 0 [89]

FFR: Fractional flow reserve. 
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assessed 74  patients and found that 64-slice 
MSCT correctly identified all patients with ISR 
(ten out of 70), but misclassified five patients 
without ISR (false-positives) [38]. Overall, the 
accuracy of MSCT for detection of angiographic 
ISR was 93%. The sensitivity, specificity, and 
positive and negative predictive values were 
100, 91, 67 and 100%, respectively. When the 
analysis was restricted to patients with stenting 
of the LMCA with or without extension into a 
single major side branch (SB), accuracy was 98%. 
When both branches of the LMCA bifurcation 
were stented, accuracy was 83%. For the assess-
ment of stent diameter and area, MSCT showed 
correlation with IVUS of 0.78 and 0.73, respec-
tively. Of note, if intermediate stenosis is detected 
within the LM, then like with angiography, its 
significance would need to be further assessed by 
FFR or IVUS. 

�� Cardiovascular MRI
Cardiovascular magnetic resonance imaging 
(CMRI) has some advantages and limitations 
compared with cardiac CT imaging. Advantages 
of CMRI include the absence of ionizing radia-
tion and contrast media as well as no require-
ment for heart rate control with b-blockers [39]. 
These features are advantageous in certain 
patients such as those with renal dysfunction 
or younger patients for whom the avoidance of 
radiation is particularly important [40].

In addition, coronary artery calcification, 
which lowers specificity with coronary CT 
angiography [41–43], is not prominent on CMRI 
images because of its low proton content. As a 
result, detection of coronary lesions in heavily 
calcified coronary segments by CMRI can be 
more reliable than by cardiac CT [43]. 

However, the procedure with CMRI requires 
a skilled center with skilled operators and techni-
cians since high-quality, artifact-free acquisition 
is time-consuming and the machines remain 
vendor-specific. More importantly, although 
stents are not a contraindication for CMRI [44], 
the stent may interfere with local image quality 
and this reduces the potential of CMRI for post-
PCI surveillance of ISR. As a whole, as com-
pared with coronary CT, CMRI for the native 
coronary arteries is limited to a more select 
patient population [40,44]. 

LM equivalent disease
Significant (>70%) proximal LAD and LCx 
disease is so called because it appears to behave 
similarly to true LM disease [45], although its 
prognosis may be better [46]. The CASS registry 

is again the largest experience with this group of 
patients, with CABG associated with a signifi
cant increase in mean survival at more then 
16  years of follow-up  [47], as compared with 
medical therapy. 

Treatment options
The VA Co-operative Surgery Study suggested 
an early survival advantage with surgery as 
compared with medical therapy but diminish-
ing returns by the time of 18‑year follow-up 
[11,48]. In the CASS registry, however, the sur-
vival advantage appeared to persist with the 
15-year cumulative estimates revealing sur-
vival of 37% of 1153 patients in the surgical 
arm versus 27% of 331 patients in the medical 
group (p < 0.0001) [49]. Surgical revasculariza-
tion improved prognosis in most clinical and 
angiographic subgroups. 

Against these results, the early experience with 
balloon angioplasty was relatively poor, with up 
to 30% 1-year mortality in some series [50]. This 
was secondary to abrupt closure, high rates of 
restenosis as well as a selection bias introduced 
by the fact that many of these patients had 
comorbidities that made them poor candidates 
for surgery in the first place (and hence a likely 
higher 1-year mortality). However, this early 
experience did serve to allay concerns regard-
ing acute periprocedural risk including early 
unfounded concerns of hemodynamic collapse 
even during temporary balloon inflation [50]. 

What the guidelines say currently
It is hardly surprising given the large area of myo-
cardium at risk, the protection that CABG pro-
vided compared with medical therapy, and the 
experience with early balloon angioplasty, that 
this area of disease remained in the surgical realm, 
which is reflected in the practice guidelines. 
The American College of Cardiology/American 
Heart Association (ACC/AHA), Society for 
Cardiac Angiography and Interventions [51] and 
European Society of Cardiology [52] guidelines 
indicate the preferred revascularization option 
for LM CAD as CABG (Class I). PCI with stent-
ing for elective cases is categorized as a Class III 
(not recommended) indication unless the patient 
is not a bypass surgery candidate (Table 2). 

Protected LM PCI
The distinction between protected and unpro-
tected LMCA disease was made once CABG was 
established as the gold standard of therapy and 
was made based on at least one patent graft to 
the LAD or LCx arteries [53]. 
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The outcome of protected LM intervention 
is more favorable than when no patent graft to 
the LAD or LCx exists [54–56]. The acute risks 
of the procedure are mitigated by the fact that 
essentially one is treating the equivalent of an 
ostial lesion of a single vessel [55]. 

Improving percutaneous outcomes
The benefit of stenting is well recognized and 
includes optimizing eventual coronary lumen 
geometry, reducing periprocedural complica-
tions and reducing restenosis. In terms of the 
LMCA, the advent of BMS did indeed decrease 
the rates of peri-procedural complications as well 
as restenosis [57–59] but repeat revascularization 
rates remained high [60]. Table 3 summarizes some 
of the LMCA BMS trials. 

Further refinement in the prognosis occurred 
after it became clear that in-hospital and 1-year 
mortality was dependant on several patient and 
anatomic characteristics. Figure  1 summarizes 
patients at the highest risk for mortality after 
LM stenting. In comparison to patients with 
acute MI who were found to have a mortality 
rate of 35.7% or those who underwent bailout 
PCI who had a mortality rate of 40%, Kosuga 
et al. found that those undergoing elective LM 
PCI carried a significantly lower in-hospital 
mortality rate of 3.6% [56].

The Ultima registry [58,61] suggested a number 
of predictors of all-cause mortality in patients 
undergoing LM intervention, which are also 
summarized in Figure 1. Other predictors of mor-
tality and early failure are summarized in Figure 2 
and include multivessel coronary artery disease 
and lesion morphology. 

�� Lesion location
In addition to the importance of the predictors 
discussed above it became clear that lesion loca-
tion played a significant role in the acute and 
longer-term outcomes of the procedure. Figure 3 
summarizes the incidence of lesions in the LM 
with approximately two-thirds occurring at the 
bifurcation and the other third at the ostium or 
mid-shaft. Ostial or mid-shaft (nonbifurcation) 
lesions are the least prone to restenosis whereas 

distal lesions involving the bifurcation are at 
higher risk [60,62–65]. Valgimigli et al. found sig-
nificantly higher MACE rates in patients with 
distal LMCA disease versus those with ostial or 
mid-shaft lesions (30 vs 11%) with a hazard ratio 
of 3.42 [64]. 

The registry of Chieffo et al. of 147 patients 
undergoing PCI with DES of ostial or mid-shaft 
lesions found a 0% in-hospital and 2.7% mor-
tality in follow-up of greater than 2 years [65]. 
Target vessel revascularization (TVR) in this 
time was 4.7%. To aid understanding of these 
outcomes, although these are not matched 
cohorts, a report from the Cleveland Clinic 
in the lowest risk patients undergoing CABG 
reported a 3‑year mortality of 4.5% [66] and 
two British studies reported an overall 2‑year 
mortality of 5 and 6% in patients undergo-
ing off-pump and on-pump CABG for LMCA 
disease [67,68]. This suggests excellent outcomes 
in unprotected LMCA stenting of ostial or 
mid‑shaft lesions. 

�� Advent of DES
Evidence following the introduction of DES 
in 2003 demonstrated improved outcomes 
in LM PCI as compared with BMS. In addi-
tion to a higher frequency of procedural suc-
cess, improved late outcomes including lower 
rates of restenosis were reported [64,69,70]. Table 3 
summarizes some of the trials using DES.

A number of nonrandomized studies compar-
ing BMS to DES were subsequently published 
(Table 3). In a pooled analysis, Biondi-Zoccai et al. 
revealed the superiority of DES in MACE and 
TVR with an OR of 0.34 (95% CI: 0.16–0.71; 
p < 0.05) [63]. 

They also performed an exploratory sub-
group analysis of DES for nonbifurcational 
lesions and for low- and high-risk unprotected 
LMCA stenting [63]. 

In nonbifurcational lesions, their analysis 
revealed an in-hospital death rate of 0.9% (95% 
CI: of 0–2.1%) and MI of 3.2% (CI: 0–5.6%). 
After a median follow-up of 10 months, MACE 
was 14.7% (CI: 6.2–23.2%), death 4.1% and 
TVR 6.7%. 

Table 2. Guidelines on left main coronary artery stenting.

Society Recommendations Class

American Collage of 
Cardiology/American  
Heart Association

Patients with unstable angina/non-ST-elevation myocardial infarction with significant left 
main coronary artery disease who are candidates for revascularization but are not eligible for 
coronary artery bypass grafting
Routine angiography in 2–6 months following index procedure due to risk of silent restenosis

Class IIa

European Society of 
Cardiology

Subset of patients in whom bypass surgery has a very high perioperative risk  
(EuroSCORE >10%)

Class IIb
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In low-risk patients (defined by a EuroScore 
of <6 or Parsonnet score of <15), in-hospital death 
was found to be 3.0% and MI also 3.0%. In 
higher risk patients (EuroScore >6, Parsonnet 
Score >15) in-hospital death was 6.6%, MI 
1.3% and death at 8 months 12%. Again for 
some perspective of these numbers, in a cohort 
of patients with LMCA disease undergoing 
CABG, the Cleveland Clinic reported 2.3% 

in-hospital mortality and 15.6% 3‑year mortal-
ity [66]. For low-risk patients from the Cleveland 
cohort 3‑year mortality was 4.5 and 6.5% in the 
intermediate-risk quartile. It was 20 and 39.8% 
in the two highest risk quartiles, respectively [66]. 
Additionally, a pooled weighted average of almost 
11,000 patients undergoing CABG reported over 
the last decade reveals an in-hospital mortality 
of 2.8% and a 30‑day mortality of 3–4.2% [71].

Table 3. Studies of the left main coronary artery and stenting with bare-metal and drug-eluting stents.

Study Conclusions Ref.

Studies on LMCA stenting with BMS

Barragan et al. (1996) Successful outcomes with unprotected LMCA stenting [90]

Ellis et al. (1997) Directional atherectomy and stenting appear to be the preferred techniques over balloon angioplasty [83]

Fajadet et al. (1995) Successful outcomes with unprotected LMCA stenting [91]

Hausleiter et al. (1996) Successful outcomes with unprotected LMCA stenting [92]

Hong et al. (1999) Most important factor determining the long-term success was the post-intervention lumen area by IVUS [93]

Itoh et al. (1996) Successful outcomes with unprotected LMCA stenting [94]

Karam et al. (1998) Stenting improved the clinical outcome, but there was a significant mortality rate at long-term follow-up [95]

Kornowski et al. 
(1998)

Stents reduce major hospital complications, but may not significantly reduce repeat revascularization or 
major cardiac events at 1 year

[54]

Lopez et al. (1997) Percutaneous treatment of LM coronary stenoses is safe and effective [96]

Park et al. (1998) Stenting of unprotected LMCA stenoses may be a safe and effective alternative to CABG in carefully 
selected patients with normal LV function

[97]

Tamai et al. (1998) No significant difference in 6 months’ outcome between stent group and directional atherectomy group [61]

Tamura et al. (1996) Stenting of LMCA stenoses had acceptable angiographic restenosis rates and clinical events during follow-up [98]

Tamura et al. (1998) TLR was 18% in the high-risk group, and 10% in the low-risk group [99]

Observational cohorts on DES

Agostoni et al. (2005) IVUS was not associated with additional clinical benefit with respect to angiographic-assisted stent deployment [62]

de Lezo et al. (2004) Treatment of LM lesions with overexpanded DES is feasible [100]

Dudek et al. (2006) LMCA stenting is associated with high effectiveness of PCI in patients with low operative risk. Multivessel 
disease with LM stenosis was associated with a high rate of additional revascularization of other vessels

[101]

KOMATE (2005) In PCI of unprotected LMCA, SES and PES exhibited excellent in-hospital and 6‑month outcomes with no 
significant differences between them

[102]

Lozano et al. (2005) DES represent a valid alternative in patients with LMCA stenosis who are poor candidates for CABG [103]

Migliorini et al. (2006) DES-supported PCI may provide early and mid-term outcomes comparable or superior to those expected 
from coronary artery surgery

[104]

Price et al. (2006) Restenosis is a frequent finding when serial angiographic follow-up is performed after SES implantation for 
unprotected distal LMCA lesions. Restenosis is usually focal, most often involves the LCx ostium, and often 
occurs without symptoms

[70]

Wood et al. (2005) In-hospital complications with LM stenting are low [105]

Nonrandomized studies of DES versus BMS 

Carrie et al. (2006) PES implantation for unprotected LMCA bifurcation narrowing [106]

Chieffo et al. (2007) PCI with SES or PES implantation in nonbifurcation LM coronary artery lesions appears safe [65]

Christiansen et al. 
(2006)

PCI of LMCA stenosis can be performed with good outcome in patients with low surgical risk and with 
acceptable outcome in surgical high-risk patients or patients considered inoperable

[107]

Han et al. (2006) PCI strategies have proven to be technically successful and can be safely applied for the treatment of LMCA 
lesions in the experienced center

[108]

Park et al. (2005) SES implantation for unprotected LMCA stenosis appears safe with regard to acute and mid-term 
complications and is more effective in preventing restenosis compared with BMS implantation

[67]

Sheiban et al. (2006) SES implantation for unprotected LMCA stenosis in a ‘real world’ population appears safe with a low 
restenosis and MACE rate at follow-up

[109]

BMS: Bare-metal stent; CABG: Coronary artery bypass grafting; CAD: Coronary artery disease; DES: Drug-eluting stent; IVUS: Intravascular ultrasound;  
LCx: Left circumflex; LM: Left main; LMCA: Left main coronary artery; LV: Left ventricle; MACE: Major adverse coronary event; MI: Myocardial infarction;  
PCI: Percutaneous coronary intervention; PES: Paclitaxel-eluting stent; SES: Sirolimus-eluting stent; TLR: Target lesion revascularization.
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High-risk vs low-risk scores

SYNTAX score
EuroSCORE
Parsonnet score
Higgins score
French score

Multivariate predictors of 
all-cause mortality: 
ULTIMA registry

LVEF <30%
MR grade 3 or 4
Cardiogenic shock
Creatinine >2 mg/dl
Severe lesion calcification

Emergency vs
elective intervention

Prognostic factors

Figure 1. Factors that increase mortality in association with left main coronary artery 
percutaneous coronary intervention.
LVEF: Left ventricular ejection fraction; MR: Mitral regurgitation.

Table 3. Studies of the left main coronary artery and stenting with bare-metal and drug-eluting stents (cont.).

Study Conclusions Ref.

Nonrandomized studies of PCI versus CABG 

Chieffo et al. (2006) At 1 year, in this single-center, retrospective experience, there was no difference in the degree of 
protection against death, stroke, myocardial infarction and revascularization between PCI with DES and 
CABG for LMCA disease

[110]

Cabau et al. (2008) There were no significant differences in cardiac death or myocardial infarction and MACCE between 
CABG and PCI for the treatment of LMCA disease in octogenarians after a mean follow-up of 2 years

[111]

Hsu et al. (2008) PCI on unprotected LM offers an alternative option in patients with high surgical risk and appropriate 
lesion morphology

[112]

Lee et al. (2006) Despite a higher percentage of high-risk patients, PCI with DES for unprotected LMCA disease was not 
associated with an increase in immediate- or medium-term complications compared with CABG

[113]

Makikallio et al. (2008) PCI is a viable therapeutic option in selected patients with LMCA stenosis [114]

Palmerini et al. (2007) A difference in mortality between CABG-treated patients and those treated with DES could not be 
demonstrated. However, the rate of TLR was higher in the DES group

[115]

Sanmartin et al. (2007) Percutaneous treatment of patients with unprotected LMCA disease with DES provided similar clinical 
results compared with surgical revascularization at a mid-term follow-up

[116]

Seung et al. (2008) In a propensity analysis of patients receiving stents and those undergoing CABG there was no significant 
difference in rates of death or of the composite end point of death, Q-wave MI or stroke. Stenting was 
associated with higher rates of target-vessel revascularization than was CABG

[117]

Wu et al. (2008) Surgical patients experienced lower risk of long-term death and repeat revascularization [118]

Randomized studies of PCI versus CABG

Buszman Patients with unprotected LMCA disease treated with PCI had favorable early outcomes in comparison 
with the CABG group

[79]

SYNTAX Overall CABG remains the standard of care for patients with complex CAD due to lower MACE rates  
at 1 year as compared with PCI. However in the LMCA subgroup, except for the highest risk patients 
(SYNTAX score >35) and LM and three-vessel CAD, patients undergoing CABG or PCI had  
comparable outcomes

[80]

BMS: Bare-metal stent; CABG: Coronary artery bypass grafting; CAD: Coronary artery disease; DES: Drug-eluting stent; IVUS: Intravascular ultrasound;  
LCx: Left circumflex; LM: Left main; LMCA: Left main coronary artery; LV: Left ventricle; MACE: Major adverse coronary events; MACCE: Major adverse cardiac and 
cerebrovascular events; MI: Myocardial infarction; PCI: Percutaneous coronary intervention; PES: Paclitaxel-eluting stent; SES: Sirolimus-eluting stent; TLR: Target 
lesion revascularization.
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After 8–10 months follow-up, the meta-ana
lysis suggests that in selected patients there were 
favorable outcomes with PCI of the LMCA 
especially with DES, although clinical follow-up 
is currently at the mid-term threshold. In select-
ing between DES, an analysis from RESEARCH 
and T-SEARCH revealed no significant differ-
ence between sirolimus- (Cypher®)  and pacli-
taxel- (Taxus®)eluting stents [72], and the ran-
domized ISAR-Left-Main study provided further 
data on the safety and efficacy of LMCA stent-
ing as well as revealing comparable clinical and 
angiographic outcomes for the Cypher and Taxus 
stents [73]. In real-world clinical practice, however, 
this choice may be superseded by the increasing 
worldwide usage of the everolimus-eluting stent 
(Xience™/Promus™), although no data have 
been published as of yet with the exclusive use of 
this stent in the LMCA setting. 

�� Provisional single-stent versus 
multiple-stent approach
As discussed above, although DES appears to 
be superior to BMS in LMCA trials, the com-
plexities of polymer and drug delivery as well as 
mechanical stent coverage especially at the site 
of bifurcation lesions remains a challenge [74,75]. 

Inadequate coverage at the ostium of the SB 
makes this site the most frequent location for 
restenosis after conventional stenting of branch 
vessel stenosis. Attempts to provide better stent 
coverage of the SB origin by using culotte, crush 
or kissing stent techniques creates multiple layers 
of metal [76] and permanent polymer (four to six 
layers) and is associated with an increased inci-
dence of complication as compared with nonbi-
furcation lesions. In addition, nonuniform stent 
strut distribution is associated with variable drug 
delivery and eventually an increase in resteno-
sis. This is especially true of the LM bifurcation 
where restenosis is seen most frequently at the 
ostium of the LCX artery [53,60]. 

The practice of provisional single versus 
upfront multiple stent techniques has evolved to 
an understanding that ‘less is often more’ [77,203]. 
Park revealed that in comparison to a single stent 
the kissing stent or crush technique had increased 
risk of restenosis [67]. When possible the use of a 
single stent with rescue of the SB as necessary has 
been shown to significantly improve outcome [53]. 
Of note, patients with restenosis in this area can 
present with sudden cardiac death [57]. 

Of note, several novel technologies in develop
ment for branch vessel treatment are being 
specifically designed for branch vessel applica-
tion and thus provide more uniform coverage 

with less metal and polymer. These technologies 
may hold the key to improving outcomes at the 
LMCA bifurcation. 

�� Strategy for LMCA interventions
For successful revascularization of the LMCA 
several factors ought to be taken into account 
prior to determining the management of the 
patient. Figure  4 summarizes several potential 
scenarios that ought to be considered prior to 
undertaking any LMCA revascularization. 

Predictors of early 
failure and 
complication

Predictors of
early mortality

Multivessel CAD Multivessel CAD

Thrombotic
saphenous vein
graft interventions

PCI of a vessel 
supplying collaterals
to a large artery

Proximal LAD 
disease

Chronic total
occlusions

B2 and C lesion
morphology

High lesion
classification

Figure 2. Predictors of adverse outcome in addition to left main 
coronary artery.
CAD: Coronary artery disease; LAD: Left anterior descending; PCI: Percutaneous 
coronary intervention.

36%

64%

Distal lesions

Ostial/mid shaft

Figure 3. Lesion distribution in the left 
main coronary artery.
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�� PCI with DES versus CABG
The ultimate question in the progression of 
improved outcomes with percutaneous inter-
vention is how PCI would perform in this era 
as compared with CABG. To help answer this, 
we assembled data as part of a recent systematic 
review of studies that compared outcomes of 
DES to CABG [78]. Studies with the majority of 
patients undergoing emergent revascularization 
or with severely reduced left ventricular ejection 
fraction (LVEF) were excluded. A total of 11 stud-
ies comprising 3781 patients met the inclusion 
criteria. A total of 1287 patients underwent PCI 
of whom 80% had DES. The studies found are 

detailed in Table 4. Of note, these data include two 
randomized controlled trials [79,80] including the 
recently published SYNTAX trial [80].

The characteristics of these patients included 
25% with diabetes, 62% with hypertension and 
55% with dyslipidemia. Anatomic characteris-
tics, type of stenting procedure and outcomes are 
also summarized in Table 4. 

We found no significant difference in the inci-
dence of all-cause mortality between patients 
who underwent PCI as compared with those 
patients who underwent CABG (OR:  1.11; 
95% CI:  0.74–1.64; Figure  5). Although TVR 
at longest follow up occurred more frequently 

Significance of left 
main disease

Consider use of adjunctive
diagnostic tools such as 
IVUS or FFR for 
intermediate lesions

Significant LM ± 3VD

Consider use of 
rotational arthrectomy?

Consider use of directional
arthrectomy such 
as Rotablation

Reduced LVEF or other
high-risk comorbidites

Postprocedure

Consider use of LV support
devices e.g., IABP, Impella 2.5,
Tandem Heart

IVUS to ensure optimal
stent apposition

Ostial or mid-shaft disease
vs distal diease

Consider again if PCI 
or CABG is preferable.
If PCI then consider

Single vs double
stent technique
1. Crush
2. Culotte
3. T stenting
4. V stenting
5. Final kissing balloon inflation

Consider if PCI or CABG 
is preferable

Figure 4. Technical factors important for the revascularization of the left main  
coronary artery.
3VD: Three-vessel disease; CABG: Coronary artery bypass grafting; FFR: Fractional flow reserve; 
IABP: Intra-aortic balloon pump; IVUS: Intravascular ultrasound; LM: Left main; LV: Left ventricular; 
LVEF: Left ventricular ejection fraction; PCI: Percutaneous coronary intervention.
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in patients undergoing PCI (OR:  4.63; 
95% CI: 2.09–7.37), long-term major adverse car-
diac and cerebrovascular events (MACCE) were 
similar in the two groups. Of note, MACCE at 
30 days was significantly reduced in PCI patients 
(OR: 0.28; 95% CI: 0.15–0.50). 

These results suggest that patients undergoing 
CABG suffer from increased acute MACCE, 
likely early stroke, but TVR increases over the 
follow-up period so that MACCE rates even-
tually are not significantly different. Similar 
results were reported in the LM subgroup of the 

randomized SYNTAX trial [80] and in a meta-
analysis comparing PCI to CABG of native 
coronaries  [81]. Of note, the nonsignificance of 
the longer term MACCE also suggests that in 
the current era, the increased rate of TVR is not 
costing the patient undergoing PCI in terms of 
MI, stroke or death as compared with CABG. 

As part of these findings, it is worth emphasiz-
ing the LM subgroup analysis of the SYNTAX 
trial (which although prespecified remains obser-
vational in nature after the overall trial did not 
meet its noninferiority end point). Overall, the 

Figure 5. Percutaneous coronary intervention versus coronary artery bypass grafting in unprotected left main stenosis: 
mortality at longest follow-up. 
CABG: Coronary artery bypass grafting; PCI: Percutaneous coronary intervention.

Table 4. Studies comparing coronary artery bypass grafting to percutaneous coronary intervention for left main 
coronary artery diease.

Study n Distal location 
(%)

Distal stent  
technique (%)

Long-term cardiovascular end 
points PCI (%)/CABG (%)

Ref.

Single ‘Crush’ ‘Culotte’ or T MACCE Mortality TVR

SYNTAX 357 76.8 15.6/13.7 4.2/4.3 11.7/6.6 [80]

Buszman et al. (2008) 52 56 0 0 100 28.8/11.3 1.9/3.7 26.9/9.4 [79]

Seung et al. (2008) 542 51.7 N/A N/A N/A N/A N/A N/A [117]

Wu et al. (2008) 135 N/A N/A N/A N/A N/A 17/5.9 27.4/5.9 [118]

Cabau et al. (2008) 104 60 58 5 30.9/9 10.3/4.5 10.3/2.3 [111]

Hsu et al. (2008) 20 75 N/A N/A N/A 5/33.3 5/20.5 0/10.2 [112]

Makikallio et al. (2008) 49 79.5 41 10.2/18.9 4/11 10.2/2.1 [114]

Palmerini et al. (2007) 98 89 N/A N/A N/A N/A 11.7/12.3 20.4/1.8 [115]

Sanmartin et al. (2007) 96 61.5 90.6 3.7 6.3 8.3/2 3.1/6.1 5.2/0 [116]

Chieffo et al. (2006) 107 81.3 0 59.4 10.9 24.2/11.9 2.8/6.3 19.6/3.5 [110]

Lee et al. (2006) 50 60 33 40 10 12/13 2/0 6/0.8 [113]

CABG: Coronary artery bypass grafting; MACCE: Major adverse cardiac and cerebrovascular events; N/A: Not applicable; PCI: Percutaneous coronary intervention; 
TVR: Target vessel revascularization.

Study Statistics for each study Events/total Odds ratio and 95% CI

Odds 
ratio

Lower 
limit

Upper 
limit

z-value p-value PCI CABG

Hsu
Buszman 
Makikallio
Lee
Palmerini
Chieffo
Sanmartin
Wu
Cabau
Syntax
Seung
Cumulative

0.204
0.500
0.363
0.338
1.117
0.426
1.548
3.260
2.092
0.974
1.180
1.105

0.024
0.044
0.083
0.041
0.579
0.113
0.363
1.402
0.996
0.469
0.772
0.744

1.761
5.689
1.584
2.822
2.155
1.614
6.609
7.579
4.394
2.023
1.804
1.641

-1.445
-0.559
-1.349
-1.001
0.329
-1.255
0.590
2.745
1.948
-0.071
0.764
0.495

0.148
0.576
0.177
0.317
0.742
0.209
0.555
0.006
0.051
0.943
0.445
0.621

1/20
1/52
2/49
1/50
18/98
3/107
3/96
23/135
19/104
15/357

8/39
2/53
25/238
7/123
27/161
9/142
5/245
8/135
14/145
15/348

Test for heterogeneity: Q = 17.340; dF = 10; p = 0.067; I2 = 42.33%
Test for overall effect: z = 0.49; p = 0.621

0.01 0.1 1 10 100

Favors PCI Favors CABG
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12‑month MACCE rates were similar in the 
CABG and PCI groups (13.7 vs 15.8%; p = 0.44). 
However, following the earlier arguments of ana-
tomic location and patient selection, patients with 
LM disease and low SYNTAX scores (<22) had 
MACCE rates that trended toward favoring PCI 
over CABG (7.7 vs 13%; p = 0.19). As may be 
expected, as the SYNTAX score rose, MACCE 
rates trended instead to favoring CABG so that 
the comparable rates with a Syntax score of 23–32 
were 15.5 vs 12.6% (p = 0.54) and in patients with 
a score greater than 33 the rates were further in 
favor of CABG (>12.9 vs 25.3%; p = 0.008). In 
a further analysis of the LM subgroup, patients 
with LM disease only, and LM and single-vessel 
disease had nonsignificantly reduced MACCE 
rates at 12 months with PCI as compared with 
CABG, further emphasizing the fact that with 
careful patient selection PCI now appears to be 
comparable to CABG. 

It is worth noting that most of the follow-up in 
the trials above including SYNTAX ranged from 
12 to 24 months, a time period in which much of 
the benefit from CABG may not have accrued. 
However, in all of the trials, most of which are 
driven by TVR rates, it is only the PCI arm that 
specified routine angiographic surveillance. In the 
initial Scripps experience – with routine surveil-
lance angiography – the TLR rate was 38% [70]. 
However, in a cohort at the same center but instead 
using an ischemia-driven TLR definition, this 
rate was observed in 14% of patients. This under-
scores the confounding impact of routine surveil-
lance and the oculostenostic reflex [25,53]. Routine 
surveillance may, however, play an important role 
especially since restenosis can be asymptomatic 
and abrupt [57,70]; however, Chieffo’s study (with 
very low MACE rates for ostial and midshaft 
lesions undergoing PCI) suggests that it can be 
reserved for distal LM disease especially if treated 
with a multiple stent technique. This is an area 
that as MSCT evolves, it may be able to play an 
increasing role in decreasing the need for repeat 
invasive procedures. 

It is also worth noting that the CABG arm of 
these studies had a repeat revascularization rate 
as low as 0.82% and as high as 10.2%. Although 
this discrepancy cannot be explained solely by the 
rate of arterial revascularization it undoubtedly 
plays an important role. The importance of the 
left and right internal mammary conduits is well-
recognized [53,82]. However, just as the application 
of rigorous interventional technique (see ‘Strategy 
for LMCA Interventions’ above) is critically 
important to the acute and long-term durability 
of every PCI, the techniques surrounding arterial 

revascularization and the consequent proportion 
of right and especially left internal mammary 
grafts anastamozed are of long-term consequence 
to the durability of surgical revascularization and 
should likely enter into the discussion of the pro-
cedure of choice for each patient, in other words, 
in a patient eligible for both procedures if revas-
cularization with an arterial graft is not possible 
consideration ought to be given more strongly to 
pursuing PCI. It is worth noting that despite a 
single arterial revascularization rate of 97.3%, 
SYNTAX still had a residual revascularization rate 
close to 6.0%. Surgeons ought to consider that in 
order to reduce this rate further one of the options 
likely lies in increasing the proportion of patients 
receiving dual arterial grafts whenever possible. 

Until head-to-head randomized data is 
available (trials underway, see under ‘Future 
Perspective’), these data would indicate that PCI 
today may be comparable to CABG in selected 
patients undergoing elective revascularization of 
the LMCA. It would appear then that the next 
advance ought to be in the refinement of how best 
to triage those patients who fall into the ‘select’ 
category so that they have a choice of revascular-
ization options. This triage should be made so as 
to optimize their individual outcomes.

LMCA PCI for acute MI
In-hospital mortality rates are expectedly high, 
35% in primary PCI of the LM presenting as an 
acute MI [56,83]. In the SHOCK Trial registry [84], 
16% of patients with cardiogenic shock complicat-
ing MI had significant LM disease. These patients 
had a higher mortality rate (79%) versus 42% in 
those with LAD disease and 37% in those with 
LCx disease. The expected efficacy of PCI with 
stent as compared with balloon angioplasty alone 
was illustrated in an observational registry where 
patients presenting with an acute MI and unpro-
tected LM stenosis had lower rates of in-hospital 
death and bypass surgery with stenting [85]. 

Conclusion
Although one of the shortest segments of the 
coronary tree, the LMCA remains a challenge in 
its accurate diagnosis and optimal management. 
Although CABG remains the standard of care, in 
the current era with DES and improved medical 
therapy, emerging studies suggest excellent short- 
and medium-term results with PCI so that the 
revascularization of choice ought to be tailored 
to each patient. A consensus decision through 
consultation with surgery, the patient and their 
family should be sought. However, it can cer-
tainly be argued that in selected patients, updates 
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in practice guidelines as related to the role of PCI 
should be considered. In higher risk patients such 
as those with low LVEF, bifurcational disease, 
complex three-vessel disease or renal failure, 
CABG will likely remain the revascularization 
procedure of choice. 

Future perspective
Impacts in the future that will likely affect 
decision-making regarding the management of 
LMCA disease include the outcome of currently 
enrolling randomized controlled trials, emerg-
ing technologies and the rising cost of heathcare 
delivery. SYNTAX was not powered to answer the 
PCI versus CABG question but COMBAT, a trial 
comparing DES with a sirolimus-eluting stent 
(Cypher) to CABG in LMCA PCI, is currently 
enrolling and has been powered to answer this 
question [204]. Emerging technologies, especially 
the dedicated bifurcation stents may improve 
outcomes of distal LM stenting and increase the 
number of patients who would be suitable can-
didates for PCI. Finally, the rapidly increasing 
emphasis on the cost of healthcare delivery will 
also likely favor PCI over CABG, especially since 

the length of procedural hospitalization is signifi-
cantly shorter. Unless the randomized trials show 
otherwise, the future of LMCA revascularization, 
with these factors working in tandem, appears to 
be one in which the patients will increasingly 
be managed by PCI with only the higher risk 
patients, who are suitable for surgery, going on to 
CABG. In addition to the randomized trials, to 
ensure that outcomes for our patients continue to 
improve into the future, further study is required 
on how best to dichotomize this choice. 
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Figure S2. Coronary computed tomography. Stent in left main coronary artery. 

Figure S3. Volume-rendered computed tomography image of the coronary tree. The arrow 
points to the left main coronary artery. 
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Figure S4. Intravascular ultrasound of the left main coronary artery after rotatoinal 
arthrectomy and stent placement. Arrows point to stent struts. Arrow at 2 o’clock also illustrates 
residual calcification with well-apposed stent strut.


