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Abstract
Background: Distal left main coronary artery disease (LMCAD) represents one of the most challenging and prognostically significant subsets

of coronary artery disease because of the large myocardial territory at risk and the frequent association with complex bifurcation anatomy.
Coronary artery bypass grafting (CABG) has historically been considered the standard revascularization strategy for significant unprotected
left main disease, particularly in patients with complex coronary anatomy. However, substantial advances in percutaneous coronary
intervention (PCI), including newer-generation drug-eluting stents, intracoronary imaging, bifurcation stenting techniques, and physiological
lesion assessment, have significantly improved procedural safety and long-term clinical outcomes. Among physiological assessment
modalities, instantaneous wave-free ratio (iFR) has emerged as an attractive adenosine-free alternative to fractional flow reserve (FFR) for
evaluating the hemodynamic significance of coronary lesions and guiding revascularization decisions.

Contemporary evidence suggests that physiology-guided PCI may optimize patient selection, reduce unnecessary revascularization, improve
stent deployment strategies, and enhance clinical outcomes in patients with distal unprotected left main disease and low-to-intermediate
SYNTAX scores. In addition, major randomized clinical trials and observational registries comparing PCI and CABG have demonstrated
comparable rates of mortality, myocardial infarction, and stroke in selected patient populations, although repeat revascularization remains
more frequent following PCI. The integration of iFR with intravascular ultrasound (IVUS) and advanced bifurcation techniques has further
strengthened the role of PCI in anatomically complex distal left main lesions.

This review discusses the contemporary role of iFR-guided PCI compared with CABG for distal left main coronary artery disease, with
particular emphasis on pathophysiology, lesion complexity, coronary physiology, imaging-guided intervention, major randomized trials, and
current guideline recommendations. Furthermore, the review highlights the evolving concept of precision revascularization and the importance
of multidisciplinary heart team decision-making in selecting the optimal treatment strategy. Current evidence supports iFR-guided PCl as a
safe and effective alternative to CABG in carefully selected patients with significant distal unprotected left main disease, especially those with

low-to-intermediate anatomical complexity and favorable clinical profiles.
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Introduction

Left main coronary artery disease (LMCAD) remains one of the most clinically important manifestations
of coronary atherosclerosis because the left main coronary artery supplies nearly 70%—-75% of the left
ventricular myocardium in right-dominant circulation and an even larger territory in left-dominant
systems. Significant stenosis involving the distal left main bifurcation is particularly associated with high
morbidity and mortality due to the complexity of the lesion anatomy and the large ischemic myocardial
burden. Historically, untreated significant left main disease has been associated with poor long-term
survival and a substantial risk of myocardial infarction, heart failure, malignant arrhythmias, and sudden
cardiac death. Consequently, prompt and effective myocardial revascularization has long been considered
the cornerstone of management for patients with significant unprotected distal left main coronary disease
[1,2].

For decades, coronary artery bypass grafting (CABG) has been regarded as the gold-standard
revascularization strategy for left main disease because of its durable long-term patency and survival
benefit over medical therapy alone. Earlier clinical trials and observational studies consistently
demonstrated superior survival outcomes with surgical revascularization, particularly in patients with
complex coronary anatomy and multivessel disease. However, advances in percutaneous coronary
intervention (PCI), including newer-generation drug-eluting stents, improved antiplatelet therapy,
intravascular imaging, and refined bifurcation stenting techniques, have substantially transformed the
therapeutic landscape of left main revascularization. As a result, PCI has progressively emerged as a
feasible and effective alternative to CABG in carefully selected patients with low-to-intermediate
anatomical complexity [3,4].

Distal left main bifurcation lesions remain among the most technically demanding lesions in interventional
cardiology because they frequently involve the ostium of both the left anterior descending artery and left
circumflex artery. The anatomical complexity of these lesions contributes to increased risks of plaque shift,
side-branch compromise, restenosis, and stent thrombosis. Consequently, procedural planning and lesion
assessment are critical determinants of long-term success. Conventional angiographic assessment alone
may be insufficient for evaluating the true functional significance of intermediate left main lesions,
particularly in borderline stenosis, diffuse disease, or heavily calcified bifurcation anatomy. This limitation
has led to growing interest in physiological assessment modalities capable of determining lesion-specific
ischemia more accurately [5,6].

Fractional flow reserve (FFR) has historically served as the principal invasive physiological index for
assessing coronary lesion significance. Nonetheless, the requirement for adenosine administration, patient
discomfort, increased procedural time, and cost limitations have restricted its routine use in some
catheterization laboratories. Instantaneous wave-free ratio (iFR), an adenosine-independent physiological
index measured during the diastolic wave-free period, has emerged as an attractive alternative for
functional coronary assessment. Major clinical trials such as DEFINE-FLAIR and iFR-SWEDEHEART
demonstrated the noninferiority of iFR compared with FFR in guiding coronary revascularization
decisions, while offering improved patient comfort and procedural efficiency [7,8].

The application of iFR in distal unprotected left main disease has generated increasing clinical interest
because physiological guidance may optimize patient selection for PCI, reduce unnecessary interventions,
and improve procedural outcomes. Furthermore, combining iFR with intravascular ultrasound (IVUS) and
contemporary bifurcation stenting strategies may facilitate more individualized and precision-based
revascularization approaches. Several recent observational studies, randomized trials, and meta-analyses
have evaluated outcomes of PCI versus CABG in left main disease, particularly among patients with low-
to-intermediate SYNTAX scores, demonstrating comparable mortality outcomes in selected populations
despite higher repeat revascularization rates following PCI [9,10].

Despite these advances, important controversies remain regarding the optimal revascularization strategy
for distal left main coronary disease, particularly in relation to lesion complexity, long-term durability,
diabetes mellitus, physiological lesion assessment, and the role of the multidisciplinary heart team. In
addition, data specifically evaluating iFR-guided PCI in distal left main bifurcation lesions remain

Cuest.fisioter.2024.53(3):7625-7641 7626



Ahmed Saed et al. Instantaneous Wave-Free Ratio—Guided PCI Versus CABG for Distal
Left Main Coronary Disease: A Contemporary Review Ki

relatively limited compared with broader left main PCI evidence, creating an important knowledge gap in
contemporary clinical practice [11].

Accordingly, this review aims to provide a contemporary overview of instantaneous wave-free ratio—
guided PCI versus CABG for distal left main coronary artery disease. Particular emphasis is placed on the
pathophysiological basis of distal left main disease, coronary physiology, evolving PCI technologies,
imaging-guided intervention, landmark clinical trials, comparative clinical outcomes, and current
guideline recommendations. The review also explores the emerging role of precision physiology-guided
revascularization in improving outcomes among patients with complex distal unprotected left main
coronary disease.

Epidemiology and Clinical Significance of Distal Left Main Coronary Artery Disease

Left main coronary artery disease (LMCAD) is identified in approximately 4%-6% of patients undergoing
coronary angiography and remains one of the most prognostically significant forms of coronary artery
disease because of the extensive myocardial territory supplied by the left main coronary artery. Depending
on coronary dominance, the left main artery supplies nearly three-quarters of the left ventricular
myocardium through the left anterior descending (LAD) and left circumflex (LCXx) arteries. Consequently,
significant obstruction of the left main coronary artery can rapidly compromise myocardial perfusion,
resulting in severe ischemia, ventricular dysfunction, cardiogenic shock, malignant arrhythmias, and
sudden cardiac death. Distal left main disease, particularly involving bifurcation lesions, represents the
most common and complex anatomical subset of LMCAD encountered in clinical practice [12,13].

The prevalence of distal bifurcation involvement among patients with left main disease exceeds 60% in
many contemporary angiographic registries. Distal lesions are associated with greater anatomical
complexity than ostial or shaft lesions because they frequently involve the ostia of both the LAD and LCx
arteries. This anatomical configuration creates significant technical challenges during revascularization
and increases the risks of plaque shift, carinal displacement, side-branch compromise, stent malapposition,
and restenosis. Furthermore, bifurcation lesions often coexist with diffuse multivessel coronary disease,
calcification, and high atherosclerotic burden, all of which contribute to adverse clinical outcomes and
complicate decision-making regarding the optimal revascularization strategy [14,15].

Several cardiovascular risk factors contribute to the development and progression of distal left main
disease, including diabetes mellitus, hypertension, dyslipidemia, smoking, chronic kidney disease,
advanced age, and systemic inflammatory states. Diabetes mellitus is particularly important because
diabetic patients tend to exhibit diffuse coronary atherosclerosis, accelerated endothelial dysfunction,
enhanced inflammatory activation, and increased rates of restenosis and adverse cardiovascular events
following PCI. Additionally, diabetic patients frequently present with multivessel coronary disease and
higher SYNTAX scores, factors that historically favored CABG over PCI in many revascularization trials
[16,17].

The natural history of untreated significant unprotected left main disease remains poor despite advances
in medical therapy. Earlier observational studies demonstrated mortality rates exceeding 50% at five years
among medically treated patients with severe left main stenosis. Although modern pharmacological
management, including intensive lipid lowering, antiplatelet therapy, renin-angiotensin system blockade,
and sodium-glucose cotransporter-2 inhibitors, has improved overall cardiovascular outcomes,
revascularization remains the standard of care for significant left main disease because medical therapy
alone is insufficient to address the large ischemic burden associated with critical left main obstruction
[18,19].

Distal left main disease may present clinically across a broad spectrum ranging from stable angina to acute
coronary syndromes and cardiogenic shock. Patients commonly experience exertional chest pain, dyspnea,
reduced exercise tolerance, or symptoms of heart failure due to extensive myocardial ischemia. Acute
plaque rupture involving the distal left main bifurcation can result in catastrophic hemodynamic
compromise because simultaneous ischemia may occur within both the LAD and LCx territories.
Importantly, elderly individuals and diabetic patients may present atypically with fatigue, generalized
weakness, or silent ischemia, potentially delaying diagnosis and increasing the risk of adverse outcomes
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[20].

The distinction between protected and unprotected left main disease is clinically essential. Unprotected
left main coronary artery disease refers to the absence of a patent bypass graft supplying the left coronary
circulation and is associated with substantially higher ischemic risk and mortality compared with protected
disease. In patients with unprotected distal left main stenosis, prompt evaluation by a multidisciplinary
heart team is recommended to determine the most appropriate revascularization strategy. Factors
influencing treatment selection include anatomical complexity, lesion location, SYNTAX score, left
ventricular function, surgical risk, diabetes status, frailty, and patient preference [21,22].

Contemporary improvements in PCI technology, intracoronary imaging, physiological lesion assessment,
and bifurcation stenting techniques have significantly altered the therapeutic landscape of distal left main
disease. In selected patients with low-to-intermediate anatomical complexity, PCI outcomes have become
increasingly comparable to CABG regarding mortality, myocardial infarction, and stroke, although repeat
revascularization remains more frequent after PCI. The growing use of physiology-guided intervention,
particularly with instantaneous wave-free ratio (iFR), reflects a broader shift toward precision-based
coronary revascularization aimed at improving lesion selection and optimizing long-term outcomes [23].
Anatomical Complexity and Pathophysiology of Distal Left Main Bifurcation Disease

Distal left main coronary artery disease represents the most anatomically complex form of left main
atherosclerosis because it involves the bifurcation of the left main coronary artery into the left anterior
descending (LAD) and left circumflex (LCx) arteries. The unique geometric configuration of the distal
left main bifurcation creates significant hemodynamic stress and turbulent blood flow, predisposing this
region to endothelial dysfunction, plaque formation, calcification, and progressive atherosclerotic
remodeling. Compared with ostial or mid-shaft lesions, distal bifurcation disease is associated with greater
lesion length, larger plaque burden, and increased procedural complexity during both PCIl and CABG
[24,25].

The pathophysiological basis of distal left main disease is strongly influenced by local shear stress patterns.
Regions exposed to low endothelial shear stress, particularly along the lateral walls of the bifurcation,
demonstrate increased lipid accumulation, inflammatory activation, oxidative stress, and endothelial
dysfunction. These pathological processes promote foam cell formation, necrotic core expansion, fibrous
cap thinning, and progressive plaque instability. In contrast, the carinal region is generally exposed to
higher shear stress and tends to be relatively spared from extensive atherosclerotic involvement. This
asymmetric plaque distribution has important procedural implications during PCI because plaque shift
following stent deployment may compromise the side branch and contribute to restenosis or adverse
clinical outcomes [26,27].

Distal left main lesions frequently exhibit heavy calcification, diffuse disease extension, and involvement
of both daughter vessels. Calcified bifurcation lesions are particularly challenging because they impair
stent delivery, reduce stent expansion, and increase the risks of underexpansion, malapposition, stent
thrombosis, and target lesion failure. Contemporary intracoronary imaging studies using intravascular
ultrasound (IVUS) and optical coherence tomography (OCT) have demonstrated that calcified nodules,
circumferential calcium arcs, and deep calcium deposits are highly prevalent in distal left main disease
and strongly associated with procedural complications and long-term adverse events [28].

Anatomical classification systems play a critical role in procedural planning and revascularization strategy
selection. The Medina classification remains the most widely used system for characterizing bifurcation
lesions. This classification describes the presence or absence of significant disease within the proximal
main vessel, distal main branch, and side branch using a binary coding system. Medina 1,1,1 lesions, which
involve the distal left main, LAD ostium, and LCx ostium simultaneously, represent the most complex
and technically demanding subset of bifurcation disease. These lesions are associated with higher rates of
side-branch compromise, need for two-stent strategies, and repeat revascularization compared with
simpler bifurcation patterns [29].

The angle between the LAD and LCx branches is another important determinant of procedural complexity
and clinical outcome. Narrow bifurcation angles may increase the risk of carinal shift and side-branch
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occlusion during provisional stenting, whereas wide bifurcation angles may complicate final kissing
balloon inflation and optimal stent apposition. Furthermore, lesion length extending beyond 10 mm into
the side branch, diffuse plaque burden, thrombus formation, and severe calcification are all predictors of
complex bifurcation anatomy requiring advanced two-stent techniques such as DK-crush, culotte, or T-
and-protrusion stenting [30].

The SYNTAX score has become an essential tool for assessing anatomical complexity in patients with
distal left main disease. This scoring system incorporates lesion location, bifurcation involvement, total
occlusions, calcification, vessel tortuosity, thrombus burden, and diffuse disease extension to estimate
procedural complexity and guide revascularization decisions. Patients with low-to-intermediate SYNTAX
scores generally demonstrate favorable outcomes following PCI, whereas high SYNTAX scores are
associated with increased rates of major adverse cardiovascular events and often favor surgical
revascularization with CABG. Distal left main bifurcation lesions substantially contribute to elevated
SYNTAX scores because of their anatomical intricacy and multivessel involvement [31,32].

Another important anatomical consideration is the frequent coexistence of distal left main disease with
diffuse multivessel coronary artery disease. This association complicates the achievement of complete
revascularization, which remains one of the strongest predictors of long-term survival regardless of the
chosen revascularization modality. CABG traditionally offers more complete revascularization in diffuse
multivessel disease by bypassing extensive atherosclerotic segments, whereas PCI success depends
heavily on lesion accessibility, vessel size, physiological significance, and procedural expertise.
Consequently, careful anatomical assessment remains fundamental when selecting between PCI and
CABG in patients with distal unprotected left main disease [33].

Advances in intracoronary imaging and coronary physiology have significantly improved understanding
of distal left main lesion morphology and functional significance. IVUS-derived minimal lumen area
measurements, plaque characterization, calcium burden assessment, and stent optimization criteria now
complement physiological indices such as iFR and FFR in guiding precision-based revascularization
strategies. This integration of anatomy and physiology is increasingly recognized as essential for
optimizing PCI outcomes in complex distal left main bifurcation lesions [34].

Coronary Physiology and the Role of Instantaneous Wave-Free Ratio in Left Main Coronary Artery
Disease

Accurate physiological assessment of left main coronary artery disease is essential because angiographic
evaluation alone frequently overestimates or underestimates the true hemodynamic severity of
intermediate lesions. This limitation is particularly important in distal left main bifurcation disease, where
vessel overlap, eccentric plaque distribution, diffuse atherosclerosis, and foreshortening can impair
angiographic interpretation. Visual estimation of stenosis severity often demonstrates substantial
interobserver variability, especially in lesions with 30%—70% diameter stenosis. Consequently, reliance
solely on angiographic appearance may lead to unnecessary revascularization or inappropriate deferral of
treatment, emphasizing the importance of physiological lesion assessment in contemporary practice
[35,36].

Fractional flow reserve (FFR) has historically been considered the reference standard for invasive
physiological evaluation of coronary stenosis severity. FFR measures the ratio of distal coronary pressure
to aortic pressure during maximal hyperemia induced by adenosine administration. An FFR value <0.80
is generally considered indicative of hemodynamically significant ischemia requiring revascularization.
Multiple studies have demonstrated that FFR-guided PCI improves clinical outcomes, reduces
unnecessary stenting, and decreases healthcare costs compared with angiography-guided intervention
alone. However, FFR assessment of left main lesions presents unique technical and physiological
challenges because downstream disease in the LAD or LCx may artificially elevate FFR measurements
and underestimate the true severity of left main stenosis [37,38].

Instantaneous wave-free ratio (iFR) has emerged as an attractive alternative physiological index because
it does not require pharmacologically induced hyperemia. iFR is measured during a specific diastolic
wave-free period in which microvascular resistance is naturally minimized and stable, allowing accurate
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pressure-derived assessment of lesion severity without adenosine administration. The avoidance of
hyperemic agents reduces patient discomfort, procedural time, operator complexity, and costs while
maintaining excellent diagnostic performance. An iFR value <0.89 is generally considered
hemodynamically significant and supportive of revascularization [39].

Large randomized clinical trials have validated the safety and efficacy of iFR-guided coronary
revascularization. The DEFINE-FLAIR and iFR SWEDEHEART trials demonstrated the noninferiority
of iFR compared with FFR regarding major adverse cardiovascular events, including death, myocardial
infarction, and unplanned revascularization. Importantly, patients undergoing iFR-guided assessment
experienced fewer procedural symptoms and shorter procedure duration because adenosine administration
was avoided. Long-term follow-up data extending to five years further confirmed comparable mortality
and adverse cardiovascular outcomes between iFR- and FFR-guided revascularization strategies [40,41].
The application of iFR in distal left main disease has become increasingly important because physiological
lesion assessment may improve decision-making in anatomically complex bifurcation lesions.
Intermediate left main stenoses are particularly difficult to evaluate angiographically due to vessel size
variability, bifurcation geometry, and diffuse plaque extension. In such settings, iFR may help determine
whether revascularization is truly necessary, thereby reducing unnecessary PCl or CABG procedures.
Furthermore, physiological assessment can identify ischemia-producing lesions more accurately than
angiography alone and facilitate individualized treatment strategies [42].

An important advantage of iFR in distal left main bifurcation disease is its ability to evaluate both daughter
vessels separately following PCI. Assessment of the jailed left circumflex artery after crossover stenting
from the left main to the LAD is particularly valuable because angiographic narrowing may not necessarily
correspond to functional ischemia. Lee and colleagues demonstrated that FFR assessment of jailed LCx
lesions following left main crossover stenting correlated more accurately with long-term clinical outcomes
than angiographic appearance alone. Similar physiological principles support the use of iFR in evaluating
side-branch compromise after bifurcation PCI [43].

Despite its advantages, physiological assessment of left main disease remains technically complex and
requires careful interpretation. Severe downstream stenoses in the LAD or LCx may influence pressure-
derived indices and underestimate left main lesion severity. In addition, diffuse disease, microvascular
dysfunction, severe left ventricular hypertrophy, and acute coronary syndromes may alter coronary flow
dynamics and affect physiological measurements. Therefore, many experts recommend integrating
physiological assessment with intracoronary imaging modalities such as IVUS or OCT to optimize
diagnostic accuracy and procedural planning [44].

The combination of iFR and intravascular imaging reflects the evolving concept of precision-guided
coronary revascularization. I\VUS-derived minimal lumen area measurements, plague burden assessment,
calcium characterization, and stent optimization criteria provide detailed anatomical information that
complements physiological lesion assessment. This integrated strategy may improve patient selection for
PCI, optimize stent deployment, reduce procedural complications, and improve long-term outcomes in
patients with distal unprotected left main coronary artery disease [45].

Emerging technologies such as quantitative flow ratio (QFR), angiography-derived computational
physiology, and artificial intelligence-assisted lesion analysis may further refine physiological assessment
in left main disease. These approaches aim to provide rapid, wire-free functional evaluation while
minimizing procedural complexity. As coronary physiology continues to evolve, physiology-guided PCI
is expected to play an increasingly central role in individualized decision-making for distal left main
coronary revascularization [46].

Current Guideline Recommendations and the Heart Team Approach in Left Main
Revascularization

The management of significant unprotected left main coronary artery disease has evolved substantially
over the past two decades due to advancements in PCI technologies, intracoronary imaging, coronary
physiology, and accumulating evidence from major randomized clinical trials. Contemporary international
guidelines now recognize PCI as an acceptable alternative to CABG in selected patients with low-to-
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intermediate anatomical complexity, particularly when equivalent revascularization can be achieved.
Nevertheless, CABG continues to maintain a central role in patients with extensive coronary disease, high
SYNTAX scores, diabetes mellitus, or diffuse multivessel involvement because of its long-established
durability and completeness of revascularization [47,48].
The 2018 European Society of Cardiology (ESC) and European Association for Cardio-Thoracic Surgery
(EACTS) guidelines on myocardial revascularization recommend CABG as a Class | indication for all
patients with significant left main disease regardless of anatomical complexity. However, PCI is also
strongly supported in selected patients according to SYNTAX score stratification. For patients with low
SYNTAX scores (0-22), PCI carries a Class | recommendation, while patients with intermediate
SYNTAX scores (23-32) receive a Class Ila recommendation. In contrast, PCI is generally discouraged
in patients with high SYNTAX scores (>32), where CABG remains the preferred strategy because of
superior long-term outcomes and lower rates of repeat revascularization [49].
Similarly, the 2021 American College of Cardiology (ACC), American Heart Association (AHA), and
Society for Cardiovascular Angiography and Interventions (SCAI) coronary revascularization guidelines
support PCI as a reasonable alternative to CABG in carefully selected patients with stable ischemic heart
disease and significant left main stenosis when comparable revascularization can be achieved. These
guidelines emphasize individualized patient assessment, integration of anatomical and clinical risk factors,
and multidisciplinary heart team decision-making. Importantly, the updated American guidelines moved
away from strict anatomical subclassifications and increasingly emphasize patient-centered individualized
care [50].
One of the major drivers behind evolving guideline recommendations has been the publication of landmark
randomized clinical trials comparing PCl with CABG for left main coronary disease. Trials such as
SYNTAX, PRECOMBAT, EXCEL, and NOBLE demonstrated that contemporary PCI using drug-eluting
stents may provide comparable rates of mortality, stroke, and myocardial infarction to CABG in selected
patient populations, particularly those with low-to-intermediate anatomical complexity. However, repeat
revascularization remains consistently more frequent following PCI, especially in distal bifurcation
disease and diffuse multivessel involvement [51,52].
The concept of the multidisciplinary heart team has become central to contemporary left main
revascularization decision-making. Current guidelines strongly recommend collaborative evaluation
involving interventional cardiologists, cardiac surgeons, imaging specialists, anesthesiologists, and, when
appropriate, heart failure specialists and intensivists. This multidisciplinary approach ensures
comprehensive assessment of anatomical complexity, surgical risk, comorbid conditions, frailty, patient
preference, and anticipated quality-of-life outcomes. Heart team discussions are particularly important in
distal left main bifurcation disease, where procedural complexity and long-term durability must be
carefully balanced [53].
Risk stratification tools play a major role during heart team discussions. The SYNTAX score remains the
most widely used anatomical scoring system and helps estimate procedural complexity and long-term
outcomes after PCI. However, clinical variables also significantly influence prognosis. Consequently,
combined anatomical and clinical scoring systems such as SYNTAX Score Il integrate age, renal function,
left ventricular ejection fraction, chronic obstructive pulmonary disease, peripheral vascular disease, and
sex to facilitate individualized treatment recommendations between PCI and CABG. Additional surgical
risk models including EuroSCORE Il and the Society of Thoracic Surgeons (STS) score help estimate
perioperative mortality and surgical complications [54,55].
Patient-specific factors increasingly influence revascularization decisions beyond traditional anatomical
assessment. Frailty, advanced age, severe pulmonary disease, prior stroke, renal dysfunction, limited life
expectancy, poor conduit availability, inability to tolerate prolonged dual antiplatelet therapy, and patient
preference may favor PCI over surgery even in anatomically complex disease. Conversely, younger
diabetic patients with diffuse multivessel disease and preserved surgical candidacy often derive greater
long-term benefit from CABG because of superior durability and reduced need for repeat intervention
[56].
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Coronary physiology and intracoronary imaging are also increasingly integrated into guideline-directed
decision-making. Physiological assessment using FFR or iFR can help determine the true ischemic
significance of intermediate left main lesions and prevent unnecessary revascularization. Similarly, IVUS-
guided PCI has become strongly recommended for left main interventions because imaging improves
lesion characterization, optimizes stent sizing and expansion, and reduces major adverse cardiovascular
events. The combination of coronary physiology and imaging reflects the broader transition toward
precision-guided coronary intervention [57].

Although significant progress has been achieved, several unresolved controversies persist in contemporary
left main revascularization. Long-term durability beyond 10 years, optimal treatment in diabetic
populations, management of heavily calcified bifurcation lesions, and the role of physiology-guided PCI
in distal left main disease continue to evolve. Consequently, individualized decision-making using a heart
team approach remains essential for selecting the optimal revascularization strategy and improving
patient-centered outcomes [58].

Percutaneous Coronary Intervention for Distal Left Main Coronary Artery Disease

Percutaneous coronary intervention has undergone remarkable evolution over the last two decades and has
progressively emerged as a viable alternative to coronary artery bypass grafting for selected patients with
distal unprotected left main coronary artery disease. Earlier experiences with balloon angioplasty and bare-
metal stents were associated with high rates of restenosis, abrupt vessel closure, repeat revascularization,
and mortality, limiting PCI use primarily to surgically ineligible patients or emergency salvage situations.
However, advancements in stent platforms, dual antiplatelet therapy, intracoronary imaging, lesion
preparation devices, and operator expertise have dramatically improved both procedural success and long-
term outcomes in complex left main interventions [59,60].

The introduction of first-generation drug-eluting stents significantly reduced restenosis rates compared
with bare-metal stents and represented a major milestone in left main PCI. Subsequent development of
second- and newer-generation drug-eluting stents further improved procedural safety by reducing stent
thrombosis, neointimal hyperplasia, and target lesion failure. Modern stent platforms provide thinner
struts, enhanced radial strength, improved deliverability, and superior endothelial healing, making them
particularly suitable for complex distal left main bifurcation lesions [61].

Distal left main bifurcation PCI remains technically challenging because of the large vessel caliber
discrepancy between the proximal left main artery and the daughter vessels, combined with extensive
plaque burden and bifurcation geometry. Procedural planning requires careful assessment of lesion
morphology, side-branch involvement, calcium distribution, bifurcation angle, vessel diameter, and
hemodynamic significance. Contemporary PCI strategies increasingly emphasize lesion-specific
individualized approaches rather than routine use of complex stenting techniques [62].

The provisional one-stent technique is currently considered the preferred default strategy for most distal
left main bifurcation lesions because of its procedural simplicity, lower stent burden, shorter procedure
duration, and favorable long-term outcomes. In this approach, a stent is initially implanted from the left
main artery into the main branch, usually the LAD, while preserving access to the side branch. Additional
intervention on the side branch is performed only if significant compromise, ischemia, or impaired flow
develops after main-vessel stenting. Multiple studies have demonstrated that provisional stenting is
associated with reduced procedural complications and comparable long-term outcomes in appropriately
selected bifurcation lesions [63].

Nevertheless, complex distal left main bifurcation lesions frequently require planned two-stent strategies,
particularly in Medina 1,1,1 lesions with extensive side-branch disease. Several advanced bifurcation
techniques have been developed, including culotte stenting, T-and-protrusion (TAP), crush stenting, mini-
crush, and double-kissing (DK) crush techniques. Among these approaches, DK-crush has gained
substantial attention because randomized studies demonstrated lower rates of target lesion failure,
myocardial infarction, and stent thrombosis compared with provisional stenting in highly complex
bifurcation lesions [64].

The DEFINITION trial and subsequent DKCRUSH studies significantly influenced contemporary
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bifurcation PCI practice. These studies showed that complex bifurcation lesions characterized by long
side-branch involvement, severe calcification, diffuse disease, and unfavorable bifurcation angles may
benefit from an upfront two-stent strategy using DK-crush techniques. The DK-crush approach improves
side-branch scaffolding, minimizes plaque shift, optimizes final kissing balloon inflation, and enhances
long-term vessel patency. However, these procedures require advanced technical expertise and longer
procedural duration, underscoring the importance of operator experience in left main bifurcation
intervention [65,66].

Intracoronary imaging has become fundamental during contemporary left main PCI. Intravascular
ultrasound (IVUS) is strongly recommended because it provides accurate assessment of lesion length,
vessel diameter, plaque burden, calcium distribution, and stent expansion. IVUS-guided PCI enables
precise stent sizing, optimization of proximal optimization technique (POT), detection of stent
malapposition, and confirmation of adequate minimal stent area. Multiple observational studies and meta-
analyses have demonstrated that 1\VUS-guided left main PCI significantly reduces mortality, restenosis,
and stent thrombosis compared with angiography-guided intervention alone [67].

Physiological guidance using iFR or FFR also plays an increasingly important role during left main PCI.
Physiological lesion assessment may identify functionally significant stenoses requiring intervention while
safely deferring nonischemic lesions. Furthermore, physiological evaluation of the jailed LCx following
crossover stenting may help determine whether additional side-branch intervention is necessary. This
physiology-guided strategy reduces unnecessary stenting and minimizes procedural complexity without
compromising long-term outcomes [68].

Severe calcification remains one of the major challenges during distal left main PCI because inadequate
lesion preparation contributes to stent underexpansion and adverse cardiovascular events. Contemporary
calcium-modifying technologies such as rotational atherectomy, orbital atherectomy, intravascular
lithotripsy, and specialty balloons have improved lesion preparation and procedural success in heavily
calcified left main lesions. Adequate calcium modification before stent implantation is essential to ensure
optimal stent expansion and reduce long-term complications [69].

Although PCI outcomes in distal left main disease have improved substantially, several limitations remain
compared with CABG. Repeat revascularization rates remain consistently higher following PCI,
particularly in patients with diffuse disease, diabetes mellitus, heavy calcification, and high SYNTAX
scores. In addition, procedural complexity and operator dependency are considerably greater in distal left
main bifurcation PCI compared with non-left-main interventions. Consequently, careful patient selection
and heart team evaluation remain critical for achieving optimal outcomes [70].

Coronary Artery Bypass Grafting for Distal Left Main Coronary Artery Disease

Coronary artery bypass grafting has historically remained the gold-standard revascularization strategy for
significant left main coronary artery disease because of its proven survival benefit, long-term durability,
and ability to achieve complete myocardial revascularization. Earlier landmark surgical trials
demonstrated substantial reductions in mortality among patients with significant left main stenosis
undergoing CABG compared with medical therapy alone. Consequently, CABG became the preferred
treatment modality for complex left main disease for several decades, particularly in patients with
multivessel coronary artery disease, diabetes mellitus, reduced left ventricular function, or high anatomical
complexity [71,72].

The principal advantage of CABG in distal left main disease lies in its ability to bypass extensive and
diffuse coronary atherosclerosis beyond the culprit lesion itself. In contrast to PCI, which focuses on focal
lesion treatment, surgical grafting restores myocardial perfusion distal to the diseased coronary segments
and may provide protection against future plaque progression in native vessels. This advantage is
particularly important in patients with diffuse multivessel disease, severe calcification, bifurcation
involvement, and elevated SYNTAX scores, where achieving complete revascularization using PCI alone
may be difficult [73].

The left internal mammary artery (LIMA) graft to the left anterior descending artery remains the
cornerstone of surgical left main revascularization because of its excellent long-term patency and
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resistance to atherosclerosis. Additional grafts using saphenous vein conduits or radial arteries are
commonly used to revascularize the circumflex and right coronary territories. The durability of arterial
grafting contributes substantially to the superior long-term freedom from repeat revascularization observed
after CABG compared with PCI [74].

Distal left main bifurcation disease often presents unique surgical considerations because of associated
multivessel involvement and diffuse plaque burden. CABG avoids the technical challenges of bifurcation
stenting, plaque shift, side-branch compromise, and stent restenosis that complicate PCI in complex
bifurcation anatomy. Furthermore, the surgical approach is less dependent on lesion morphology, calcium
distribution, and bifurcation angle, making CABG particularly advantageous in highly complex
anatomical settings [75].

Several major randomized trials comparing PCI and CABG for left main coronary disease consistently
demonstrated lower repeat revascularization rates following surgery. In the SYNTAX trial, CABG was
associated with fewer major adverse cardiovascular and cerebrovascular events among patients with high
anatomical complexity, largely driven by reduced repeat intervention. Similarly, long-term follow-up of
the PRECOMBAT and NOBLE trials demonstrated that although mortality rates between PCIl and CABG
were often comparable in selected populations, repeat revascularization remained significantly more
common following PCI [76,77].

Diabetes mellitus strongly influences the choice between PCI and CABG in left main disease. Diabetic
patients often exhibit diffuse atherosclerosis, accelerated restenosis, endothelial dysfunction, and
multivessel involvement, factors that may compromise PCI durability. Several studies and pooled analyses
demonstrated superior long-term outcomes with CABG in diabetic populations, particularly regarding
repeat revascularization and composite major adverse cardiovascular events. Consequently, CABG
remains strongly favored in many diabetic patients with distal left main and multivessel coronary artery
disease [78].

Despite its advantages, CABG is associated with important perioperative risks and limitations. Surgical
revascularization carries increased risks of stroke, bleeding, atrial fibrillation, wound infection, renal
dysfunction, prolonged hospitalization, and delayed recovery compared with PCI. Elderly patients, frail
individuals, and patients with severe pulmonary disease, advanced renal dysfunction, or previous cardiac
surgery may face substantially elevated surgical risk. In such patients, PCI may offer a less invasive
alternative with faster recovery and lower early morbidity [79].

Stroke risk remains one of the major concerns associated with CABG. Manipulation of the ascending aorta
during surgery, cardiopulmonary bypass, postoperative atrial fibrillation, and embolic phenomena
contribute to the higher incidence of cerebrovascular complications compared with PCI. Although
contemporary surgical techniques and off-pump CABG strategies have reduced perioperative stroke rates,
this complication continues to influence patient preference and heart team discussions [80].

Advances in surgical techniques, perioperative care, and conduit selection have improved CABG
outcomes substantially over recent decades. Contemporary surgical practice increasingly incorporates
multiple arterial grafting, minimally invasive approaches, hybrid revascularization, enhanced
perioperative imaging, and optimized medical therapy to improve long-term survival and graft patency.
Nevertheless, patient-centered decision-making remains essential because the balance between surgical
durability and procedural invasiveness varies considerably according to individual anatomical and clinical
profiles [81].

In contemporary practice, CABG continues to play a dominant role in patients with complex distal left
main bifurcation disease, extensive multivessel involvement, high SYNTAX scores, diabetes mellitus, and
diffuse calcified atherosclerosis. However, the rapid evolution of physiology-guided PCI, intracoronary
imaging, and bifurcation intervention techniques has narrowed the outcome gap between PCI and surgery
in selected low-to-intermediate risk patients. Consequently, optimal treatment selection increasingly
depends on individualized heart team evaluation integrating anatomy, physiology, comorbidity burden,
procedural feasibility, and patient preference [82].

Major Randomized Trials Comparing PCIl and CABG in Left Main Coronary Artery Disease
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Over the past two decades, multiple landmark randomized clinical trials have compared percutaneous
coronary intervention and coronary artery bypass grafting in patients with significant unprotected left main
coronary artery disease. These trials fundamentally reshaped contemporary revascularization strategies
and contributed substantially to current guideline recommendations supporting PCI as a reasonable
alternative to CABG in selected patients. Nevertheless, interpretation of these studies requires careful
consideration of patient selection, lesion complexity, stent technology, endpoint definitions, and duration
of follow-up [83].

The SYNTAX trial was among the earliest pivotal studies evaluating PCI versus CABG in patients with
complex coronary artery disease, including a substantial subgroup with left main stenosis. Patients
undergoing PCI received first-generation paclitaxel-eluting stents, while the surgical arm underwent
conventional CABG. Early results demonstrated comparable mortality rates between PCIl and CABG
among patients with low-to-intermediate SYNTAX scores; however, repeat revascularization was
significantly more frequent following PCI. Importantly, long-term outcomes demonstrated that anatomical
complexity strongly influenced prognosis, with CABG showing superior outcomes in patients with high
SYNTAX scores and extensive multivessel disease [84].

The PRECOMBAT trial further evaluated PCI using sirolimus-eluting stents compared with CABG in
patients with unprotected left main disease. At long-term follow-up extending to 10 years, mortality,
myocardial infarction, and stroke rates remained similar between PCI and CABG, although ischemia-
driven target vessel revascularization was consistently higher in the PCI group. These findings reinforced
the concept that PCI may provide acceptable long-term outcomes in selected low-to-intermediate
complexity patients while emphasizing the tradeoff of increased repeat intervention [85].

The EXCEL trial represented a major milestone in contemporary left main revascularization. This large
multicenter randomized study compared PCI using fluoropolymer-based cobalt-chromium everolimus-
eluting stents with CABG in patients with left main disease and low-to-intermediate anatomical
complexity. At three years, PCI was found to be noninferior to CABG for the composite primary endpoint
of death, stroke, or myocardial infarction. Five-year follow-up continued to demonstrate similar overall
mortality rates between the two strategies, although controversy emerged regarding endpoint definitions
and late event trends favoring CABG in some analyses. Despite these debates, EXCEL significantly
expanded acceptance of PCI for appropriately selected left main patients [86].

In contrast, the NOBLE trial demonstrated somewhat different findings. This study compared PCI using
contemporary drug-eluting stents with CABG in patients with unprotected left main disease. Although
mortality rates remained similar between treatment groups, PCI failed to demonstrate noninferiority
because of significantly higher rates of repeat revascularization and nonprocedural myocardial infarction.
Long-term follow-up suggested gradual divergence of event curves favoring CABG over time, raising
concerns regarding the durability of PCI in more complex left main anatomy [87].

Meta-analyses incorporating SYNTAX, PRECOMBAT, EXCEL, NOBLE, and additional randomized
studies have provided important insights into comparative outcomes between PCIl and CABG. Most
pooled analyses demonstrated no significant difference in all-cause mortality between PCl and CABG
among patients with low-to-intermediate anatomical complexity. Similarly, rates of stroke were often
lower after PCI, particularly during the perioperative period, while repeat revascularization consistently
remained more frequent following PCI. These findings highlight the fundamental tradeoff between the
less invasive nature of PCI and the greater long-term durability of surgical revascularization [88,89].
Anatomical complexity remains one of the strongest determinants of outcome after left main
revascularization. Patients with low SYNTAX scores generally demonstrate favorable PCI outcomes
comparable to CABG, whereas patients with high SYNTAX scores exhibit increased major adverse
cardiovascular events following PCI. Distal bifurcation lesions, severe calcification, diffuse multivessel
disease, and diabetes mellitus are particularly important predictors of adverse PCI outcomes and often
favor surgical revascularization [90].

Diabetes mellitus has received special attention in subgroup analyses of left main trials. Diabetic patients
typically exhibit more diffuse coronary disease, greater inflammatory burden, accelerated restenosis, and
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impaired endothelial healing. Pooled analyses suggest that although mortality rates may remain similar
between PCI and CABG in some diabetic populations, CABG continues to provide superior freedom from
repeat revascularization and composite adverse cardiovascular events in many diabetic patients with
complex anatomy [91].

Importantly, most landmark trials evaluating left main revascularization primarily relied on angiographic
lesion assessment rather than routine physiology-guided intervention. Consequently, contemporary
application of iFR-guided PCI may potentially improve patient selection and procedural optimization
beyond the outcomes observed in earlier studies. Physiological lesion assessment may help avoid
unnecessary interventions, identify truly ischemic lesions, and optimize bifurcation treatment strategies,
thereby potentially narrowing the outcome gap between PCI and CABG in distal left main disease [92].
Despite remarkable advancements in PCI technology and physiology-guided intervention, long-term
durability remains an important consideration. CABG continues to provide superior freedom from repeat
revascularization, particularly in anatomically complex distal left main bifurcation disease. However,
improvements in stent design, intravascular imaging, calcium modification techniques, and physiological
guidance continue to enhance PCI outcomes and support its expanding role in carefully selected patients
with distal unprotected left main coronary artery disease [93].

Clinical Outcomes of iFR-Guided PCI Versus CABG in Distal Left Main Coronary Artery Disease
Clinical outcomes following revascularization of distal unprotected left main coronary artery disease
depend on multiple interacting factors, including anatomical complexity, lesion location, physiological
significance, patient comorbidities, completeness of revascularization, and procedural optimization.
Contemporary studies increasingly demonstrate that physiology-guided PCI using instantaneous wave-
free ratio (iFR) may improve patient selection and procedural decision-making, potentially narrowing the
outcome gap between PCI and CABG in selected low-to-intermediate risk patients. Nevertheless,
differences persist regarding repeat revascularization rates, long-term durability, and outcomes in
anatomically complex disease [94].

One of the most important advantages of physiology-guided PCl is the reduction of unnecessary coronary
intervention. Angiographic assessment alone frequently overestimates the severity of intermediate left
main lesions, particularly in distal bifurcation anatomy with overlapping branches and diffuse plaque
burden. Physiological indices such as iFR help identify truly ischemia-producing lesions, allowing safe
deferral of revascularization in hemodynamically insignificant stenoses. This selective strategy reduces
procedural complexity, unnecessary stent implantation, contrast exposure, and periprocedural
complications while maintaining favorable long-term outcomes [95].

Randomized studies comparing iFR-guided and FFR-guided revascularization demonstrated similar rates
of death, myocardial infarction, and unplanned revascularization over long-term follow-up. The DEFINE-
FLAIR and iFR SWEDEHEART trials collectively established the noninferiority of iFR compared with
FFR while offering improved patient comfort and shorter procedural duration due to avoidance of
adenosine administration. Importantly, five-year follow-up analyses confirmed sustained safety and
efficacy of iFR-guided intervention, supporting its use in complex coronary lesions including left main
disease [96,97].

Short-term outcomes after contemporary distal left main PCI have improved markedly with advances in
stent technology, intravascular imaging, lesion preparation, and bifurcation techniques. In selected low-
to-intermediate SYNTAX score patients, rates of procedural success now exceed 95% in experienced
centers. Contemporary studies report low incidences of periprocedural myocardial infarction, acute stent
thrombosis, emergency CABG, and cardiovascular mortality following physiology-guided PCI.
Furthermore, PCI is associated with shorter hospitalization, faster recovery, earlier ambulation, and lower
early stroke risk compared with surgical revascularization [98].

CABG, however, continues to demonstrate superior long-term freedom from repeat revascularization.
Surgical grafting bypasses extensive atherosclerotic segments and provides durable myocardial perfusion
even in diffuse disease. In contrast, PCI outcomes remain influenced by restenosis, neoatherosclerosis,
stent failure, side-branch compromise, and progressive native vessel disease. Distal left main bifurcation
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lesions, particularly Medina 1,1,1 lesions with diffuse LCx involvement, remain especially vulnerable to
restenosis and target lesion failure after PCI despite contemporary techniques [99].

Repeat revascularization remains the most consistent limitation of PCI across major left main trials and
meta-analyses. Although mortality rates between PCI and CABG are often comparable in low-to-
intermediate complexity patients, repeat intervention occurs more frequently following PCI, particularly
during extended follow-up beyond five years. This difference is largely attributable to restenosis,
progression of untreated diffuse disease, and bifurcation-related complications. Nevertheless, many repeat
PCI procedures are less invasive and associated with lower morbidity than repeat surgical intervention
[100].

Stroke risk represents an important outcome difference favoring PCIl. Most randomized studies
demonstrated lower early cerebrovascular event rates following PCI compared with CABG, primarily
because PCI avoids cardiopulmonary bypass, aortic manipulation, and perioperative atrial fibrillation. This
advantage may be particularly relevant in elderly patients, individuals with carotid artery disease, prior
cerebrovascular events, or severe aortic calcification [100].

Diabetes mellitus significantly influences comparative clinical outcomes between PCl and CABG.
Diabetic patients undergoing PCI often experience higher rates of restenosis, diffuse disease progression,
repeat revascularization, and adverse cardiovascular events compared with nondiabetic populations.
CABG frequently provides superior long-term outcomes in diabetic patients because bypass grafting offers
more complete revascularization and greater protection against progressive multivessel disease.
Nonetheless, selected diabetic patients with low anatomical complexity and favorable physiological
assessment may still achieve acceptable outcomes with physiology-guided PCI [100].

The integration of iFR with intravascular ultrasound has become increasingly important for optimizing
PCI outcomes in distal left main disease. IVUS-guided stent sizing, lesion preparation, calcium
assessment, and post-stenting optimization significantly reduce stent underexpansion and target lesion
failure. Physiological evaluation after PCI may also identify residual ischemia or functionally significant
side-branch compromise requiring additional intervention. This combined anatomy-physiology strategy
represents a central component of modern precision-guided coronary intervention [100].

Emerging evidence suggests that physiology-guided PCI may be particularly beneficial in patients with
low-to-intermediate SYNTAX scores, preserved ventricular function, focal distal bifurcation lesions, and
favorable side-branch anatomy. In such carefully selected populations, contemporary PCl outcomes
increasingly approach those of CABG regarding mortality and myocardial infarction while preserving the
advantages of less invasiveness and faster recovery. However, long-term comparative data specifically
focused on iFR-guided distal left main PCI remain limited, and additional randomized trials are needed to
clarify the optimal role of physiology-guided intervention in this complex patient population [100].
Conclusion

Distal unprotected left main coronary artery disease remains one of the most complex and high-risk subsets
of coronary artery disease, requiring careful individualized revascularization strategies. Although coronary
artery bypass grafting continues to provide excellent long-term durability and lower repeat
revascularization rates, contemporary advances in percutaneous coronary intervention—including newer-
generation drug-eluting stents, intracoronary imaging, complex bifurcation techniques, and physiology-
guided assessment—nhave significantly improved PCI outcomes in selected patients. Instantaneous wave-
free ratio has emerged as a valuable physiological tool that enhances lesion assessment, optimizes
procedural decision-making, and reduces unnecessary revascularization without the need for hyperemic
agents. Current evidence supports iFR-guided PCI as a safe and effective alternative to CABG in carefully
selected patients with distal left main disease and low-to-intermediate anatomical complexity, particularly
when combined with intravascular imaging and heart team-guided decision-making. Nevertheless, CABG
remains the preferred strategy in patients with diffuse multivessel disease, severe anatomical complexity,
diabetes mellitus, and high SYNTAX scores. Future large-scale randomized trials focusing specifically on
physiology-guided distal left main intervention are warranted to further define the optimal role of iFR-
guided PCI in contemporary coronary revascularization.
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