


Mechanical Circulatory Support in High-Risk Percutaneous Coronary Intervention: Current Evidence, Clinical Applications, and Future Research Perspectives

Abstract
Mechanical circulatory support (MCS) has emerged as a critical adjunct in high-risk percutaneous coronary intervention (PCI), offering hemodynamic stabilization in patients with complex coronary anatomy, severe left ventricular dysfunction, or cardiogenic shock. Devices such as the intra-aortic balloon pump, Impella, and veno-arterial extracorporeal membrane oxygenation have expanded the therapeutic options for interventional cardiologists, enabling safer revascularization in patients previously considered unsuitable for PCI. The intra-aortic balloon pump primarily provides afterload reduction and modest cardiac output augmentation, whereas Impella devices offer direct left ventricular unloading with greater hemodynamic support, and veno-arterial extracorporeal membrane oxygenation provides full cardiopulmonary support in refractory shock. Current evidence suggests that contemporary percutaneous MCS devices can improve procedural success and short-term hemodynamic parameters, although randomized trials have produced mixed results regarding mortality and long-term outcomes. Clinical indications vary according to hemodynamic severity, procedural complexity, and institutional expertise, with Impella and extracorporeal membrane oxygenation increasingly favored in profoundly unstable patients, while intra-aortic balloon pump remains widely used in less severe hemodynamic compromise. Clinical applications continue to evolve, with increasing emphasis on patient selection, timing of device deployment, and multidisciplinary heart team decision-making. Despite technological advances, challenges remain, including vascular complications, bleeding risk, device-related infections, and high cost, which limit widespread adoption in low- and middle-income settings. Future research is needed to refine risk stratification models, establish standardized protocols for device use, and evaluate novel MCS technologies with improved safety profiles. Additionally, large-scale randomized controlled trials and real-world registries are essential to clarify the impact of MCS on long-term clinical outcomes and cost-effectiveness. As interventional cardiology advances toward increasingly complex coronary interventions, MCS is poised to play an expanding role in improving procedural safety and patient outcomes.
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Introduction
Percutaneous coronary intervention (PCI) has evolved significantly over the past several decades and is now the preferred revascularization strategy for a wide range of patients with coronary artery disease (Khan & Ludman, 2022; Najah et al., 2021; El Saiyed et al., 2023). However, a subset of patients undergoing PCI are considered high risk due to complex coronary anatomy, severe left ventricular dysfunction, advanced age, multiple comorbidities, or hemodynamic instability (Chandrasekar, 2020). These individuals, often classified as having complex high-risk indicated procedures (CHIP), face increased procedural complications and mortality, necessitating strategies that can enhance hemodynamic stability and procedural safety (Aggarwal et al., 2023; Ferro et al., 2019). Mechanical circulatory support (MCS) devices have emerged as an important adjunct in such settings, providing temporary hemodynamic assistance to maintain cardiac output and organ perfusion during complex interventions (Di Muro et al., 2024; Pietrasik et al., 2022; Kanyal & Byrne, 2021).
The concept of using mechanical circulatory support during PCI is rooted in the recognition that high-risk interventions can precipitate acute hemodynamic collapse, particularly in patients with limited cardiac reserve. MCS devices, including intra-aortic balloon pumps (IABP), percutaneous ventricular assist devices such as Impella, extracorporeal membrane oxygenation (ECMO), and other temporary circulatory support systems, aim to reduce myocardial workload, augment coronary perfusion, and stabilize systemic circulation during periods of ischemia or procedural stress (Wong et al., 2020; Groeneveld et al., 2023). Over time, the clinical indications for these devices have expanded from cardiogenic shock to elective high-risk PCI, reflecting growing clinician confidence and technological advancements.
Evidence supporting the use of MCS in high-risk PCI has been generated through randomized trials, observational studies, registries, and meta-analyses. One of the landmark randomized studies, the PROTECT II trial, compared the Impella 2.5 device with the IABP in high-risk PCI patients and demonstrated improved hemodynamic support with Impella, although long-term clinical outcomes remained a subject of debate (O’Neill et al., 2012). Subsequent registry-based studies and analyses from national databases have shown increasing utilization of MCS devices during PCI, particularly in complex and unstable patients, highlighting their growing role in contemporary interventional cardiology practice (Khera et al., 2024).
Beyond randomized trials, systematic reviews and meta-analyses have contributed to the understanding of clinical outcomes associated with MCS-supported PCI. A meta-analysis by Shi et al. (2019) suggested that percutaneous MCS devices may improve procedural success and short-term outcomes in high-risk PCI, although the evidence remains heterogeneous. More recent meta-analyses, including those evaluating Impella-supported PCI, have reinforced the potential benefits of hemodynamic stabilization while also emphasizing the need for careful patient selection and consideration of device-related complications such as bleeding, vascular injury, and hemolysis (Di Pietro et al., 2025). These findings underscore the ongoing debate regarding the balance between benefits and risks associated with routine MCS use.
The role of MCS has also been extensively studied in the context of cardiogenic shock and acute myocardial infarction, conditions that frequently overlap with high-risk PCI scenarios. Contemporary reviews and clinical studies have highlighted the expanding indications for MCS, particularly in patients with severe ventricular dysfunction and hemodynamic compromise (Basir et al., 2021; Jentzer et al., 2023). Advances in device technology and improved clinical protocols have contributed to better outcomes, although mortality remains high in cardiogenic shock, prompting continued research into optimal support strategies and timing of device deployment (Ryan et al., 2025).
Clinical guidelines and scientific statements have provided structured approaches for the use of temporary mechanical circulatory support, including escalation and de-escalation strategies, multidisciplinary team involvement, and patient-centered decision-making frameworks. The American Heart Association scientific statement emphasizes the importance of integrating hemodynamic monitoring, risk stratification, and institutional expertise when deploying MCS devices, particularly in complex PCI and shock scenarios (Geller et al., 2022). Similarly, recent European and global perspectives have highlighted the increasing use of MCS in elective high-risk PCI, reflecting evolving practice patterns and growing evidence base (Geppert et al., 2024).
Despite technological progress and expanding clinical experience, significant knowledge gaps remain regarding the optimal selection of patients, device choice, timing of implantation, and long-term outcomes. Observational studies have shown variability in practice patterns and outcomes across centers, suggesting that institutional expertise and operator experience play critical roles in determining clinical success (Atti et al., 2022). Furthermore, the cost-effectiveness and resource utilization associated with MCS devices are important considerations, particularly in low- and middle-income countries, where access to advanced mechanical support technologies may be limited.
Emerging research is also exploring future directions in mechanical circulatory support, including next-generation percutaneous devices, improved biocompatibility, and integration with digital hemodynamic monitoring systems. Additionally, ongoing clinical trials and registries are expected to clarify the role of prophylactic versus bailout MCS use and identify patient subgroups that derive the greatest benefit from these technologies. Contemporary reviews have emphasized the need for randomized trials, standardized definitions of high-risk PCI, and long-term follow-up studies to better inform clinical practice and guideline development (Aggarwal et al., 2023; Khalil et al., 2024).

Methods
Literature Search Strategy
This narrative review was conducted to synthesize current evidence on the role of mechanical circulatory support (MCS) in high-risk percutaneous coronary intervention (PCI), with a focus on clinical outcomes, indications, procedural considerations, and future research directions. A comprehensive literature search was performed using major biomedical databases, including PubMed, Scopus, Web of Science, and Google Scholar. Search terms included combinations of keywords and Medical Subject Headings (MeSH), such as mechanical circulatory support, high-risk PCI, Impella, intra-aortic balloon pump, cardiogenic shock, complex high-risk indicated PCI (CHIP), and temporary ventricular assist devices. Boolean operators (“AND,” “OR”) were used to optimize search sensitivity.
The search strategy prioritized studies published in English between 2000 and 2025 to capture both historical and contemporary evidence. Priority was given to randomized controlled trials, systematic reviews, meta-analyses, observational cohort studies, guideline statements, and expert consensus documents. Landmark trials, such as the PROTECT II randomized trial comparing Impella 2.5 with intra-aortic balloon pump (IABP) support, were included due to their pivotal role in shaping clinical practice (O’Neill et al., 2012). Additionally, recent systematic reviews and meta-analyses evaluating outcomes of MCS-supported PCI were incorporated to ensure up-to-date evidence synthesis (Di Pietro et al., 2025; Shi et al., 2019).
Reference lists of selected articles were manually screened to identify additional relevant studies. Key guidelines and scientific statements, including the American Heart Association scientific statement on temporary mechanical circulatory support, were included to contextualize clinical decision-making frameworks (Geller et al., 2022). Narrative reviews and expert commentaries were used to provide insights into evolving technologies and controversies in the field (Aggarwal et al., 2023; Wong et al., 2020).
Study Selection and Data Extraction
Eligible studies were selected based on predefined inclusion criteria. These included studies evaluating the use of mechanical circulatory support devices—such as intra-aortic balloon pump, Impella, extracorporeal membrane oxygenation (ECMO), and other percutaneous ventricular assist devices—in patients undergoing high-risk PCI or experiencing cardiogenic shock in the context of acute coronary syndromes. High-risk PCI was defined according to commonly accepted criteria, including reduced left ventricular ejection fraction, complex coronary anatomy (e.g., left main or multivessel disease), and hemodynamic instability, consistent with prior literature and clinical frameworks (Groeneveld et al., 2023; Ferro et al., 2019).
Exclusion criteria included case reports, small case series with fewer than 10 patients, editorials without substantive clinical data, and studies not directly related to PCI or cardiogenic shock. Studies focusing exclusively on durable left ventricular assist devices or heart transplantation were excluded, as the focus of this review was temporary percutaneous MCS in the interventional cardiology setting.
Data extraction was performed using a structured approach. For each included study, the following information was extracted: study design, population characteristics, type of MCS device, clinical indications, procedural outcomes, complications, and mortality. Comparative outcomes between different MCS strategies, such as Impella versus IABP, were summarized when available. Observational registry data and real-world analyses, such as those from the National Cardiovascular Data Registry, were included to complement randomized trial evidence and provide insights into contemporary practice patterns (Khera et al., 2024).
To enhance the robustness of the narrative synthesis, evidence from diverse methodological designs was triangulated. Systematic reviews and meta-analyses were used to identify overarching trends and pooled outcome estimates (Di Pietro et al., 2025; Shi et al., 2019), while randomized and observational studies provided granular clinical detail. Expert consensus documents and guideline statements were used to contextualize findings and highlight clinical applications and controversies (Atti et al., 2022; Jentzer et al., 2023).

Results
Evidence on Mechanical Circulatory Support in High-Risk PCI
Mechanical circulatory support (MCS) devices have been increasingly utilized to provide hemodynamic stability during high-risk percutaneous coronary intervention (PCI), particularly in patients with complex coronary anatomy, severe left ventricular dysfunction, or cardiogenic shock. Evidence from randomized trials, observational studies, registries, and meta-analyses has demonstrated that MCS devices improve procedural safety and hemodynamic parameters, although definitive mortality benefits remain debated. Key studies evaluating MCS use in high-risk PCI are summarized in Table 1.
Table 1. Key Evidence on Mechanical Circulatory Support in High-Risk Percutaneous Coronary Intervention
	Author/Year
	Study Design / Source
	Population / Setting
	MCS Device(s)
	Key Findings
	Clinical Implications

	O’Neill et al., 2012
	Randomized controlled trial (PROTECT II)
	High-risk PCI patients
	Impella 2.5 vs IABP
	Impella provided superior hemodynamic support and trend toward improved 90-day outcomes
	Supports Impella use in high-risk PCI

	Khera et al., 2024
	Registry study (NCDR)
	PCI patients requiring MCS
	IABP, Impella
	Increased procedural success with MCS use
	Real-world evidence supporting procedural benefit

	Shi et al., 2019
	Meta-analysis
	High-risk PCI studies
	Percutaneous ventricular assist devices
	Better hemodynamic support vs IABP, no consistent mortality benefit
	Highlights hemodynamic advantage but uncertain survival impact

	Ferro et al., 2019
	Observational study
	Complex high-risk PCI
	Impella, IABP
	Improved procedural outcomes but increased complications
	Emphasizes risk–benefit evaluation

	Wong et al., 2020
	Narrative review
	High-risk PCI and cardiogenic shock
	IABP, Impella, TandemHeart, ECMO
	Summarized indications and controversies
	Provides clinical guidance

	Basir et al., 2021
	Review
	AMI and cardiogenic shock
	Various MCS devices
	Hemodynamic improvements; outcomes depend on timing and selection
	Supports early MCS deployment

	Geller et al., 2022
	AHA scientific statement
	Temporary MCS use
	Multiple devices
	Structured escalation/de-escalation improves outcomes
	Advocates multidisciplinary shock teams

	Jentzer et al., 2023
	Translational review
	AMI-cardiogenic shock
	Multiple MCS devices
	Evidence heterogeneous; challenges remain
	Highlights research gaps

	Groeneveld et al., 2023
	Review
	Cath lab high-risk procedures
	Impella, IABP, ECMO
	Growing role of prophylactic MCS
	Expanding elective PCI applications

	Geppert et al., 2024
	Review
	Elective high-risk PCI
	Impella and other MCS
	Prophylactic MCS beneficial in low EF and complex lesions
	Supports preventive MCS strategy

	Khalil et al., 2024
	Clinical review
	Cardiogenic shock and complex PCI
	Multiple devices
	Increased adoption in complex PCI
	Reinforces expanding clinical use

	Di Pietro et al., 2025
	Systematic review and meta-analysis
	Impella-supported high-risk PCI
	Impella
	Improved procedural stability but higher bleeding and vascular complications
	Emphasizes complication risk

	Ryan et al., 2025
	Contemporary review
	Cardiogenic shock
	Various MCS
	AI-guided and hemodynamic-guided strategies emerging
	Future precision-guided MCS use



The landmark PROTECT II randomized trial compared the Impella 2.5 device with the intra-aortic balloon pump (IABP) in patients undergoing high-risk PCI and demonstrated superior hemodynamic support with Impella, with a trend toward improved clinical outcomes at 90 days (O’Neill et al., 2012). Subsequent observational and registry studies have corroborated these findings, showing improved procedural success and reduced periprocedural complications in selected high-risk populations (Khera et al., 2024; Ferro et al., 2019). Meta-analyses have further suggested that percutaneous ventricular assist devices, particularly Impella, provide superior circulatory support compared to IABP, although no consistent mortality advantage has been demonstrated (Shi et al., 2019).
Recent systematic reviews and meta-analyses have expanded the evidence base, particularly in the context of Impella-supported PCI. Di Pietro et al. (2025) reported that Impella-supported high-risk PCI was associated with improved procedural stability and reduced hemodynamic collapse, but also highlighted an increased risk of vascular complications and bleeding. Similarly, contemporary reviews have emphasized the evolving role of MCS devices in elective high-risk PCI, with growing evidence supporting prophylactic use in patients with severely reduced ejection fraction and complex coronary lesions (Geppert et al., 2024; Groeneveld et al., 2023).
In cardiogenic shock and acute myocardial infarction, MCS devices have demonstrated significant improvements in hemodynamic parameters such as cardiac output and mean arterial pressure. However, clinical outcome data remain heterogeneous, with some studies showing improved survival and others showing neutral results (Basir et al., 2021; Jentzer et al., 2023). Contemporary reviews have emphasized that patient selection, timing of device deployment, and institutional expertise are critical determinants of outcomes (Ryan et al., 2025).


Clinical Applications, Outcomes, and Emerging Research Perspectives
Clinical application of MCS during high-risk PCI has expanded significantly over the past decade. Devices such as IABP, Impella, TandemHeart, and extracorporeal membrane oxygenation (ECMO) are now used in both elective and emergent settings to stabilize hemodynamics and allow complete revascularization in critically ill patients (Aggarwal et al., 2023; Wong et al., 2020). A comparative overview of the major MCS devices, including their mechanisms, indications, and limitations, is presented in Table 2. 
Table 2. Comparison of Major Mechanical Circulatory Support Devices Used in High-Risk PCI
	Device
	Mechanism of Action
	Typical Clinical Indications
	Hemodynamic Benefits
	Key Advantages
	Major Limitations / Complications

	Intra-aortic balloon pump (IABP)
	Balloon inflation in diastole and deflation in systole to augment coronary perfusion and reduce afterload
	High-risk PCI, cardiogenic shock, acute myocardial infarction
	Modest increase in cardiac output; improved coronary perfusion
	Widely available, easy to deploy, low cost
	Limited hemodynamic support; no proven mortality benefit; vascular complications

	Impella (2.5, CP, 5.0)
	Microaxial pump providing continuous forward flow from left ventricle to aorta
	High-risk PCI, cardiogenic shock, severe LV dysfunction
	Significant increase in cardiac output and mean arterial pressure
	Superior hemodynamic support; allows complex and prolonged PCI
	Bleeding, vascular injury, hemolysis, high cost

	TandemHeart
	Extracorporeal centrifugal pump with left atrial to arterial bypass
	Cardiogenic shock, high-risk PCI with severe LV failure
	Marked increase in cardiac output and LV unloading
	Strong circulatory support; effective LV unloading
	Requires transseptal puncture; complex insertion; bleeding risk

	Veno-arterial extracorporeal membrane oxygenation (VA-ECMO)
	Extracorporeal oxygenation and circulatory support via venous drainage and arterial return
	Refractory cardiogenic shock, cardiac arrest, high-risk PCI with severe instability
	Provides full cardiopulmonary support
	Powerful circulatory and respiratory support
	Increased LV afterload, bleeding, thrombosis, infection, high resource use

	Combination (ECMO + Impella or IABP)
	Hybrid support to unload LV and augment systemic perfusion
	Severe cardiogenic shock, high-risk PCI with profound instability
	Improved hemodynamics and LV unloading compared with ECMO alone
	Enhanced hemodynamic stabilization
	Increased complexity, cost, and complication risk



Prophylactic MCS deployment is increasingly considered in patients with severe left ventricular dysfunction, multivessel disease, left main coronary artery disease, or complex chronic total occlusions. Observational studies and registry data have shown that the use of MCS is associated with higher procedural success rates and improved tolerance of prolonged and complex interventions (Khera et al., 2024). Nevertheless, device-related complications such as bleeding, vascular injury, hemolysis, and limb ischemia remain significant concerns and contribute to increased healthcare costs and morbidity (Ferro et al., 2019; Di Pietro et al., 2025). Therefore, careful patient selection and procedural planning are essential to maximize benefits while minimizing risks.
The American Heart Association scientific statement on temporary MCS highlighted the importance of structured escalation and de-escalation strategies, emphasizing multidisciplinary shock teams and standardized protocols to improve outcomes (Geller et al., 2022). Contemporary reviews have also underscored the role of institutional experience, operator expertise, and timing of MCS initiation in determining clinical outcomes (Basir et al., 2021; Jentzer et al., 2023). Early deployment of MCS prior to hemodynamic collapse appears to be associated with better outcomes compared to rescue therapy after deterioration.
Emerging research is focused on optimizing patient selection, defining cost-effectiveness, and developing next-generation MCS devices with improved safety profiles. Recent studies have explored hemodynamic-guided strategies and artificial intelligence–assisted decision-making tools to identify patients most likely to benefit from MCS-supported PCI (Ryan et al., 2025). Additionally, future research is investigating minimally invasive devices, smaller-profile pumps, and hybrid support strategies combining multiple devices to optimize circulatory support while reducing complications.

Discussion
Current Evidence and Clinical Implications of Mechanical Circulatory Support in High-Risk PCI
Mechanical circulatory support (MCS) has emerged as an important adjunctive strategy in high-risk percutaneous coronary intervention (PCI), particularly in patients with complex coronary anatomy, reduced left ventricular function, and hemodynamic instability. High-risk PCI, often referred to as complex high-risk indicated patients (CHIP), presents significant procedural challenges due to the potential for hemodynamic collapse during prolonged or technically demanding interventions. MCS devices such as intra-aortic balloon pumps (IABP), Impella, extracorporeal membrane oxygenation (ECMO), and TandemHeart have been developed to stabilize hemodynamics and facilitate complete revascularization (Aggarwal et al., 2023; Atti et al., 2022).
Randomized and observational studies have evaluated the role of MCS in this setting. The PROTECT II trial remains one of the landmark randomized trials comparing Impella 2.5 with IABP in high-risk PCI, demonstrating improved hemodynamic support and trends toward better clinical outcomes with Impella, although definitive mortality benefits were not conclusively established (O’Neill et al., 2012). Subsequent registry and observational studies have reported increasing adoption of MCS in contemporary PCI practice, particularly in patients with severe left ventricular dysfunction and complex multivessel disease (Khera et al., 2024). Meta-analyses and systematic reviews have further supported the hemodynamic benefits of percutaneous MCS devices but have highlighted the persistent uncertainty regarding long-term survival outcomes (Shi et al., 2019; Di Pietro et al., 2025).
Clinical practice guidelines and expert consensus statements emphasize the importance of patient selection and procedural planning when considering MCS in high-risk PCI. The American Heart Association scientific statement underscores a structured approach to escalation and de-escalation of temporary MCS based on hemodynamic parameters and clinical trajectory (Geller et al., 2022). Similarly, contemporary reviews highlight the necessity of multidisciplinary heart team discussions to determine the appropriateness of MCS, balancing potential benefits against procedural risks and resource utilization (Groeneveld et al., 2023; Wong et al., 2020).
In real-world practice, MCS is increasingly used to facilitate complex interventions such as left main PCI, chronic total occlusion interventions, and multivessel revascularization in patients with severely depressed ejection fraction. Observational data suggest that MCS-supported PCI allows operators to perform more complete revascularization, which is associated with improved functional status and reduced rehospitalization rates (Ferro et al., 2019; Khalil et al., 2024). However, complications such as vascular injury, bleeding, hemolysis, and infection remain significant concerns and require careful risk stratification and procedural expertise (Atti et al., 2022).
Furthermore, the role of MCS in cardiogenic shock has been extensively studied, with emerging evidence suggesting that early initiation of hemodynamic support may improve outcomes, particularly when integrated into standardized shock protocols (Basir et al., 2021; Jentzer et al., 2023). While cardiogenic shock represents a distinct clinical scenario from elective high-risk PCI, the overlap in device use and hemodynamic principles underscores the broader applicability of MCS technologies in interventional cardiology. Recent reviews continue to emphasize the evolving landscape of MCS, driven by technological advances and increasing operator familiarity (Ryan et al., 2025).

Future Research Directions and Emerging Perspectives
Despite growing clinical adoption, several gaps remain in the evidence base for MCS in high-risk PCI. One of the primary limitations of existing studies is the reliance on observational data and registry analyses, which are susceptible to selection bias and confounding. While randomized trials such as PROTECT II have provided important insights, larger and more contemporary randomized controlled trials are needed to evaluate modern MCS devices and procedural techniques in diverse patient populations (O’Neill et al., 2012; Di Pietro et al., 2025). Notably, existing studies demonstrate substantial heterogeneity in long-term outcomes, underscoring the need for standardized outcome definitions and extended follow-up periods.
Future research should focus on refining patient selection criteria to identify individuals most likely to benefit from prophylactic MCS. Risk prediction models integrating clinical, angiographic, and hemodynamic variables could enhance decision-making and optimize resource utilization. Additionally, comparative effectiveness studies are needed to evaluate different MCS modalities, including Impella, ECMO, and TandemHeart, in various clinical scenarios, including elective high-risk PCI and acute cardiogenic shock (Atti et al., 2022; Jentzer et al., 2023). Long-term comparative studies evaluating survival, rehospitalization rates, and cardiac remodeling outcomes across devices are particularly warranted.
Technological innovations are likely to play a crucial role in shaping the future of MCS. Advances in device design aim to reduce vascular complications, improve ease of insertion, and enhance hemodynamic performance. Miniaturized and fully percutaneous devices may expand the applicability of MCS to a broader patient population and reduce procedural complexity (Aggarwal et al., 2023). Moreover, integration of hemodynamic monitoring and artificial intelligence-driven decision support systems may enable real-time optimization of device settings and improve clinical outcomes. Such innovations may also influence long-term prognosis by enabling tailored hemodynamic support strategies.
Cost-effectiveness is another critical area for future investigation. MCS devices are associated with substantial costs, and their routine use in high-risk PCI may have significant implications for healthcare systems. Economic evaluations comparing MCS-supported PCI with alternative revascularization strategies, such as coronary artery bypass grafting or medical therapy, are essential to inform policy and clinical guidelines. Additionally, studies assessing long-term outcomes, quality of life, and functional status will provide a more comprehensive assessment of the value of MCS in this population (Groeneveld et al., 2023; Wong et al., 2020). Evaluating durability of clinical benefit beyond one year will be critical to justify widespread adoption.
Finally, standardized protocols and training programs are needed to ensure safe and effective implementation of MCS in interventional practice. Multidisciplinary shock teams and high-risk PCI programs have been associated with improved outcomes and may serve as models for future care delivery. Ongoing research should explore the impact of structured MCS programs on procedural success, complication rates, and long-term outcomes (Basir et al., 2021; Ryan et al., 2025). Prospective registries with longitudinal follow-up could help clarify real-world long-term effectiveness and safety profiles.
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