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ABSTRACT 
 
 

Enhanced External Counter pulsation: From Vascular Repair 

Concept to CD34⁺ Cell Therapy in Angina—A Scalable Solution 

to Refractory Angina  

Joseph J Tartaglia, MD 1, Alexander Hallac, MD, FACP *2,3 

Background: Refractory angina represents a growing clinical challenge characterized by persistent ischemic 

symptoms despite optimal medical therapy and lack of revascularization options. Increasing evidence implicates 

impaired microvascular function and defective endogenous vascular repair, including dysfunction of CD34⁺ 

endothelial progenitor cells, in its pathophysiology. 

Objectives: To review the mechanistic and clinical evidence supporting CD34⁺ cell therapy and enhanced external 

counter pulsation (EECP), and to propose an integrated regenerative framework for their application. 

Key Findings: Autologous CD34⁺ cell therapy improves angina burden, exercise capacity, and myocardial 

perfusion, largely through paracrine signaling that enhances angiogenesis and endothelial function. However, its 

clinical application is limited by procedural complexity and variability in cell function. EECP, a noninvasive therapy, 

improves symptoms and functional capacity while also enhancing endothelial function and mobilizing endogenous 

progenitor cells. 

Conclusions: EECP and CD34⁺ cell therapy converge on shared pathways of vascular repair but differ in their 

mode of action. EECP may serve as a scalable regenerative platform by activating endogenous repair mechanisms, 

particularly when combined with strategies that enhance progenitor cell mobilization. This integrated approach 

may provide a practical alternative to exogenous cell therapy in refractory angina. 
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Introduction: 
The concept of therapeutic angiogenesis arose from a central question in cardiovascular biology: can the adult human 

vasculature regenerate in response to ischemic injury? For much of the twentieth century, the prevailing dogma held that 

postnatal vasculogenesis did not occur, and that neovascularization in adults could only arise from pre-existing endothelial 

cells. This paradigm was fundamentally challenged in the late 1990s with the identification of circulating endothelial 

progenitor cells (EPCs) within the adult circulation, as first demonstrated by Asahara and colleagues in their seminal 1997 

report1. This discovery redefined mechanisms of vascular repair and introduced the concept of endogenous regenerative 

capacity within the adult circulation, with important implications for ischemic heart disease, particularly in patients with 

refractory angina who lack conventional revascularization options. 

 

A pivotal milestone came with the demonstration that circulating cells expressing CD34 and endothelial lineage markers 

could differentiate into endothelial-like cells in vitro and contribute to neovascularization1. These findings suggested that 

bone marrow–derived progenitor cells participate in postnatal vasculogenesis, analogous to embryonic vascular 

development. The CD34 antigen, previously recognized primarily as a marker of hematopoietic stem cells, thus became 

central to a new paradigm linking hematopoiesis and vascular biology. 

 

Subsequent experimental studies demonstrated that CD34⁺ cells are mobilized from the bone marrow into peripheral 

circulation in response to ischemic injury, where they home to sites of tissue damage and contribute to vascular repair5,23. 

Two complementary mechanisms have been proposed: (1) direct incorporation into the endothelial lining of newly forming 

vessels, and (2) paracrine secretion of angiogenic cytokines that stimulate resident endothelial cells and promote 

neovascularization5,25. These insights established the biological foundation for therapeutic angiogenesis. 

 

In parallel with these mechanistic advances, developments in interventional cardiology revealed a persistent clinical gap. 

Despite improvements in revascularization techniques and pharmacotherapy, a subset of patients with advanced coronary 

artery disease continues to experience refractory angina—defined as persistent symptoms despite optimal medical 

therapy and absence of further revascularization options. This “no-option” population represents a growing unmet need 

and underscores the limitations of conventional treatment strategies. 

 

Preclinical studies demonstrated that administration of CD34⁺ cells into ischemic myocardium enhances neovascularization, 

improves perfusion, and restores myocardial function2,27. These findings provided the rationale for translation into clinical 

therapy. Early human studies subsequently established the feasibility, safety, and initial signals of efficacy of 

intramyocardial CD34⁺ cell delivery in patients with refractory angina3. 

 

Over the subsequent two decades, multiple phase I and II trials refined this approach. Autologous CD34⁺ cells are 

typically mobilized using granulocyte colony-stimulating factor (G-CSF), collected via leukapheresis, and delivered either 

intramyocardially or intracoronarily to ischemic regions. Clinical trials such as ACT34 demonstrated reductions in angina 

frequency, improvements in exercise tolerance, and enhanced quality of life4. Larger confirmatory efforts, including the 

RENEW trial, further supported efficacy trends but also highlighted challenges related to trial completion and regulatory 

pathways7. 
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More recent investigations have expanded the scope of CD34⁺ therapy beyond obstructive coronary artery disease to 

include coronary microvascular dysfunction and ischemia with non-obstructive coronary arteries. In these settings, CD34⁺ 

cell therapy has been associated with improvements in angina and functional capacity, supporting the concept that 

microvascular repair represents a critical therapeutic target in ischemic heart disease8. 

 

Thus, the evolution of CD34⁺ cell therapy reflects a convergence of advances in stem cell biology, vascular physiology, 

and clinical cardiology. What began as a challenge to long-standing dogma has progressed into a clinically investigated 

strategy for addressing one of the most difficult problems in cardiovascular medicine: refractory angina in patients 

without conventional treatment options. In this context, therapies targeting endothelial dysfunction and impaired vascular 

repair—including CD34⁺ cell–based approaches and related physiologic interventions—represent an emerging 

paradigm in the management of ischemic heart disease. 

 

1. Methods — Literature Search and Study Selection (PRISMA 2020–Compliant) 

A systematic literature search was conducted in accordance with the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA 2020) guidelines. Electronic database searches were performed using PubMed and Embase 

from inception through April 26, 2026. 

 

The search strategy combined controlled vocabulary and free-text terms related to enhanced external counter pulsation 

and coronary artery disease, including: 

enhanced external counter pulsation (EECP) and angina or coronary artery disease. 

Filters were applied to include studies involving human subjects, published in English, between 2000 and 2026. 

 

In addition to database searches, supplementary records were identified through manual review of reference lists of 

relevant articles and targeted author-specific searches. These studies were categorized as records identified through 

other sources in accordance with PRISMA methodology. 

 

All retrieved records were exported and combined, and duplicate entries were removed prior to screening. Titles and 

abstracts were independently reviewed for relevance. Studies were included if they evaluated the clinical outcomes or 

mechanistic effects of enhanced external counter pulsation or CD34⁺ cell therapy in patients with angina or coronary 

artery disease, including outcomes related to endothelial function, angiogenesis, myocardial perfusion, or progenitor cell 

biology. 

 

Exclusion criteria included non-human studies, non-English publications, conference abstracts without full data, editorials, 

and studies not directly related to EECP, CD34⁺ cell therapy, or coronary artery disease. 

 

Full-text articles deemed potentially relevant underwent detailed review for eligibility. Studies meeting inclusion criteria 

were incorporated into the qualitative synthesis and are presented in the PRISMA flow diagram. 

 

The study selection process, including identification, screening, eligibility, and inclusion of studies, is summarized in the 

PRISMA 2020 flow diagram (Figure 1).  Additional mechanistic and foundational studies related to endothelial progenitor 
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cell biology, vascular repair, and signaling pathways were included to support the conceptual framework of this review 

but were not part of the primary PRISMA-based study selection. 

 

2. Refractory Angina: An Expanding Clinical Challenge 

Refractory angina represents a growing and clinically significant subset of ischemic heart disease, characterized by 

persistent anginal symptoms despite optimal medical therapy and the absence of further revascularization options. 

Contemporary definitions typically require the presence of chronic symptoms (≥3 months), objective evidence of 

myocardial ischemia, and coronary anatomy unsuitable for percutaneous or surgical revascularization33,35. This “no-

option” population reflects not only the limitations of existing therapies, but also the evolving natural history of coronary 

artery disease in the modern era. 

 

The prevalence of refractory angina has increased in parallel with advances in acute coronary care and 

revascularization. Improvements in survival following myocardial infarction and complex coronary interventions have led 

to a growing population of patients with advanced, diffuse, or multivessel disease who are no longer candidates for 

further revascularization33,34. Estimates suggest that hundreds of thousands of patients in the United States and Europe 

suffer from refractory angina, with thousands of new cases diagnosed annually34. This trend is expected to accelerate 

with the aging population and increasing burden of cardiometabolic disease. 

 

Pathophysiologically, refractory angina is frequently associated with diffuse epicardial atherosclerosis, microvascular 

dysfunction, and endothelial impairment. In contrast to focal obstructive lesions amenable to revascularization, these 

patients often exhibit widespread abnormalities in coronary flow reserve and microcirculatory regulation36,37. 

Importantly, accumulating evidence suggests that impaired endogenous vascular repair mechanisms—including 

dysfunction or depletion of endothelial progenitor cells—may contribute to the persistence of ischemia in this 

population9,20,25. This paradigm links the clinical syndrome of refractory angina to the broader concept of defective 

postnatal vasculogenesis and angiogenic insufficiency. 

 

Current therapeutic options for refractory angina remain limited and largely palliative. Pharmacologic agents primarily 

target symptom control without addressing the underlying deficit in myocardial perfusion. Device-based approaches such 

as EECP have demonstrated symptomatic benefit and improvements in functional capacity10,16,21, and may exert effects 

on endothelial function and progenitor cell mobilization11,13,22. However, their impact on durable vascular remodeling 

remains uncertain38,39. As a result, many patients continue to experience debilitating symptoms, impaired quality of life, 

and recurrent healthcare utilization despite maximal therapy. 

 

Taken together, refractory angina represents a significant and expanding unmet clinical need, defined by both the 

limitations of conventional revascularization strategies and an incomplete understanding of the underlying vascular 

biology. The recognition that impaired angiogenic and vasculogenic responses may play a central role in this condition 

provides a compelling rationale for the development of biologically targeted therapies, including progenitor cell–based 

approaches. 

 

3. Biology of CD34⁺ Endothelial Progenitor Cells 

Following the conceptual overview of CD34⁺ cells as a therapeutic tool, it is important to review the current understanding  
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of their cellular biology. Insights into the phenotype, functional diversity, and regulation of endothelial progenitor cells 

(EPCs) provide the mechanistic basis for their role in vascular repair and inform strategies for both cell-based therapies 

and physiological interventions such as EECP. 

 

3.1 DEFINITION AND PHENOTYPE  

CD34⁺ cells comprise a heterogeneous population of hematopoietic and vascular progenitors enriched for EPCs, 

commonly identified by co-expression of CD34, CD133, and vascular endothelial growth factor receptor-2 (VEGFR-

2/KDR)1,5. First described by Takahiro Asahara and colleagues, EPCs originate primarily from the bone marrow and 

contribute to postnatal vasculogenesis, challenging the traditional paradigm that adult neovascularization arises solely 

from pre-existing endothelium1,6. 

 

While EPCs are classically considered bone marrow–derived, emerging experimental evidence suggests that endothelial 

cells exposed to shear stress may acquire progenitor-like properties. Although primarily demonstrated in preclinical 

models, this observation supports the concept that mechanical stimuli such as EECP may directly augment endogenous 

vascular repair mechanisms. 

 

In response to ischemic stimuli, EPCs are mobilized into the circulation and home to sites of vascular injury, where they 

promote endothelial repair and neovascularization24. Functionally, EPCs can be broadly categorized into early and late 

subtypes: early EPCs exert predominantly paracrine effects through secretion of angiogenic cytokines, whereas late 

EPCs—often referred to as endothelial colony-forming cells—demonstrate greater proliferative capacity and the ability 

to incorporate into the endothelial lining of newly formed vessels5,25. 

 

Within this heterogeneous population, CD133⁺ cells represent a more primitive progenitor subset associated with early 

endothelial lineage commitment and enhanced paracrine activity. Emerging clinical observations, including recent 

longitudinal studies, demonstrate that increases in circulating CD34⁺/CD133⁺ cells correlate with improvements in 

functional capacity, supporting the concept that early progenitor populations may play a central role in mediating 

endogenous vascular repair22. 

 

Circulating EPC levels correlate with endothelial function and overall cardiovascular risk and are reduced in association 

with aging, diabetes, and other cardiometabolic risk factors9,20. These observations support a central role for EPCs in 

vascular homeostasis and provide a biological framework linking impaired endogenous repair to ischemic syndromes such 

as refractory angina. 

 

3.2 MECHANISMS OF ACTION  

The therapeutic effects of autologous CD34⁺ EPCs are mediated predominantly through paracrine mechanisms rather 

than durable engraftment or direct structural incorporation. Although early hypotheses emphasized physical integration 

into neovessels, subsequent studies have demonstrated limited cell retention, with clinical benefit largely attributable to 

transient signaling cascades that promote vascular repair23,26. 

 

CD34⁺ EPCs secrete a broad array of angiogenic and cytoprotective factors, including vascular endothelial growth factor 

(VEGF) and other growth mediators, which enhance endothelial cell proliferation, migration, and neovascularization26. 

https://doi.org/10.18103/mra.2026.0278
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These paracrine effects also improve endothelial function by increasing nitric oxide bioavailability and restoring 

endothelial integrity, in part through activation of intracellular signaling pathways such as PI3K/Akt26,28. These mechanisms 

are particularly relevant in the setting of microvascular dysfunction associated with refractory angina. 

 

In parallel, EPC therapy has been associated with increased microvascular density and improved tissue perfusion, 

supporting the concept of functional rather than structural neovascularization26. EPC-derived factors also activate 

intracellular survival pathways, reducing apoptosis and enhancing cellular resilience in ischemic myocardium28. Secretion 

of chemokines, including stromal cell–derived factor-1 (SDF-1), further promotes recruitment of endogenous progenitor 

cells, amplifying the regenerative response24. 

 

Consistent with these observations, cell-tracking studies demonstrate minimal long-term engraftment of transplanted cells, 

with most disappearing within days to weeks after delivery23. This has led to a shift in the mechanistic paradigm toward 

a predominantly paracrine mode of action. Accordingly, the clinical benefits observed in CD34⁺ cell therapy is now 

understood to arise from transient but potent biological signaling rather than durable cellular incorporation, as highlighted 

in contemporary reviews of cardiac cell therapy40,41,41. 

 

3.3 ENHANCED EXTERNAL COUNTER PULSATION AS A NON-INVASIVE MODULATOR OF ENDOGENOUS VASCULAR 

REPAIR  

EECP is a noninvasive mechanical therapy widely used in patients with refractory angina, with well-documented 

improvements in symptoms, exercise capacity, and myocardial perfusion10,16,21. While traditionally understood as a 

hemodynamic intervention, accumulating evidence indicates that EECP also exerts biologic effects that parallel key 

mechanisms of CD34⁺ EPC therapy. 

 

Through sequential inflation and deflation of pneumatic cuffs during diastole, EECP augments coronary perfusion and 

generates sustained increases in pulsatile shear stress, a critical regulator of endothelial function. This hemodynamic 

stimulus enhances nitric oxide bioavailability, reduces oxidative stress, and promotes endothelial homeostasis11,12,13. In 

parallel, EECP has been associated with upregulation of angiogenic growth factors, supporting adaptive vascular 

remodeling and improved myocardial perfusion13. 

 

Consistent with these mechanistic effects, EECP enhances coronary collateral flow and improves myocardial perfusion in 

patients with chronic coronary artery disease15,16,17. Importantly, similar benefits have been observed in patients with 

ischemia and non-obstructive coronary artery disease, where EECP is associated with improvements in angina burden and 

functional capacity47. Modest improvements in left ventricular systolic function have also been reported18. 

 

Beyond vascular function, EECP appears to modulate endogenous progenitor cell biology. Increases in circulating EPC 

populations, together with upregulation of stromal cell–derived factor-1 (SDF-1), suggest activation of bone marrow–

derived repair pathways19,22,24. Circulating CD34⁺/CD133⁺ cells demonstrate clonogenic potential, endothelial marker 

expression, and angiogenic activity in vitro, supporting a functional contribution to vascular repair (Figure 1). 
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Figure 1. PRISMA 2020 flow diagram of study selection. 

This diagram illustrates the identification, screening, eligibility, and inclusion of studies in accordance with PRISMA 2020 

guidelines. A total of 701 records were identified from PubMed, Embase, and additional sources. After removal of 

duplicates (n = 260), 441 records were screened, of which 355 were excluded. Eighty-six reports were assessed for 

retrieval, with 82 full-text articles reviewed. Ultimately, 56 studies were included in the qualitative synthesis 

 

Collectively, these findings support a conceptual framework in which EECP functions not only as a hemodynamic therapy 

but also as a systemic stimulus for endogenous vascular repair. This positions EECP as a physiologic complement to 

exogenous CD34⁺ cell–based therapies, converging on shared pathways of angiogenesis, endothelial restoration, and 

progenitor cell mobilization. 
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4. Pathophysiology of Refractory Angina and the Role of CD34⁺ Endothelial Progenitor 

Cells (Refined) 

Building on the evolving paradigm of therapeutic angiogenesis and the clinical application of CD34⁺ cell therapy, it is 

essential to examine the underlying disease substrate these strategies aim to address. Increasing evidence suggests that 

persistent angina in “no-option” patients is not fully explained by epicardial coronary anatomy alone, but instead reflects 

a complex interplay between coronary microvascular dysfunction and impaired endogenous vascular repair mechanisms. 

 

Refractory angina is now understood not solely as a consequence of epicardial coronary stenosis, but as a disorder 

characterized by microvascular dysfunction and impaired endothelial homeostasis. Even in the presence of patent 

epicardial vessels or following apparently complete revascularization, patients may continue to experience ischemia due 

to abnormalities in coronary microcirculatory function, endothelial signaling, and capillary density36,37. 

 

A central feature of this impaired repair paradigm is the dysfunction and relative depletion of circulating CD34⁺ EPCs. 

These bone marrow–derived cells play a critical role in postnatal vasculogenesis, endothelial repair, and 

neovascularization in ischemic tissue1,5,9. In physiologic states, ischemia induces EPC mobilization through cytokine-

mediated pathways, including vascular endothelial growth factor and stromal cell–derived factor-1 (SDF-1), facilitating 

homing to areas of hypoxia and promoting angiogenesis6,24. However, in patients with advanced coronary artery disease 

and refractory angina, this adaptive response appears attenuated. 

 

Multiple mechanisms contribute to EPC dysfunction in this population, including reduced circulating EPC number, impaired 

mobilization from the bone marrow, diminished proliferative and migratory capacity, endothelial nitric oxide synthase 

dysfunction, and the effects of chronic inflammation and oxidative stress9,25,29. Collectively, these abnormalities result in 

impaired adaptive neovascularization, thereby perpetuating myocardial ischemia despite adequate epicardial coronary 

flow. 

 

In this context, refractory angina may be conceptualized as a form of coronary microvascular regenerative failure, 

characterized by insufficient progenitor cell–mediated repair. This framework is supported by prior studies demonstrating 

a relationship between circulating EPC levels, endothelial function, and cardiovascular outcomes5,9,20. 

 

Support for this paradigm is further provided by clinical studies demonstrating that augmentation of CD34⁺ cells—either 

through direct intramyocardial administration or mobilization strategies—can improve myocardial perfusion and reduce 

anginal burden. Randomized trials of autologous CD34⁺ cell therapy have shown improvements in exercise tolerance and 

reductions in angina frequency, underscoring the biologic importance of these cells in ischemic heart disease4,7,8. 

 

5. Integrating Therapeutic Strategies: From Cell-Based Interventions to Endogenous 

Regeneration  

The evolving recognition of refractory angina as a disorder of impaired vascular repair has driven the development of 

regenerative therapeutic strategies, including protein-based angiogenic therapies, gene transfer approaches, and cell-

based interventions. Although these modalities have demonstrated biologic activity and early signals of clinical efficacy, 
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translation into routine practice has been limited by modest durability, heterogeneous response, delivery challenges, and 

the absence of large-scale confirmatory trials30,31,32. 

 

Early studies of angiogenic growth factor therapy, particularly targeting vascular endothelial growth factor and 

fibroblast growth factor, demonstrated the ability to stimulate neovascularization and improve myocardial perfusion31,32. 

Similarly, gene-based approaches designed to enhance local expression of angiogenic mediators yielded encouraging 

early-phase results but were constrained by transient expression and inconsistent clinical outcomes30. 

 

Cell-based therapies, particularly those utilizing autologous CD34⁺ endothelial progenitor cells, have demonstrated more 

consistent and biologically plausible effects. Randomized trials have shown improvements in angina frequency and 

exercise tolerance in patients with refractory angina4,7. However, broader adoption remains limited by procedural 

complexity, cost, and logistical challenges related to cell harvesting, processing, and delivery. 

 

These limitations have prompted increasing interest in therapeutic strategies that activate endogenous regenerative 

pathways without the need for exogenous cell administration. EECP represents one such approach—a noninvasive 

modality with established clinical benefit in refractory angina. 

 

Beyond its hemodynamic effects, EECP augments endothelial function and increases circulating angiogenic 

mediators11,12,13. Importantly, EECP has been shown to mobilize circulating CD34⁺ progenitor cell subsets, with more recent 

data demonstrating increases in CD34⁺/CD133⁺ populations, supporting activation of endogenous vascular repair 

mechanisms19,22,48. 

 

Collectively, these findings support a unifying hypothesis: EECP functions as a physiologic stimulus for endogenous vascular 

regeneration, enhancing endothelial function, promoting angiogenesis, and mobilizing progenitor cells (Figure 2). This 

mechanism closely parallels the therapeutic objectives of exogenous CD34⁺ cell therapy—restoration of endothelial 

repair capacity and improvement in myocardial perfusion—while avoiding the limitations associated with cell-based 

interventions. 

 

In this context, EECP may be conceptualized as “cellular therapy without cells,” representing a scalable and clinically 

accessible strategy that bridges hemodynamic support and regenerative medicine. 
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Figure 2 

 

Figure 2. Outgrowth colonies of CD34⁺/CD133⁺ cells from enhanced external counter pulsation-treated patients 

exhibit endothelial characteristics 

CD34⁺/CD133⁺ cells were isolated from peripheral blood samples (7 mL) obtained from patients undergoing EECP and 

from healthy volunteers following red blood cell lysis. Cells were cultured using a modified Hill clonogenic assay as 

described in the Methods section. Outgrowth colonies were quantified after 14 days of incubation by visual counting in 

quadruplicate wells and averaged per sample. 

(A) Representative early outgrowth colony formation at 2 weeks. 

(B) Progressive organization of cells into vascular-like network structures (arrows). 

(C) Immunofluorescent staining demonstrating expression of platelet endothelial cell adhesion molecule (PECAM/CD31), 

consistent with endothelial lineage (circled). 

(D) Uptake of acetylated low-density lipoprotein (Ac-LDL), a functional characteristic of endothelial cells (arrows).Scale 

bar = 60 µm. 

 

6. Therapeutic Strategies: EECP, CD34⁺ Cell Therapy, and Integrated Approaches 

6.1 EECP AS A NONINVASIVE STRATEGY FOR ENDOGENOUS VASCULAR REPAIR  

EECP is a noninvasive mechanical therapy widely used in patients with refractory angina, with well-established benefits 

in symptom relief, exercise capacity, and myocardial perfusion16,21,45. Traditionally, its therapeutic effects have been 

attributed to hemodynamic mechanisms, including augmentation of diastolic coronary perfusion and reduction of left 

ventricular afterload14,16. 

 

More recently, EECP has been recognized as a modulator of endothelial biology. The pulsatile shear stress generated 

during therapy enhances nitric oxide bioavailability, improves endothelial function, and promotes flow-mediated 
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dilation11,12,46. In parallel, EECP is associated with increased circulating angiogenic cytokines and growth factors, 

supporting a role in vascular remodeling13. 

 

Emerging evidence indicates that EECP also activates endogenous regenerative pathways. Observational and mechanistic 

studies demonstrate increases in circulating CD34⁺ and CD34⁺/CD133⁺ progenitor cell populations following 

therapy19,22,48, suggesting that its benefits extend beyond hemodynamic support to include stimulation of vascular repair. 

 

However, the regenerative capacity of endogenous progenitor cells is often impaired in patients with chronic coronary 

syndromes. Advanced age, diabetes, and systemic inflammation are associated with reduced number and functional 

activity of endothelial progenitor cells9,25,29, potentially limiting the magnitude and durability of this response. 

 

Recent physiologic studies provide direct human evidence supporting these mechanisms. Improvements in myocardial 

perfusion and coronary flow reserve following EECP are consistent with enhanced microvascular function and endothelial 

responsiveness48,49. These changes are accompanied by improvements in endothelial-dependent vasodilation and 

reductions in vascular stiffness, indicating sustained vascular remodeling beyond transient hemodynamic effects50,51. 

 

These mechanistic benefits translate into clinically meaningful outcomes. Observational studies and meta-analyses 

consistently demonstrate reductions in angina frequency, improved exercise capacity, and enhanced quality of life 

following EECP therapy52,53,54. These effects are observed across diverse patient populations, including those with 

diabetes and microvascular dysfunction, supporting a broad therapeutic role in chronic coronary syndromes. 

 

6.2 AUTOLOGOUS CD34⁺ CELL THERAPY: RATIONALE AND CLINICAL EXPERIENCE (REFINED) 

To overcome the limitations of impaired endogenous repair, autologous CD34⁺ endothelial progenitor cell therapy has 

been developed as a strategy to augment neovascularization in patients with refractory ischemic heart disease. 

Foundational studies demonstrated that circulating CD34⁺ cells possess angiogenic potential and contribute to postnatal 

vasculogenesis1,6, establishing the biological basis for therapeutic application. 

 

Subsequent clinical trials evaluating intramyocardial delivery of CD34⁺ cells have demonstrated improvements in angina 

frequency, exercise tolerance, and, in some cases, myocardial perfusion3,4,7. Longer-term follow-up studies suggest 

sustained symptomatic benefit, including in patients with microvascular angina8. 

 

Mechanistically, CD34⁺ cell therapy promotes vascular repair predominantly through paracrine signaling, with secretion 

of angiogenic and cytoprotective factors that stimulate neovascularization, modulate inflammation, and enhance tissue 

perfusion5,26,27,40. Direct incorporation into the endothelium appears limited and is not considered the primary driver of 

therapeutic effect. 

 

Despite these promising results, clinical application remains constrained by practical and biological challenges. These 

include the need for pharmacologic mobilization, specialized cell collection and processing, and invasive delivery 

techniques. In addition, variability in progenitor cell number and function—particularly in patients with advanced 

cardiovascular disease—may limit therapeutic efficacy9,25,29. 
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6.3 SYNERGISTIC STRATEGY  

The therapeutic efficacy of autologous CD34⁺ EPC therapy depends on efficient mobilization of progenitor cells from the 

bone marrow into the peripheral circulation. This is typically achieved through administration of granulocyte colony-

stimulating factor (G-CSF) over 4–5 days, resulting in a marked increase in circulating CD34⁺ cells available for collection 

via leukapheresis2,7. 

 

G-CSF–mediated mobilization is driven in part by disruption of bone marrow retention signals, particularly the stromal 

cell–derived factor-1 (SDF-1)/CXCR4 axis, which regulates progenitor cell trafficking in response to hypoxic and ischemic 

gradients24. These mechanisms facilitate the egress of CD34⁺ cells into the peripheral circulation, enabling their 

therapeutic use. 

 

In parallel, mechanical and hemodynamic stimuli have emerged as modulators of endogenous vascular repair. EECP 

generates pulsatile shear stress within the arterial circulation, a potent physiologic stimulus for endothelial activation. This 

results in increased nitric oxide bioavailability, improved endothelial function, and enhanced flow-mediated dilation in 

patients with coronary artery disease11,12,46. 

 

Beyond its endothelial effects, EECP has also been associated with mobilization of circulating progenitor cells. Early 

observational studies demonstrated increases in EPC populations following EECP therapy19, and subsequent work has 

confirmed mobilization of CD34⁺ and CD34⁺/CD133⁺ subsets in patients with refractory angina22. These findings support 

a role for EECP as a non-pharmacologic stimulus for progenitor cell mobilization. 

 

Such synergy may be particularly relevant in patients with refractory angina, in whom both the number and functional 

capacity of EPCs are impaired by aging, diabetes, and chronic inflammation9,25,29. Augmenting both mobilization and 

vascular signaling pathways may therefore enhance progenitor cell availability and improve the efficiency of recruitment 

to ischemic myocardium. 

 

This integrated approach provides a mechanistic framework for combining pharmacologic and physiologic strategies to 

amplify endogenous vascular repair, with the potential to improve the effectiveness and scalability of regenerative 

therapies in refractory angina. 

 

6.4 DELIVERY METHODS  

The method of cell delivery is a key determinant of therapeutic efficacy, influencing myocardial retention, distribution, 

and downstream biologic activity within ischemic tissue. 

 

The most commonly employed approach is intramyocardial injection, typically performed using electromechanical 

mapping systems such as the NOGA-guided catheter. This technique enables high-resolution identification of viable but 

ischemic myocardial segments, allowing precise, targeted delivery of autologous CD34⁺ cells directly into areas of 

reduced perfusion3,4,7. By bypassing the coronary circulation, intramyocardial delivery achieves higher local cell 

concentration and retention, which may enhance angiogenic signaling and neovascularization3,4,23. 
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Intracoronary infusion represents a less invasive alternative, involving delivery of cells via the coronary arteries using 

standard catheterization techniques. While technically simpler and more widely accessible, this approach is associated 

with lower myocardial retention due to washout into the systemic circulation and reduced homing efficiency, particularly 

in regions of severe microvascular dysfunction4,23. 

 

In both strategies, targeting is directed toward ischemic yet viable myocardium, as identified by stress imaging, cardiac 

magnetic resonance imaging, or electromechanical mapping4,23. This distinction is critical, as nonviable or scarred tissue 

demonstrates limited responsiveness to cell-based therapies. 

 

Emerging approaches—including advanced transendocardial delivery systems and adjunctive strategies to enhance cell 

retention—continue to evolve but remain investigational41,42. 

 

 

Figure 3. Mechanistic framework of enhanced external counter pulsation and CD34⁺ cell therapy. 

EECP enhances endothelial function through shear stress–mediated mechanisms and mobilizes endogenous progenitor 

cells, while CD34⁺ cell therapy delivers exogenous progenitor cells that promote angiogenesis via paracrine signaling. 

Both pathways converge on microvascular repair and improved myocardial perfusion. 

 

7. Clinical Evidence  

7.1 EARLY-PHASE CLINICAL STUDIES 

Early-phase clinical trials evaluating autologous CD34⁺ cell therapy in patients with refractory angina have demonstrated 

feasibility and an acceptable safety profile, establishing the foundation for subsequent efficacy studies. Phase I/II 

investigations show that cell mobilization, collection, and delivery—via intramyocardial or intracoronary approaches—

can be performed with low procedural risk and manageable adverse events1,2,3,4. 
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Beyond feasibility, these studies provide initial signals of efficacy. Treated patients demonstrate reductions in angina 

frequency, improvements in exercise tolerance, and enhanced quality of life, reflected by improvements in Canadian 

Cardiovascular Society class and exercise testing parameters1,2,3. In selected cohorts, improvements in myocardial 

perfusion have also been observed, supporting a biologic effect consistent with therapeutic angiogenesis4. 

 

Although limited by small sample sizes and short follow-up, these studies establish proof-of-concept that cell-based 

regenerative therapy is feasible and potentially effective in patients not amenable to conventional revascularization. 

 

7.2 RANDOMIZED TRIALS AND EFFICACY DATA 

Randomized controlled trials have provided more robust evidence supporting the efficacy of CD34⁺ cell therapy in 

refractory angina. The ACT34-CMI trial and related studies demonstrate dose-dependent reductions in angina frequency, 

along with improvements in exercise capacity and decreased nitrate use compared with placebo5,6. 

 

These trials also report improvements in functional status and quality of life, with benefits sustained for up to 12–24 

months in some cohorts6. The observed dose–response relationship supports a biologic mechanism and reinforces the 

therapeutic potential of progenitor cell–mediated angiogenesis. 

 

However, several limitations remain. Study populations are relatively small, and heterogeneity in cell processing, delivery 

techniques, and patient selection complicates cross-study comparisons. While symptomatic and functional improvements 

are consistent, evidence for reductions in hard clinical endpoints—such as mortality or myocardial infarction—remains 

limited, underscoring the need for larger, adequately powered trials. 

 

7.3 SAFETY AND LONG-TERM OUTCOMES 

Across clinical studies, autologous CD34⁺ cell therapy demonstrates a favorable safety profile. Adverse events related 

to mobilization, collection, and delivery are generally mild and manageable, with no consistent signal of increased 

arrhythmia, myocardial infarction, or malignancy attributable to therapy3,4,7,8. 

 

Long-term follow-up data, though limited, suggest durability of symptomatic benefit in a subset of patients, including 

sustained reductions in angina burden and healthcare utilization8. Importantly, there is no consistent evidence of aberrant 

vascular proliferation or tumorigenesis—concerns raised in earlier angiogenic strategies. 

 

EECP demonstrates a similarly favorable safety profile across clinical and real-world settings. It is generally well 

tolerated, with low rates of major adverse cardiovascular events and minimal treatment-related complications52. 

Reported adverse effects are typically mild—most commonly musculoskeletal discomfort or localized skin irritation 

related to cuff inflation—while serious complications are rare. Economic analyses further suggest that EECP may be cost-

effective in appropriately selected patients, driven by reductions in angina-related hospitalizations and healthcare 

utilization55. 

 

Despite these favorable safety profiles, the absence of large, long-term trials remains a limitation for both therapies. 

Further investigation is required to determine durability of benefit beyond several years and to clarify their impact on 
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hard clinical outcomes, including mortality and hospitalization. These data support a complementary role for both 

therapies, with CD34⁺ cell therapy providing targeted biologic augmentation and EECP offering a noninvasive approach 

to activating endogenous repair pathways. 

 

8. Limitations and Challenges  

Despite promising mechanistic and clinical data, several limitations continue to constrain the broader application of CD34⁺ 

cell therapy. 

 

A central challenge is biologic variability. The number and functional capacity of autologous EPCs are strongly influenced 

by patient-specific factors, including age, diabetes, smoking, and chronic inflammation. Prior studies demonstrate that 

EPC quantity and function are inversely correlated with cardiovascular risk burden and are impaired in patients with 

established coronary artery disease9,20,25. Consequently, the patients most likely to require therapy often exhibit 

diminished regenerative capacity, potentially limiting treatment efficacy. 

 

Procedural complexity represents an additional barrier. CD34⁺ cell therapy requires coordinated mobilization with 

granulocyte colony-stimulating factor, leukapheresis, ex vivo processing, and targeted delivery via intracoronary or 

transendocardial approaches3,4,7. These steps necessitate specialized infrastructure and technical expertise, limiting 

scalability. In contrast, noninvasive therapies such as EECP can be implemented more broadly across clinical settings10,39. 

 

Cell retention and persistence within target tissue remain suboptimal. Preclinical and translational studies demonstrate 

that only a small fraction of administered cells persist in the myocardium, with therapeutic effects mediated predominantly 

through paracrine signaling rather than durable engraftment23,26. While this supports a biologically plausible mechanism, 

it also highlights the need to improve cell survival, retention, and durability of effect. 

 

Finally, regulatory and logistical barriers continue to impede clinical translation. The premature termination of large-scale 

trials such as the RENEW study reflects the financial, operational, and organizational challenges associated with 

advancing cell-based therapies through late-stage development7. These limitations underscore the need for more efficient 

trial design, standardized cell processing and delivery protocols, and improved identification of patients most likely to 

benefit. 

 

9. Future Directions: Toward Integrated Regenerative Strategies 

9.1 EMERGING STRATEGIES TO ENHANCE REGENERATIVE EFFICACY 

Future progress in therapeutic angiogenesis will depend not only on increasing the quantity of CD34⁺ cells, but also on 

enhancing their functional capacity and interaction with the ischemic microenvironment. Strategies under investigation—

including hypoxic preconditioning, cytokine exposure, and genetic modification—aim to overcome the impaired 

progenitor cell function observed in advanced cardiovascular disease and to improve the biologic potency of cell-based 

therapies40. 

 

Advances in delivery techniques are also being explored to improve cell retention and therapeutic efficacy. Refined 

intramyocardial mapping systems and biomaterial-based scaffolds may enhance targeted delivery and prolong cell 
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survival, while allogeneic or off-the-shelf cell products offer the potential to reduce variability associated with autologous 

therapies41,42. 

 

Equally important is the identification of biomarkers to guide patient selection. Given the heterogeneity of refractory 

angina, emerging efforts to define biomarkers may enable more precise identification of patients most likely to benefit 

from regenerative interventions 41. 

 

Increasing attention is being directed toward integrative strategies that combine biologic and physiologic approaches. 

EECP, for example, improves endothelial function and augments angiogenic signaling12,13, while also mobilizing 

endogenous progenitor cells, including CD34⁺/CD133⁺ populations19,22. These effects raise the possibility that EECP may 

serve as a means of priming or augmenting the regenerative response, either as an adjunct to or, in selected cases, an 

alternative to direct cell-based therapy. 

 

Collectively, these developments reflect a shift from isolated interventions toward coordinated modulation of endogenous 

repair systems, with future strategies likely to rely on integration of complementary approaches to achieve more durable 

vascular repair and improved clinical outcomes. 

 

9.2 EECP VS. CD34⁺ THERAPY: A UNIFYING FRAMEWORK 

A central question in the evolution of therapeutic angiogenesis is not whether CD34⁺ cell therapy is effective, but how it 

should be positioned relative to less invasive strategies that target similar biologic pathways. While direct CD34⁺ cell 

administration represents a targeted regenerative intervention, its complexity, cost, and variability in efficacy necessitate 

consideration alongside alternative approaches that may achieve comparable mechanistic effects. 

 

EECP provides a useful point of comparison. Traditionally viewed as a hemodynamic therapy, EECP is increasingly 

recognized as a systemic modulator of endothelial function and progenitor cell biology. Both EECP and CD34⁺ cell 

therapy converge on key pathways relevant to vascular repair, including improvement in endothelial function and nitric 

oxide bioavailability12, upregulation of circulating angiogenic mediators13, and mobilization of endothelial progenitor 

cells19,22. 

 

The distinction lies in how these pathways are engaged. CD34⁺ cell therapy functions as an exogenous augmentation 

strategy, involving mobilization, collection, and targeted delivery of progenitor cells to ischemic myocardium3,4,7. In 

contrast, EECP acts as an endogenous stimulus, leveraging shear stress–mediated signaling to enhance the mobilization 

and functional activity of the patient’s native progenitor cell population19,22. 

 

These differences suggest complementary rather than competing roles. EECP may be sufficient to improve endothelial 

function and promote vascular repair in patients with relatively preserved progenitor cell reserve, whereas CD34⁺ cell 

therapy may be considered in patients with more advanced impairment or inadequate response to less invasive 

approaches9,10,17. In this context, EECP may also serve as a physiologic adjunct, potentially enhancing progenitor cell 

mobilization and optimizing the vascular microenvironment prior to or in conjunction with cell-based therapy. 
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Rather than representing competing approaches, EECP and CD34⁺ cell therapy define a continuum of regenerative 

strategies. However, given its noninvasive nature, lower cost, and ability to activate endogenous repair pathways, EECP 

may represent the preferred initial strategy. Integration with pharmacologic mobilization may further enhance its 

efficacy, potentially reducing the need for direct cell-based interventions. 

 

These limitations highlight the need for therapeutic strategies that can restore vascular repair through scalable, 

noninvasive activation of endogenous regenerative pathways. 

 

Conclusion 

Refractory angina reflects a fundamental impairment in vascular repair, driven in part by dysfunction of EPCs. While 

CD34⁺ cell therapy provides proof-of-concept that augmenting progenitor cell activity can improve clinical outcomes, its 

widespread application is limited by procedural complexity and variability in efficacy. 

 

EECP offers a noninvasive alternative that activates many of the same regenerative pathways, including endothelial 

signaling and progenitor cell mobilization. Emerging evidence suggests that combining EECP with pharmacologic 

strategies to enhance endogenous progenitor cell availability may further amplify these effects. 

 

This integrated approach reframes EECP as a regenerative platform rather than solely a hemodynamic therapy, with the 

potential to achieve the benefits of cell-based therapy without the need for exogenous cell delivery. Future studies should 

focus on optimizing this strategy, with the goal of developing a scalable, cost-effective treatment paradigm for patients 

with refractory angina. 
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